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Abstract 

The Perth Basin is the southernmost of a series of north-trending intracratonic 

rift basins initiated in the Late Paleozoic and extending along the western margin of 

Australia. This continent-wide extensional phase was contemporaneous with the demise 

of ice sheets and glaciers of the ‘Late Paleozoic Ice Age’, and basins developed fluvial to 

shallow-marine sedimentary systems in the cool–temperate paleoclimatic conditions of 

the Early Permian. Considerable uncertainty remains as to the environmental and 

structural controls on deposition of Early Permian sedimentary strata in the Northern 

Perth Basin despite a long history of petroleum exploitation. Recent economically 

significant discoveries in conventional onshore and offshore oil and gas fields in Early 

Permian reservoirs provide the impetus for reconstructing the 3D stratal architecture 

for that time interval. 

The Artinskian Irwin River Coal Measures consist of conglomerate, sandstone, 

mudstone, and coal organised in complex fining upward stratigraphic arrangements that 

overlie nearshore facies of the High Cliff Sandstone and are overlain by marine 

mudstones and sandstones of the Carynginia Formation. Outcrop, drill core and well 

log responses across the Northern Perth Basin are interpreted as recording a series of 

fluvial- to tide-dominated marginal-marine and deltaic environments. A subordinate 

wave influence is recognised and likely caused local asymmetry in the deltaic systems, 

resulting in open coast shorefaces that occupied updrift flanks of river mouths with 

back-barrier lagoons downdrift.  

Architectural models interpreted from stratigraphic correlation of electrofacies 

show an overall retrogradational pattern of depositional environments suggesting the 

progressive flooding of delta plains and embayments. Deposition in a high order 

transgressive systems tract is inferred, within which are nested discrete phases of fluvial 

incision associated with lower order relative sea-level falls. The preservation of thick 

transgressive strata was promoted by locally high tectonic subsidence and high sediment 

supply producing a steeply rising shoreline trajectory. Syn-rift movements and footwall 

uplift events likely created widespread fluvial erosion surfaces at the base of incised 

valleys, whereas transgressive phases were essentially controlled by the autocyclic 

reorganisation of delta lobes and associated changes in tidal and wave action locally 

forming identifiable tide and wave ravinement surfaces. Major phases of delta lobe 
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expansion or abandonment resulted in the autogenic superposition of active and 

inactive delta plain deposits and their delta front counterparts. 

Provenance analysis using detrital zircons sampled from several stratigraphic 

intervals in the High Cliff Sandstone and Irwin River Coal Measures exposed on the 

Irwin Terrace indicate that the Archean Yilgarn Craton was a major sediment source 

drained by perennial river catchments. A subordinate Paleoproterozoic grain 

population, potentially derived from the northern Capricorn Orogen, was distributed in 

the Northern Perth Basin by longshore drift and strong tidal currents. Mesoproterozoic 

and Neoproterozoic grains were likely delivered to the basin by northward-flowing river 

systems from the Albany-Fraser Orogen and terranes in Antarctica. The combination of 

provenance data and interpreted depositional models enhance Early Permian 

paleogeographic reconstructions in the Northern Perth Basin and broader southeastern 

Gondwana. 
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Chapter 1: Introduction 

1. Preamble 

The Late Paleozoic was a time of profound global tectonic and climatic changes 

(Veevers and Powell, 1987; Crowell, 1999; Fielding et al., 2008c). Continental masses were 

uplifted in response to collision between Laurussia and Gondwana at ca. 320 Ma, whereas 

southward continental plate motion throughout the Carboniferous triggered a major 

glaciation phase known as the ‘Late Paleozoic Ice Age’ (Powell and Veevers, 1987; 

Veevers, 2004) (Fig. 1.1). Subglacial erosion combined with thermal uplift produced a 

widespread stratigraphic lacuna across high-latitude areas of Gondwana (Veevers and 

Powell, 1987; O'Brien and Christie-Blick, 1992; Veevers, 2009). Subsequent crustal 

relaxation in the Late Carboniferous–Early Permian caused a global extensional phase, 

during which glacigene deposits filled graben and sag basins (e.g. Visser, 1997; Gupta, 

1999; Eyles et al., 2003; Mory et al., 2008).  

 

Climatic amelioration in the earliest Permian resulted in melting of ice sheets and 

glaciers that triggered eustatic sea-level rise and led to locally extensive accumulation of 

marine mudstones and limestones in Gondwana basins (e.g. Eyles et al., 2003; Eyles et 

al., 2006; Rygel et al., 2008a; Haig et al., 2014). Slowing subsidence in the late syn-rift stage 

and generally warmer and more humid conditions caused progradation of shallow marine 

facies belts in cool-temperate settings. This phase of climatic amelioration and associated 

non-marine sedimentation is recognised across Gondwana, and was marked by the 

Figure 1.1: Pennsylvanian global paleogeography (ca. 300 Ma) showing amalgamation of Laurasia 
and Gondwana to form Pangea (green and pale blue areas). This phase also corresponded to the 
formation of extensive ice sheets (white) across high latitudes of Gondwana. Af: Africa; An: 
Antarctica; Au: Australia; In: India; SA: South America. Modified from Fielding et al. (2008c). 
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flourishing of the Glossopteris flora and widespread development of peat swamps, making 

Early Permian successions renowned coal-bearing intervals (e.g. Le Blanc Smith, 1993; 

Chakraborty et al., 2003; Kumar Ghosh et al., 2004; Slater et al., 2015).  

The Carboniferous extensional regime was particularly marked in southwestern 

Australia, where north-trending intracratonic rift basins were initiated in response to far-

field Mesotethyan rifting and the separation of the Cimmerian continent from Gondwana 

(Harrowfield et al., 2005; Cocks and Torsvik, 2013; Metcalfe, 2013; Haig et al., 2014) (Fig. 

1.2). The Perth Basin forms part of a series of basins extending from New Guinea, Timor, 

and the Paleo-Tethys in the north, and East Antarctica and India to the south 

(Mukhopadhyay et al., 2010; Mory and Haines, 2013; Haig et al., 2014) (Fig. 1.2). The 

Late Carboniferous to Early Permian syn-rift interval in the northern part of the Perth 

Basin forms one of the longest Late Paleozoic cold-climate successions and a long-term 

record of the paleo-climatic transition from full glacial to postglacial conditions (Eyles et 

al., 2006; Mory and Haig, 2011). Early Permian paleogeographic reconstructions have 

long emphasized dominant northward transport of sediments along the rift axis 

(Harrowfield and Keep, 2005; Veevers et al., 2005; Metcalfe, 2013; Haig et al., 2014) and 

the northward direction of ice drainage that radiated from the Gamburtsev upland in 

Antarctica (Veevers, 2006). This depositional trend is supported by facies transitions from 

open marine to the north, and terrestrial to the south (Mory and Iasky, 1996; Mory and 

Backhouse, 1997; Crostella and Backhouse, 2000).  

 

Figure 1.2: Permian–Triassic paleogeography of southeast Gondwana showing rifting between 
Australia and Greater India. The Perth Basin forms part of an intracratonic belt extending along 
southwestern Australia. Modified from Harrowfield et al. (2005). 
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2. Project significance 

Shallow marine settings that include marginal-marine, paralic, and nearshore 

environments, record the complex interplay between wave, tide, and river processes 

where dominant and subordinate processes form discrete arrangements of depositional 

elements and thus determine the morphology and evolution of coastal systems (Galloway, 

1975; Boyd et al., 1992; Ainsworth et al., 2011). In the ancient rock record, numerous 

studies have focused on recognising depositional processes and developing sedimentary 

models to better understand stratigraphic organisation, and sand body geometry and 

distribution (e.g. Vakarelov et al., 2012; Rossi and Steel, 2016; Ainsworth et al., 2017). 

These studies have emphasized the importance of alongshore variations in mixed-process 

systems (e.g. active and inactive lobes of deltas) that can greatly influence three-

dimensional architectural models (e.g. Bhattacharya and Giosan, 2003; McIlroy et al., 

2005; Pontén and Plink-Björklund, 2007; Fielding, 2010).  

The Early Permian (Artinskian) Irwin River Coal Measures (IRCM) in the 

Northern Perth Basin consists of conglomerates, sandstones, mudstones, and coals 

attributed to deltaic depositional environments in cool-temperate settings (Mory and 

Iasky, 1996; Mory and Haig, 2011), and constitute the focus of this study (Fig. 1.3). The 

IRCM overlies nearshore facies of the High Cliff Sandstone, and is overlain by marginal-

marine to deep-marine mudstones and sandstones of the Carynginia Formation (Fig. 1.3). 

The complex stratigraphic arrangement and lateral heterogeneity of the Irwin River Coal 

Measures requires facies analysis and correlation of measured sections to establish 

process-based depositional models and decipher stratal architecture to reconstruct the 

evolution of the deltaic system. Sequence stratigraphic interpretations for Early Permian 

shallow marine successions deposited in Gondwanan basins are few (e.g. Holz, 2003; 

Fielding et al., 2006; Ghazi and Mountney, 2009). Interestingly, stratigraphic cycles of this 

time period are likely to record intricate interactions between eustatic sea-level changes, 

instability in glaciated source regions, and growth fault reactivations, combined with more 

autogenic shoreline processes (e.g. Wopfner, 1999; Eyles et al., 2003; Haig et al., 2017). 

Furthermore, the complex tectonic history of the Perth Basin, which was bounded to the 

east, south and west by continental blocks during the Permian rifting, is likely to result in 

multiple potential source terranes for the basin-fill, and provides the impetus for sediment 

provenance analyses in this study. 
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The Perth Basin is a proven petroleum province with a considerable onshore 

production of gas, oil, and condensates from conventional reservoirs since the 1960s, 

mostly in post-rift Late Permian sandstones and limestones (Norvick, 2003) (Fig. 1.3). 

The majority of the hydrocarbons were sourced from an extensive Lower Triassic 

mudstone (the Kockatea Shale) that also constitutes the main regional seal, and together 

with Permian reservoirs, form the Gondwanan petroleum system (Bradshaw et al., 2003) 

(Fig. 1.3). Recent discoveries of economic significance in conventional onshore and 

offshore fields has changed the perception of the Early Permian depositional record of 

the Northern Perth Basin (Norvick, 2003; Jones et al., 2011b; Rollet et al., 2013). In 

particular, the Waitsia gas field appraised in 2015 is considered to be the largest 

conventional onshore discovery in Australia in the past 30 years (Tupper et al., 2016). 

Moreover, unconventional reservoirs are currently under appraisal in Early Permian tight 

sandstones and shales (Cooper et al., 2015) (Fig. 1.3). 

 

 

Figure 1.3: Late Paleozoic–Early Triassic lithostratigraphy and hydrocarbon systems in the 
Northern Perth Basin. The study focuses on the Artinskian Irwin River Coal Measures containing 
conventional and unconventional reservoir, and source rock units. Note key tectonic and climatic 
events. Modified from Cooper et al. (2015). Numerical ages derived from Cohen et al. (2013; 
updated). 
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It is timely given renewed petroleum exploration, including for unconventional 

resources such as shale gas, to develop a 3D architectural model and the sequence-

stratigraphic framework for the Early Permian succession. Considerable uncertainties 

remain as to the environmental and structural controls on Early Permian sedimentation 

because of the geological heterogeneity and lateral discontinuity of these strata across the 

basin. 

3. Location of study area 

The Perth Basin (172 300 km2) forms an elongate, 1300 km long, north-trending 

sedimentary basin that extends along the southwestern coast of Western Australia (Fig. 

1.4A). It is bounded to the east by the north-striking Darling Fault that defines the edge 

of the Archean Yilgarn Craton, and extends west to the continental margin with Indian 

Ocean crust (Perth Abyssal Plain; Fig. 1.4B). The basin has a poorly defined northern 

boundary with the Southern Carnarvon Basin to the north and is connected to the Bight 

Basin and Yardarino Shelf to the south (Fig. 1.4A, 1.4B). Much of the basin fill is 

underlain by the Pinjarra Orogen, a belt of Proterozoic basement terranes accreted during 

the Neoproterozoic and Cambrian, and exposed in the fault-bounded Northampton, 

Mullingarra, and Leeuwin complexes (Dentith et al., 1994; Fitzsimons, 2003; Janssen et 

al., 2003; Veevers et al., 2005; Johnson, 2013) (Fig. 1.4B, 1.4C).  

The Northern Perth Basin constitutes the most prospective areas for 

hydrocarbons in the basin and is defined as north of 31⁰30’S (Fig. 1.4B, 1.4C). Two main 

rifting episodes in the Late Paleozoic and in the Jurassic–earliest Cretaceous resulted in 

the formation of a series of interconnected sub-basins separated by normal faults and 

basement highs (Marshall et al., 1989; Quaife et al., 1994; Mory and Iasky, 1996). 

Movement along regional growth faults during each rifting episode controlled 

accommodation space and promoted the accumulation of up to 15 km thick Ordovician 

to Pleistocene sedimentary rocks in major depocentres (Hocking, 1994; Mory and Iasky, 

1996). Carboniferous to Early Permian syn-rift strata thicken markedly eastwards towards 

the major north- and northwest-striking faults that bound Permian half-graben (e.g. the 

Darling Fault; Fig. 1.4B) and lap onto emergent, fault-bounded basement inliers 

(Hocking, 1994; Jones and Hall, 2002; Eyles et al., 2006; Thomas, 2014). These strata are 

exposed on a faulted north-trending terrace between the basin-bounding Darling and 

Urella faults (the Irwin Terrace; Fig. 1.4B, 1.4C), and extend westward in the subsurface 
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where they thin onto basement highs and were truncated during mid-Permian regional 

tectonic uplift (Fig. 1.3).  

 

 

  

Figure 1.4: A. Tectonic elements of Western Australia; B. Southwestern margin of Australia 
showing the Perth Basin composed of north-trending sub-basins, and surrounding basins and 
basement terranes. Inset refers to C; C. Location map of cored mineral holes and petroleum 
wells used in this study. Area in red shows the location of main petroleum activities in the 
Northern Perth Basin. NC: Northampton Complex; LC: Leeuwin Complex. The present 
coastline is shown in blue. Modified from Norvick (2003), Cawood and Korsch (2008), Mory 
and Haines (2013), and Rollet et al. (2013). 
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4. Objectives and aims 

The primary objective of this study is to reconstruct the stratigraphic architecture 

and develop a sequence-stratigraphic framework for the Early Permian (Artinskian) Irwin 

River Coal Measures in the Northern Perth Basin, by integrating geological and 

geophysical datasets. The second objective is to establish the sediment provenance of 

Early Permian strata and improve paleogeographic models using geochronological data. 

Fulfilling the project objectives requires the following aims to be addressed. 

1. Undertake fieldwork and core logging to collect sedimentological data for 

lithological characterisation and facies analysis to deduce facies associations and identify 

stratal stacking patterns; calibrate cores to gamma-ray log responses and define 

electrofacies. 

2. Develop a depositional model encompassing all the sedimentary environments 

identified from facies analysis, and adopt a process-based approach to better understand 

the morphology and evolution of a depositional system that formed in a cool-temperate, 

syn-rift setting. 

3. Reconstruct the lateral and vertical arrangement of depositional units within 

the sedimentary wedge, from terrestrial to shallow marine and offshore environments, by 

correlating outcrops/wells using key stratal surfaces and depositional patterns, and 

incorporating biostratigraphic data. 

4. Establish a sequence-stratigraphic framework by linking depositional trends to 

allogenic and/or autogenic controls, and reconstruct the Early Permian history of relative 

sea-level variations and the paleogeographic evolution of the region. 

5. Acquire U-Pb geochronological data on a SHRIMP II ion microprobe using 

detrital zircons from exposed Early Permian sandstones in the Northern Perth Basin, and 

undertake petrographic analysis on selected samples. 

6. Identify age populations and link them to potential sediment provenance, infer 

dispersal pathways to the depositional site with associated transport mechanisms, and 

consider implications for the paleogeography of southwestern Australia. 
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5. Methodology 

5.1. Sedimentology and sequence stratigraphy  

The construction of an architectural model for the Early Permian Irwin River 

Coal Measures requires an integrated approach using geological and geophysical datasets. 

Sedimentological data were collected on the Irwin Terrace of the Northern Perth Basin 

by logging at a 1:50 scale exposed sections in riverbanks and cliff exposures, and cores 

from mineral holes (Fig. 1.4C; Table 1.1). Outcrop gamma-ray logs were acquired with a 

hand-held scintillometer and XRF data acquired on a core. The central, hydrocarbon-

bearing part of the basin was investigated by logging drill cores from stratigraphic and 

petroleum wells at a 1:50 or 1:100 scale (Fig. 1.4C; Table 1.1). Facies arrangements and 

key bounding surfaces were used to define facies associations and interpret depositional 

environments developed under specific river, tide, and wave process regimes. In the 

subsurface, the relative scarcity of cored sections was compensated by the use of 

geophysical well logs, whereby specific electrofacies were interpreted and laterally 

correlated. Both methods were used to highlight stratal stacking patterns in order to 

reconstruct the stratigraphic and sequence evolution of the depositional system in specific 

areas of the basin. Low and high order stratigraphic cycles were identified and interpreted 

with respect to their broader implications for the depositional and structural history of 

the region. The overall paucity of macrofaunas and the absence of ash beds in the Permian 

succession contrasts with the ubiquity of palynomorphs, making the spore-pollen 

zonation scheme the reference for chronostratigraphic correlations. 

5.2. U-Pb detrital geochronology 

The provenance of sandstones sampled from the High Cliff Sandstone and Irwin 

River Coal Measures (Fig. 1.3) was determined by analysing radiometric data from detrital 

zircon grains. Sandstone petrography of samples selected from outcrop was undertaken 

using a Nikon 50i POL polarising microscope with Nikon camera attachment and using 

Nikon NS Elements® software for photomicrographs. Thin sections were prepared at 

UWA by Frank Nemeth. Zircon grains were separated, handpicked, mounted in an epoxy 

disc, and imaged using a TESCAN VEGA3 scanning electron microscope at the Centre 

for Microscopy, Characterisation and Analysis, UWA to document the morphology and 

internal structure of zircons containing specific information on the source terrane 

(magmatic, metamorphic) and the depositional history of the sedimentary rocks (e.g. 

Hietpas et al., 2011; Shaanan and Rosenbaum, 2016; Craven and Daczko, 2017). 
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 Geochronological data were acquired using a Sensitive High-Resolution Ion 

Microprobe (SHRIMP II) at the John de Laeter Center for Isotope Research, Curtin 

University (Perth). A characteristic age was obtained for each zircon reflecting its 

crystallisation age and any subsequent magmatic or metamorphic events. The provenance 

of detrital zircon was determined by matching results with the age signature of potential 

parent rocks. Because sedimentary rocks likely contain components from multiple 

crystalline sources, a large number (~50) of radiometric data was acquired per sample to 

fully characterize sediment provenance (e.g. Gehrels et al., 2011; Lawton and Bradford, 

2011; Midwinter et al., 2016).  

6. Thesis organisation 

The main data chapters in this thesis are organised as a series of manuscripts for 

publication in international journals. Repetitive sections such as geological setting have 

been removed from the thesis chapters. Figures such as geological maps or stratigraphic 

charts that are referenced in background sections were intentionally left for the reader’s 

information. The thesis is laid out as follow: 

Chapter 2 presents an outline of the tectonic and stratigraphic framework of the 

Northern Perth Basin. It summarises the successive phases of basin development and 

associated episodes of basin filling that resulted in its present configuration. It briefly 

describes the history of petroleum exploration and hydrocarbon systems specific to the 

region. The Perth Basin is considered in the broader Late Paleozoic tectonic and climatic 

context of Gondwana. 

Chapter 3 presents a sedimentological analysis of outcrop and core sections of 

the Artinskian Irwin River Coal Measures from the northeastern Irwin Terrace. New 

sedimentological data are used to construct a process-based depositional model and 

establish the sequence-stratigraphic framework for the evolution of the depositional 

system. This chapter was submitted to Sedimentology in June 2017 and accepted for 

publication in March 2018. It includes amendments suggested by journal reviewers. 

Chapter 4 draws broad stratigraphic correlations between petroleum fields in the 

central Northern Perth Basin. The stratigraphic architecture of Artinskian strata is 

established by associating interpreted cored intervals with gamma-ray well log responses 

to define specific electrofacies for depositional environments. Allogenic and autogenic 

controls on stratigraphic development are discussed.  
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Chapter 5 presents the results of a provenance analysis based on U-Pb 

geochronology data and carried out on discrete stratigraphic intervals in two Early 

Permian formations of the Northern Perth Basin. Potential source regions deduced from 

age spectra are proposed and paleogeographic implications are discussed. This chapter 

was submitted to Gondwana Research in October 2017 and accepted for publication in 

March 2018. It includes amendments suggested by journal reviewers. 

Chapter 6 discusses the high order sequence-stratigraphic framework of the 

Upper Carboniferous–Lower Permian succession of the Northern Perth Basin, and 

emphasises key stratal surfaces recording base level changes at a regional scale. These 

strata are then compared to equivalent successions in Gondwana. Finally, a 

reconstruction of the Artinskian paleogeography of the Northern Perth Basin is proposed 

as a compilation of results from the previous chapters. 

Chapter 7 presents the main conclusions of this study and recommendations for 

future research work. 

Sedimentary logs, photomicrographs, and raw SHRIMP II data not shown in 

result chapters are presented in Appendices (A1–A4) at the back of the thesis. 
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Chapter 2: Geological setting 

1. Introduction 

In a first section, this chapter shows the location of the Perth Basin and outlines 

its key structural features (section 2). It then focuses on the Northern Perth Basin, 

emphasizing its structural configuration (section 3), before detailing its Phanerozoic 

tectonic evolution and associated episodes of basin filling resulting in its present structural 

complexity (section 4). In a subsequent section, a history of petroleum activities and the 

current understanding on petroleum systems in the Northern Perth Basin are briefly 

summarised (section 5). A final section concisely reviews the Late Paleozoic tectonic and 

climatic evolution in East Gondwana illustrated by paleogeographic maps, and the 

implications on sediment deposition in Western Australian basins (section 6). 

2. Overview of the Perth Basin 

The Perth Basin (172 300 km2) forms an elongate, 1300 km long north-trending 

sedimentary basin extending onshore and offshore along the southwestern coast of 

Western Australia (Fig. 2.1). It is bounded to the east by the north-striking Darling Fault 

that separates the basin from the Archean Yilgarn Craton, and extends west where the 

Wallaby-Zenith Fracture Zone separates the basin from the Perth Abyssal Plain (Fig. 2.1). 

The Proterozoic fault-bounded Northampton Complex largely separates the basin from 

the Southern Carnarvon Basin to the north. The Jurassic–Cretaceous Recherche Sub-

basin of the Bight Basins, and the Yallingup Shelf constitute its southern boundary (Fig. 

2.1). Much of the sedimentary succession is underlain by the Pinjarra Orogen, a series of 

discrete, allochthonous basement terranes assembled during multiple Gondwanan 

orogenic events in the Proterozoic (Dentith et al., 1994; Janssen et al., 2003; Veevers et 

al., 2005; Cawood and Korsch, 2008; Johnson, 2013). Igneous and metamorphic 

basement rocks are exposed in the adjacent Northampton, Mullingarra, and Leeuwin 

complexes (Fig. 2.1, 2.2) and essentially consist of Paleoproterozoic paragneisses later 

deformed in the Mesoproterozoic (Collins, 2003; Fitzsimons, 2003; Janssen et al., 2003).  

The western margin of the Yilgarn Craton has undergone repeated tectonic 

episodes since its formation in the Archean (Wilde et al., 1996). The Meso-

Neoproterozoic Yandanooka, Cardup, and Moora groups were deposited along the 

western margin (e.g. preserved in the Mullingarra Complex) during an early extensional 

phase (Harris, 1994). Initial north-trending structural grains and contrasts in crystalline 
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rheology in the Archean and Proterozoic basement terranes are likely to have strongly 

influenced basin architecture, sub-basin development, and depositional patterns through 

time (Dentith et al., 1994; Song and Cawood, 2000; Hall et al., 2013). The prominent 

Darling Fault originated as a shear zone during the Archean and was reactivated as a 

major rift-border fault in the Early Permian (Blight et al., 1981; Dentith et al., 1993; 

Crostella and Backhouse, 2000; Fitzsimons, 2003) (Fig. 2.1, 2.2).  

 

 

Figure 2.1: Structural elements of the southwest margin of Australia showing interpreted 
basement terranes, sedimentary basins and sub-basins, and major faults and transfer zones. The 
Northern Perth Basin is defined as north of 31⁰30’S. The inset map shows the location of the 
Perth Basin in Western Australia. LC: Leeuwin Complex; MC: Mullingarra Complex; NC: 
Northampton Complex; FZ: Fracture Zone. The present coastline is shown in blue. Modified 
from Norvick (2003) and Rollet et al. (2013). 



15 
 

 

Figure 2.2: Gravity map of the southwestern margin of the Yilgarn Craton showing major 
basement highs, depocentres, and bounding faults. ASb: Abrolhos Sub-basin; BR: Beagle Ridge; 
LC: Leeuwin Complex; MC: Mullingarra Complex; NC: Northampton Complex (source: 
Department of Mines, Industry Regulation and Safety). 

 

3. Structural framework of the Northern Perth Basin 

The Northern Perth Basin (NPB, defined as north of 31�30’S) is composed of a 

series of north-trending sub-basins separated by normal faults and basement highs (Fig. 

2.3). The latter include: i) the central NNE-trending Beagle Ridge – a southward 

prolongation of the Northampton Complex – that separates the Dandaragan Trough 

onshore from the Abrolhos Sub-basin offshore; and ii) the NW-trending Turtle Dove 
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Ridge that forms the southwestern boundary of the Abrolhos Sub-basin (Playford et al., 

1976; Harris, 1994) (Fig. 2.2, 2.3). Structural grain in the NPB is defined by en echelon NW- 

to north-striking faults with a predominantly normal component and recognized as both 

planar steeply dipping (e.g. the Darling Fault) and listric (e.g. the Mountain Bridge and 

Coomallo faults) (Song and Cawood, 2000). These faults are interpreted as the main 

growth faults that contributed towards the formation of the basin (Mory and Iasky, 1996). 

Minor structures include east-striking normal and reverse faults, and NE-striking reverse 

faults. Northwest-striking transfer faults are interpreted as relay ramps of the major NW-

striking normal faults with no strike-slip displacement (Thomas, 2014). 

The present structural complexity of the NPB results from succeeding extensional 

and transtensional deformation events since its initiation with intervening periods of 

subsidence, uplift and erosion (Harris, 1994; Jones et al., 2012). The structural framework 

of the Perth Basin is compatible with the tectonic history of a large part of eastern 

Gondwana. Two main rifting episodes are recognized corresponding to the intra-cratonic 

rifting between the Western Australian Craton and Greater India in the Late Paleozoic 

and its reactivation in the Jurassic to earliest Cretaceous until continental break-up and 

inversion leading to the present structural setting (Marshall et al., 1989; Quaife et al., 1994; 

Mory and Iasky, 1996). Sedimentary depocentres were displaced and rotated through time 

from a north-south alignment in the Permian (Irwin Terrace, Dandaragan Trough), to a 

NNW-SSE orientation from the Triassic to Middle Jurassic (Abrolhos Sub-basin), 

through to a NW-SE alignment of Upper Jurassic to Cretaceous basins (Houtman and 

Zeewyck sub-basins) (Norvick, 2003; Rollet et al., 2013) (Fig. 2.1, 2.3). Many faults exhibit 

components of dip-slip and strike-slip movements as a consequence of these phases of 

oblique rifting (Marshall et al., 1989). Movement along regional faults in each rifting 

episode accompanied a period of subsidence and basin filling of up to 15 km thick strata 

in major depocentres like the Dandaragan Trough (Hocking, 1994) (Fig. 2.2, 2.3). The 

basin contains Late Cambrian to Pleistocene sedimentary rocks of both marine and non-

marine origin, wherein hiatuses and regional unconformities are recorded in the 

Carboniferous, Late Permian, and Early Cretaceous (Fig. 2.4). 
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Figure 2.3: Tectonic elements and Paleozoic–Mesozoic sedimentary cover of the Northern Perth 
Basin. The NPB is characterized by a series of interconnected sub-basins separated by en echelon 
NNW-striking normal faults and NW-striking transfer faults (source: DMP). MC: Mullingarra 
Complex 
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4. Tectonic evolution and basin filling 

The depositional history outlined in this section is based on the sequence 

stratigraphic framework recently developed by Geoscience Australia for the offshore 

NPB (Jones et al., 2011b; Jorgensen et al., 2011; Jones et al., 2012). This scheme divides 

the sedimentary succession into discrete chronostratigraphic intervals (i.e. sequences) 

separated by sequence boundaries corresponding to abrupt facies shifts. These surfaces 

were identified on the basis of their lithologic or wireline log character, or by breaks in 

the biostratigraphic record. Figure 2.4 shows the offshore chronostratigraphic framework 

as well as the corresponding onshore lithostratigraphic units for the Proterozoic–

Quaternary interval (Jones et al., 2011a; Mory et al., 2015). Biostratigraphic correlations 

are largely based on the Western Australian spore-pollen zonation (e.g. Playford et al., 

1976; Monteil, 2006). Major phases of basin development and the short-term sea-level 

curve for the Permian, Mesozoic and Cenozoic (Hardenbol et al., 1998; Haq and Al-

Qahtani, 2005; Haq and Schutter, 2008) are also shown in figure 2.4. 

4.1. Early Paleozoic to Middle Permian (pre-rift and syn-rift I) 

Sedimentation in the NPB commenced in the Late Cambrian–Early Ordovician 

with deposition of pre-rift strata (the Tumblagooda Sandstone) in a sag basin that was 

probably located across the northernmost NPB and Southern Carnarvon Basin (Fig. 2.4) 

(Hocking, 1991; Jones et al., 2011b). A major hiatus in the Late Paleozoic basin fill has 

been widely attributed to subglacial abrasion and/or continental-wide uplift induced by 

the convergence and collision of Laurasia and Gondwana or collision along the 

Panthalassa margin (Veevers and Powell, 1987; Harris, 1994; Li and Powell, 2001). 

Sedimentation resumed in the Late Mississippian–Early Pennsylvanian following basin 

down-warping and formation of a series of generally north-trending half graben separated 

by saddles extending onshore and offshore from the Merlinleigh Sub-basin (Southern 

Carnarvon Basin) in the north to the Bunbury Trough in the south (Fig. 2.1, 2.2) 

(Hocking, 1994; Norvick, 2003; Jones et al., 2011b; Rollet et al., 2013; Haig et al., 2014), 

through to the Wilkes Land in Antarctica (Aitken et al., 2014; Aitken et al., 2016) (syn-rift 

I; Table 2.1). The dominant stress regime was NE-SW to ENE-WSW extensional 

movements along major NW-striking normal faults (e.g. the Darling and Urella faults) by 

reactivation of basement shear zones, whereas secondary sinistral transtension along 

these faults and minor dextral displacements along east-striking structures (e.g. Allanooka 

and and Bookara faults) were also interpreted (Iasky and Mory, 1993; Harris, 1994). 
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Table 2.1: Main deformation phases during the Phanerozoic history of the Northern Perth Basin 
(NF: normal fault; TF: transfer fault). Data compiled from Harris (1994), Mory and Iasky (1996), 
Song and Cawood (2000), Jones et al. (2011b), and Rollet et al. (2013). 

Deformation 
phase 

Dominant stress 
regime 

Secondary 
displacements 

Stress ellipsoids 

Late Jurassic–
Early 
Cretaceous:  

Syn-rift III and 
breakup 

NW-SE extension 
through dextral 
transtension along 
NW-striking 
normal faults 

 Sinistral transtension 
along transfer faults 

 

Late Triassic–
Early Jurassic:  

Syn-rift II 

 E-W 
extension 
along NW-
striking 
normal faults 

 N-S 
compression 

 Dextral transtension 
along NW normal 
faults 

 Sinistral transtension 
along transfer faults 

 Creation of new NW 
normal faults 

 

Carboniferous–
Permian: Syn-rift 
I 

 

NE-SW extension 
along NW-striking 
normal faults 

 Sinistral transtension 
along NW normal 
faults  

Dextral transtension 
along E-W normal faults  

 

 

The glacio-marine Nangetty Sequence was deposited in the late Visean–early 

Serpukhovian (G. maculosa zone) to earliest Permian (Asselian–early Sakmarian, M. tentula 

to P. confluens zones), with strata progressively lapping onto basement rocks eastwards and 

southwards (Backhouse, 1993; Jorgensen et al., 2011; Playford, 2015) (Fig. 2.4). Lower to 

Middle Permian strata chiefly comprise a deglaciation succession made of proglacial shelf 

mudstones and minor marine carbonates (Holmwood Sequence, P. confluens to P. 

pseudoreticulata zones), shallow marine sandstones (High Cliff Sequence, S. fusus zone), 

continental to paralic mixed facies (Irwin River Sequence, M. trisina zone), marginal- to 

open-marine siltstones with dropstones (Carynginia Sequence, P. sinuosus to M. villosa 

zone), and open-marine shales and carbonates (Beekeeper Sequence, D. ericianus to D. 

dulhuntyi zones) in stratigraphic order (Playford et al., 1976; Mory and Iasky, 1996; Eyles 
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et al., 2006; Jorgensen et al., 2011) (Fig. 2.4). A regional maximum marine flooding event 

is recognized near the Artinskian–Kungurian boundary (Jones et al., 2011b; Haig et al., 

2017). These syn-rift strata thicken eastwards towards north- and NW-striking faults that 

bound Permian half-graben (e.g. the Darling and Urella faults) and lap onto emergent 

basement highs such as the Beagle Ridge, Greenough Shelf, and Northampton Complex 

(Fig. 2.5) (Hocking, 1994; Le Blanc Smith and Mory, 1995; Jones and Hall, 2002; Eyles et 

al., 2006; Thomas, 2014). Movement along the Darling Fault during Permian rifting 

remains unclear because of difficulties encountered in estimating the original thickness of 

Permian strata on the fault footwall (i.e. the Yilgarn Craton) and the absence of syn-rift 

wedge geometries (Thomas, 2014). Detrital zircon provenance and paleocurrent studies 

together indicate southeastern sediment sources ranging from the proximal Albany-

Fraser Orogen to the distal Gamburtsev region of East Antarctica (Cawood and 

Nemchin, 2000; Veevers et al., 2005). Sediments were transported northwards into the 

Southern Carnarvon Basin that at the time formed an elongate seaway between the West 

Australian Craton to the east and the Gascoyne Platform to the west, and connected to 

the Tethys to the north (Iasky and Mory, 1999; Eyles et al., 2003; Mory and Haines, 2013). 

4.2. Late Permian to Late Triassic (post-rift I) 

Regional uplift immediately after cessation of rifting in the late Middle Permian 

(Capitanian) marked the end of syn-rift deposition and resulted in a major angular 

unconformity and partial erosion of the Beekeeper and Carynginia sequences from the 

Beagle Ridge and Abrolhos Sub-basin accentuated by eustatic sea-level fall (Fig. 2.5) 

(Norvick, 2003; Jones et al., 2011b). The Late Permian to Late Triassic constituted a 

period of thermal subsidence associated with a post-rift phase (post-rift I). This sag phase 

was characterized by the deposition of lowstand to transgressive basin floor fan 

complexes and marginal marine sandstones (the Dongara Sequence, D. parvithola zone, 

fig. 2.4) that are markedly absent in structurally elevated areas such as the Coolcalalaya 

Sub-basin, Dongara Terrace, and Beagle Ridge (Crostella, 2001; Jones et al., 2011b; Jones 

et al., 2012). Sedimentological evidence and provenance studies suggest an emergent rift 

shoulder along the Darling Fault in the Late Permian with relief on the adjacent Yilgarn 

Craton draining to the east-southeast (Bergmark and Evans, 1987; Tupper et al., 1994; 

Cawood and Nemchin, 2000; Veevers et al., 2005).  
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Figure 2.4: Proterozoic–Quaternary lithostratigraphic and chronostratigraphic chart for the 
offshore and onshore Northern Perth Basin (modified from Jones et al., 2011a; Mory et al., 2015). 
The West Australian spore-pollen zonation, major basin phases, and short-term sea-level curve 
are also shown for relevant intervals. 

 

 

Figure 2.5: Interpretative west-east geological cross-section of the NPB showing the thickening 
of Early Permian strata on the major Urella fault to the east, and their thinning onto a basement 
high, the Greenough Shelf, to the west (see fig. 2.3 for location). Younger strata were eroded 
following uplift in the Middle Permian. Depths of stratigraphic units and basement are deduced 
from intersected wells (gamma-ray logs shown) and the gravity map of Mory and Iasky (1996), 
respectively. Structures are derived from the seismic section in Thomas (2014). Structures in the 
Irwin Terrace are modified from Le Blanc Smith and Mory (1995). 

 

Continued transgression led to widespread marine flooding in the earliest Triassic 

and the deposition of marine shales. The relatively slow accumulation of the Hovea 

Member (45.7 m over ~2.7 Ma in Lilac 1, Jones et al., 2011b) is succeeded by the more 

rapid deposition of the Kockatea Sequence (435 m over ~1.3 Ma in Batavia 1, Jones et 

al., 2011b) (Fig. 2.4). In the Abrolhos Sub-basin, the basal Triassic transgression is 

represented by the Wittecarra Sandstone (Crostella, 2001). The Kockatea Sequence spans 

the P. microcorpus to T. playfordii spore-pollen zones (Jorgensen et al., 2011). Extensive 

marine transgressive strata also recognised in the Carnarvon, Canning, and Bonaparte 

basins to the north (Fig. 2.1) (Norvick, 2003), as well as the lack of Archean zircons within 

the Kockatea Shale (Cawood and Nemchin, 2000; Veevers et al., 2005) together suggest 

that the Yilgarn Craton was essentially covered with sediments in the Early Triassic. 

Basement uplift on basin margins and ensuing sag phase in the latest Early to Late 

Triassic resulted in a gradual regression and a change from marine to fluvial and deltaic 

sedimentation from long-lived, north-flowing river systems (Woodada and Lesueur 

sequences, T. playfordii to M. crenulatus zones) (Mory and Iasky, 1996; Norvick, 2003). 

Movements in the Middle Triassic included reverse displacements along NNE- to NE-

striking faults, sinistral movement on the Urella Fault, and folding (Harris, 1994).  
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4.3. Early to Middle Jurassic (syn-rift II) 

The return to an east-west extensional syn-rift regime in the Perth Basin in the 

Early Jurassic was marked by dextral strike-slip reactivation of pre-existing NW-striking 

structures (e.g. the Darling, Urella, and Mountain Bridge faults) but also in the formation 

of new faults (e.g. the Wicherina Fault) (syn-rift II, Table 2.1) (Song and Cawood, 2000). 

This is evidenced by the thickening of the alluvial Eneabba Sequence (A. reducta to C. 

torosa zone; Fig. 2.4) in the hanging wall of major onshore NW-striking faults (Quaife et 

al., 1994; Mory and Iasky, 1996; Song and Cawood, 2000; Gorter et al., 2004). Jurassic 

extensional movements were less pronounced in the offshore areas where the Eneabba 

Sequence does not show rift-related thickening (Gorter et al., 2004; Rollet et al., 2013), 

although an angular unconformity at the base of the sequence has been associated with 

contemporaneous uplift (Jorgensen et al., 2011). East-west to WNW-ESE extension at 

that time is recognized in all Western Australian sedimentary basins indicating 

synchronous deformation events and consistent stress orientations (Marshall et al., 1989; 

Hall and Kneale, 1992; Harris, 1994). North-south compression may have resulted from 

convergence or subduction along the northern Meso-Tethyan margin of Australia or 

intra-plate stresses within Gondwana generated by break-up of Pangea and the opening 

of the western Ceno-Tethys (Metcalfe, 2013). This period also coincided with the 

emplacement of igneous rocks (Jones et al., 2011b). 

The uniform thickness across faults and basin-wide deposition of the late Early 

to Middle Jurassic Cattamarra and Cadda sequences (C. turbatus to D. complex zones; Fig. 

2.4) indicate a time of post-rift subsidence and slow relative sea level rise (post-rift II) 

(Song and Cawood, 2000), although an Early–Middle Jurassic extensional event was 

identified in the offshore Houtman Sub-basin (Rollet et al., 2013). The Bajocian Cadda 

Sequence coincided with maximum marine flooding Jorgensen et al., 2011 (Fig. 2.4). The 

subsequent regression was recorded by the deposition of fluvio-deltaic facies of the lower 

Yarragadee Sequence (D. complex to R. watherooensis zones; Fig. 2.4) from a north-flowing 

river system (Mory and Iasky, 1996; Norvick, 2003).  

4.4. Late Jurassic to Early Cretaceous (syn-rift III) 

The last stages of intra-cratonic rifting in the Middle–Late Jurassic were 

characterized by extensional faulting and eventual separation of Australia and Greater 

India in the earliest Cretaceous (syn-rift III; Table 2.1) (Veevers et al., 1991; Norvick, 

2003; Gibbons et al., 2012; Rollet et al., 2013). The orientation of transform faults support 
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a NW to WNW extensional regime (Bradshaw et al., 2003; Hall et al., 2013). Late Jurassic 

to Early Cretaceous strata (upper Yarragadee and Parmelia sequences; Fig. 2.4) blanket 

most areas of the basin, with the main depocentres located in the Houtman and Zeewyck 

sub-basins (Rollet et al., 2013). These strata thicken towards, and are significantly 

displaced, by NW-striking normal faults arguably reflecting reactivation of earlier 

Mesozoic, Permian, and basement structures with a significant dextral component to 

accommodate the dominantly northwest extensional stress field (Song and Cawood, 2000; 

Hall et al., 2013). Horizontal displacements along the pre-existing regional faults resulted 

in secondary faulting and anticlines produced by wrenching (Crostella, 1995; Rollet et al., 

2013). The oldest magnetic isochron recognized in the Perth Abyssal Plain is dated at 131 

Ma, confirming a Valanginian age for the separation (Gibbons et al., 2012). The break-up 

was accompanied by extensive basic volcanism along the southwest margin of Australia 

as illustrated by the Bunbury Basalt in the southern Perth Basin and several dyke 

intrusions in the offshore NPB (Fig. 2.4) (Gorter and Deighton, 2002). This period also 

coincided with a phase of regional inversion with NW-trending folds, extensive uplift and 

erosion of pre-break-up Late Jurassic and Early Cretaceous strata resulting in a major 

stratigraphic unconformity and more than 1 km of denudation on structural highs (Jones 

et al., 2011b; Green and Duddy, 2013; Hall et al., 2013; Tupper et al., 2016). Detrital 

zircon provenance studies suggest that the Pinjarra and Albany-Fraser orogens 

constituted the dominant sediment sources during the Jurassic–Cretaceous rifting event 

(Sircombe and Freeman, 1999; Cawood and Nemchin, 2000).   

4.5. Late Early Cretaceous to Cenozoic (post-rift III) 

From the Valanginian onwards, tectonic activity in the NPB was largely controlled 

by the development of the Wallaby Zenith Transform Margin (Hall et al., 2013). A phase 

of rapid margin subsidence associated to passive spreading and localised sagging occurred 

in the late Early Cretaceous, producing turbidites in the deep-water Zeewyck Sub-basin 

(Gage Sandstone) (Spring and Newell, 1993). Slowing of post-breakup thermal 

subsidence in the Late Cretaceous–Cenozoic resulted in stable passive margin 

sedimentation limited to thin coastal clastics, limestones and marls (post-rift III; Fig. 2.4) 

(Jones et al., 2011b). Events essentially consisted of north-south to NNE-SSW 

compression resulting in a change from NE-striking normal faulting to conjugate strike-

slip and reverse faulting and jointing. Collision between the Australian and Eurasian plates 

along the Banda Arc in the Mio-Pliocene produced dextral strike-slip fault reactivation, 
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NW-SE compression, and minor folding of Cretaceous and younger strata (Mory and 

Iasky, 1996; Gorter et al., 2004; Rollet et al., 2013). 

5. Petroleum systems in the Northern Perth Basin 

The Perth Basin is a proven petroleum province with oil and gas production 

onshore and oil production offshore, a region that is still under-explored. Conventional 

exploration activities in the NPB initiated onshore in the 1960s and led to the discovery 

of 20 commercial hydrocarbon fields including major gas fields (e.g. Dongara, Yardarino 

(depleted), Mondarra (depleted), and Woodada), oilfields (e.g. Dongara, Yardarino 

(depleted), Mt Horner, and North Yardanogo (depleted)) and condensate fields (e.g. 

Beharra Springs) (Fig. 2.6) (Norvick, 2003). Production history commenced in 1971 in 

the Dongara gas field and over 300 wells have been drilled to date, the large majority 

onshore (~80 %). More recent activities in the early 2000s led to the discovery of the 

offshore Cliff Head field, and the onshore Hovea, Redback, Jingemia, Eremia fields (Fig. 

2.6) (Norvick, 2003). The Waitsia gas field appraised in 2015 is potentially the biggest find 

in the Perth Basin since the Dongara gas field, and the largest conventional onshore 

discovery in Australia in the past 30 years (Tupper et al., 2016). The offshore Xanadu 

prospect was drilled in September 2017 and intersected potential hydrocarbon reservoirs. 

Unconventional play exploration currently focuses on target horizons in the Cadda 

Terrace and shallower parts of the Dandaragan Trough (Cooper et al., 2015). Excluding 

Waitsia, 95 % of the estimated reserves of the onshore Perth Basin have been produced 

(Tupper et al., 2016). 

The majority of the oil, gas and condensates is sourced from the high-TOC 

sapropelic Hovea Member of the Early Triassic Kockatea Sequence (Fig. 2.4), which was 

deposited in an anoxic marine environment and is continuous over much of the onshore 

and offshore NPB (Thomas and Barber, 2004; Grice et al., 2005; Jones et al., 2011b; 

Rollet et al., 2013). Secondary source rocks include organic-rich mudstones and coal 

measures of the Early Permian Irwin River and Carynginia sequences (e.g. Dongara and 

Yardarino fields, Frankland 1, Cliff Head 4; Waitsia field), leading commonly to 

admixtures of Permian and Triassic-sourced liquids (e.g. Woodada 3, Yardarino 1, 

Leander Reef 1) (Thomas and Barber, 2004; Jones et al., 2011b; Rollet et al., 2013). Coal 

measures in the Cattamarra Sequence (Bootine 1, Ginging 1, Walyering gasfield, North 

Yardanogo and Mt Horner oilfields) and Yarragadee Sequence (Gage Road 1), and marine 

shales of the Cadda Sequence (Cataby 1) constitute minor source rocks that are potentially 
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within the oil window in the Dandaragan Trough and outer Abrolhos Sub-basin 

(Crostella, 2001; Norvick, 2003; Gorter et al., 2004). Burial history and thermal modelling 

indicate that gas generation from onshore Permian source rocks commenced in the Late 

Jurassic prior to regional uplift, and coincided with oil charge from the Hovea Member 

(Thomas and Barber, 2004; Jones et al., 2011b). In the offshore Houtman and Abrolhos 

sub-basins, the Hovea Member entered the oil window in the Late Triassic and Early 

Cretaceous, respectively, thus suggesting structurally separate systems (Rollet et al., 2013). 

Hydrocarbons are reservoired in a variety of levels in Permian (the informal 

Kingia Sandstone member of the High Cliff Sequence, the Irwin River, Wagina, Dongara, 

and Beekeeper sequences), Triassic (Arranoo Sandstone Member of the Kockatea 

Sequence, Lesueur Sequence), and Jurassic (Cattamarra Sequence) rocks (Fig. 2.4) (Jones 

et al., 2011b; Tupper et al., 2016). Unconventional reservoirs currently under appraisal 

include Early and Late Permian tight sandstones and Permian–Triassic shales (Carynginia 

and Kockatea sequences) (Cooper et al., 2015). The main regional seal is the Early Triassic 

Kockatea Sequence which thickens to over 1000 m in depocentres above Permian half-

grabens (Jones et al., 2011b). Intraformational shales in the Eneabba, Cattamarra, and 

Yarragadee successions constitute secondary hydrocarbon seals that were proven 

effective in various onshore fields (Owad-Jones and Ellis, 2000; D'Ercole et al., 2003). 

The main types of traps are a combination of (i) horst and tilted fault blocks Early 

Permian in age, where shales of the Kockatea Sequence form lateral seals; (ii) Triassic–

Jurassic roll-over anticlines on the downthrown side of faults; and (iii) large anticline fold 

closures of Early Cretaceous age (Crostella, 1995; Jones et al., 2012). The Yardarino 

oilfield located in the hanging wall of the Mountain Bridge Fault is an example of 

successful exploration sites developed in a roll-over anticline. Fault offsets by NW-SE 

transfer zones (e.g. the Abrolhos Transfer Zone) also allow traps to develop by producing 

closure against regional dip. The major exploration risk is trap breach and sand-to-sand 

juxtaposition due to fault reactivation and regional tilting associated with Early 

Cretaceous breakup or Miocene inversion (Kempton et al., 2011). The Permian–Triassic 

system constitutes the main oil and gas producing interval in the NPB (97% of historical 

discovered reserves), whereas sustained production has not yet been achieved in Jurassic 

systems (Tupper et al., 2016). 
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Figure 2.6: Location map of major oil and gas fields and current prospects in the Northern Perth 
Basin (source: AWE Limited). The Dongara gas field, targeting Late Permian sandstones, is 
historically the main producing field, until the Waitsia discovery in 2015. The Cliff Head oil field 
is the only commercially operating offshore discovery to date. 
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6. Late Paleozoic climatic and tectonic evolution of Western 

Australia 

6.1. The ‘Late Paleozoic Ice Age’ 

The Late Paleozoic was a time of profound tectonic and climatic change. The 

collision of Gondwana and Laurussia (ca. 320 Ma) created the Pangea and resulted in 

extensive thermal uplift (Powell and Veevers, 1987). The Alice Springs Orogeny in 

Central Australia may be a far-field effect of this collision (Li and Powell, 2001). This 

major tectonic event affected global climate by disrupting the pattern of oceanic 

circulation and triggered a global cooling (Ross and Ross, 1985). Cold climate, thermal 

uplift, and continental migration over the paleo-South Pole concomitantly initiated a 

major episode of glaciation known as the ‘Late Paleozoic Ice Age’ centred over Antarctica 

and extending across high-latitude areas of Gondwana (Fig. 2.7) (Powell and Veevers, 

1987; Veevers and Powell, 1987; Eyles et al., 1993; Veevers, 1994; Crowell, 1999). 

Subglacial erosion during glacial maximum may have formed a widespread stratigraphic 

lacuna (Veevers and Powell, 1987). The release of heat from beneath the Pangea during 

the Late Pennsylvanian drove an extensional phase and the inception of Permian–Triassic 

sedimentary basins and rifts across Gondwana, even though basal strata in these basins 

are potentially as old as Visean (Eyles et al., 2002; Playford, 2015). Rift basins were 

typically filled in the Late Carboniferous–Early Permian by sedimentary successions 

composed of glacigene conglomerates and diamictites at the base, grading upward into 

marine shales, and overlain by shallow marine deposits (e.g. Mory, 1991; Eyles et al., 2003; 

Mory et al., 2008). Similar successions have been widely described in Antarctica, South 

America, India, southern and central Africa, and Australia (Visser, 1997; Isbell et al., 

2003a; Dasgupta, 2006). 

In Australia, evidence for glaciation in the rock record ranges from the 

Carboniferous (Serpukhovian) to the late Early Permian (Kungurian) (Dickins, 1996; 

Fielding et al., 2008a). This period corresponded to the beginning of the Innamincka 

regime of Veevers (2006), a strati-tectonic regime during which glacigenic sediments and 

coal measures were deposited as Australia migrated southwards to lie between 75�S and 

35�S (Mory et al., 2008). Sedimentological evidence include lodgement tills, moraines 

and outwash fan deposits associated with glacial pavements and boulders related to large-

scale advances and retreats of ice-sheets. The Gamburtsev upland in Antarctica formed 

the focus of radial ice drainage into Australia, India, and Africa (Fig. 2.7) (Veevers, 2006).  
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Figure 2.7: Early Permian global paleogeography (ca. 280 Ma). The collision of Laurussia and 
Gondwana along the Asian Hun suture zone formed the Pangea. This period coincides with the 
‘Late Paleozoic Ice Age’ with extensive ice sheets centred on the South Pole, the opening of the 
Meso-Tethys and the drifting of Cimmeria towards SE Asia. Continent and ice sheet outlines are 
derived from Veevers (2006) and Blakey (2008). SE Gondwanan rift axis are after Haig et al. 
(2016). SP: South Pole; NG: New Guinea; NZ: New Zeeland. 

 

6.2. Glacial sedimentation and basin inception 

Eastern Australia was the site of discrete, short-lived alpine-type glaciers on the 

basis of the sparse availability of striated clasts and the occurrence of Glossopteris 

vegetation in glacigene deposits. Glaciers shed proglacial sediments eastwards in the form 

of piedmont conglomerates and non-glacial fluvial, lacustrine, and shallow marine 

deposits (Dickins, 1996; Jones and Fielding, 2004; Fielding et al., 2008a; Veevers, 2009). 

Recent studies have emphasized the importance of multiple, short-lived glacial intervals 

(1 to 8 myrs) separated by non-glacial, temperate periods of comparable duration (Isbell 

et al., 2003b; Fielding et al., 2008a; Rygel et al., 2008a; Fielding et al., 2010; Frank et al., 

2015). 
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In Western Australia, O'Brien and Christie-Blick (1992) and Veevers et al. (2005) 

in contrast suggested that a large continental wet-based ice sheet was centred on the 

uplifted Yilgarn and Pilbara cratons (i.e. the West Australian Craton), and locally extended 

to sea level as in the Carnarvon Basin (Fig. 2.8). On basement areas, glacially influenced 

strata are restricted to locally thick successions of subglacially-eroded tunnel valley infill 

(tillites, conglomerates and sandstones overlain by mudstones) and glacial striae on 

basement surfaces (e.g. Eyles and de Broekert, 2001; Playford, 2002). In rift basins along 

the western margin of the West Australian Craton, the rock record is dominated by glacio-

marine deposits (debris flows, sandy turbidites, and diamictites) accumulated in front of 

ice shelves (Fig. 2.9) (Eyles et al., 2002; Eyles et al., 2006). Subsidence generated by 

extensional phases and high rates of sedimentation in these basins favoured the 

development of thick sediment accumulations, such as in the Fitzroy Trough of the 

Canning Basin or in the Petrel Sub-basin of the Bonaparte Basin (Fig. 2.9) (Mory and 

Haines, 2013). Mesotethyan rifting and separation of Cimmeria from Gondwana played 

a significant role in the creation of accommodation zones (Fig. 2.7) (Cocks and Torsvik, 

2013; Metcalfe, 2013). A series north-trending half-graben initiated in the Late Paleozoic 

on the western margin of the Australian continent, and eventually proceeded to full 

continental breakup and opening of the Indian Ocean in the Early Cretaceous (Fig. 2.8) 

(Harrowfield et al., 2005; Heine and Müller, 2005; Haig et al., 2014). Paleogeographic 

reconstructions from glacial striae indicate ice movement to be north-northwest through 

the Collie, Perth, and Carnarvon basins, and probably Cimmeria and the Lhasa Block 

(Metcalfe, 2013; Mory and Haines, 2013), higher grounds to the south (Wilkes Province, 

Leeuwin Block, and Albany Province) and a gently sloping West Australian Craton to the 

east (Veevers et al., 2005). The oldest glacial deposits preserved in the Canning and 

Northern Perth basins are dated to the Serpukhovian (Young and Laurie, 1996), which 

corresponds to the onset of sagging or rifting, and glacio-eustatism in low-latitude basins 

(Fig. 2.8) (Wright and Vanstone, 2001; Eyles et al., 2002). These strata typically overlie 

older sedimentary and crystalline basement and the unconformity that separates them has 

been partly attributed to subglacial abrasion by advancing ice sheets (Eyles et al., 2003). 

Glacial conditions continued well into the Asselian, despite the Carboniferous–Permian 

boundary not being clearly identified in Western Australia (Fig. 2.9) (Mory, 2010). 
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Figure 2.8: Late Carboniferous paleogeographic reconstruction of SE Gondwana centred on the 
‘East Gondwana interior rift’ sensu Haig et al. (2014), before the opening of the Meso-Tethys. 
Antarctica formed the focus of radial ice drainage into Western Australia, whereas eastern 
Australia was the site of more localised glaciers. Sediments accumulated in front of ice shelves in 
peripheral rift basins. Continent outlines are derived from Li and Powell (2001) and Metcalfe 
(2013). Ice sheet outlines are derived from Fielding (2010) and Mory and Haines (2013). Rift axis 
and basins locations are after Isbell et al. (2003b) and Harrowfield et al. (2005).NG: New-Guinea; 
T: Timor. 



33 
 

 

Figure 2.9: Correlation of Late Paleozoic stratigraphic successions in Western Australian basins 
(see fig. 2.1 for location) showing the development of glacially influenced strata above a major 
unconformity, and subsequent syn-rift, post-glacial fill. Modified from Eyles et al. (2002), Mory 
et al. (2008), and Mory and Haines (2013); climatic trend from Haig et al. (2017).  

 

6.3. Climate amelioration and syn-rift deposition 

The end of direct glacial influence in Western Australian basins coincided with 

climate amelioration and a world-wide eustatic sea-level rise in the Early Permian 

(Sakmarian). The ~2 myrs-long P. confluens palynomorph zone is generally associated with 

widespread deposition of mudstones that lap onto the West and North Australian cratons 

(Fig. 2.9, 2.10) (Dickins, 1996; Haig, 2003; Isbell et al., 2003b; Mory and Haines, 2013). 

In the Northern Perth Basin, late Sakmarian fossil assemblages having strong affinities 

with Tethyan faunas indicate the opening of an elongate seaway connecting the western 

Australian margin to the Paleo-Tethys (Fig. 2.10) (Mory and Haines, 2013), and overall 

cool to temperate marine conditions (Haig et al., 2014). The collapse of glaciers and ice 

sheets in the late Asselian–early Sakmarian was previously interpreted as rapid (< 5 myrs) 

and synchronous across Gondwana, as the result of a rapid global warming (Dickins, 

1996; Wopfner, 1999). However, spore-pollen biostratigraphic data demonstrate that 

postglacial mudstones are diachronous from basin to basin in Western Australia, 

reflecting the interplay of local tectonic controls along with glacio-eustatic changes in sea 

level (Fig. 2.9) (Eyles et al., 2002). In eastern Australia, recent studies have shown the 

persistence of glacial conditions until the Middle Permian, which also does not support 
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synchronicity of deglaciation across Gondwana (Fielding et al., 2008a). Moreover, 

numerous locations of dropstone-bearing deposits, commonly associated with glendonite 

horizons, evidence persistent cold water upwelling and seasonal ice-rafting in other 

Gondwanan basins (e.g. the Karoo basin) (Isbell et al., 2003b). In this context, thick 

mudstone successions are rather associated with continued subsidence and increasing 

water depths that characterise maximum accommodation during syn-rift phases (Ravnas 

and Steel, 1998; Eyles et al., 2003). 

Generally warmer and more humid conditions continued into the Artinskian as 

reflected by enhanced chemical weathering and deposition of ammonoid-bearing marine 

faunas in the Sydney, Bowen, and Carnarvon basins (Loughnan, 1975; Archbold et al., 

1993). This period is also marked by the expansion of Glossopterid cool-temperate 

swamp forests in southern Gondwana (Slater et al., 2015; Tewari et al., 2015). In Western 

Australia, northward regression in the westernmost basins and climatic amelioration 

coincided with the development of coastal plains and deltaic systems, where the 

colonization by pioneer vegetation generated peat swamps in areas adjacent to a subdued 

Yilgarn Craton (e.g. Collie Coal Measures in the Collie Basin; Irwin River Coal Measures 

in the Northern Perth Basin; Moogooloo Sandstone in the Carnarvon Basin; Fig. 2.9) 

(Mory and Iasky, 1996; Mory and Backhouse, 1997; Veevers et al., 2005). This period 

corresponds to the ‘fluvial superbasin’ of Veevers et al. (1996), a belt of fluvial sediments 

derived from a central Antarctic highland and shed northwards across southern 

Gondwana (Fig. 2.10). Wopfner (1999) suggested that the lowering of base level in the 

Artinskian may have been due to crustal rebound following the reduction of the ice load. 

Alternatively, slowing subsidence and reduced accommodation in the final stages of 

rifting may be another explanation for the progradation of shallow marine facies (Eyles 

et al., 2003). Intervals of shallow marine strata with pervasive dropstones indicate 

intervening cold to cool conditions with icebergs still active (Fig. 2.9) (e.g. Fielding et al., 

2008a). Fluctuating but general warmer conditions predominated from the Kungurian 

until the Late Permian, as evidenced by diverse subtropical to tropical marine faunas and 

conodonts (Dickins, 1993). The Permian–Triassic boundary corresponds to a major 

stratigraphic unconformity associated with volcanism and the extinction of peat-forming 

plants, including Glossopteris floras (Retallack et al., 1996) along the western and 

northwestern Australian margins. 
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Figure 2.10: Early Permian paleogeographic reconstruction of SE Gondwana during the opening 
of the Meso-Tethys. Sakmarian times coincided with a period of world-wide eustatic sea-level rise 
resulting in the partial flooding of Western Australian basins. Connections between East 
Gondwana and the Paleo-Tethys were interpreted on the basis of Tethyan faunas recorded in the 
Northern Perth Basin. As sediment supply outpaced subsidence rates, rift basins became the loci 
of extensive fluvial sedimentation in the Artinskian. This period corresponds to the “fluvial 
superbasin” of Veevers et al. (1996), where sediments originated from central Antarctic and shed 
northwards. Eastern Australia remained the site of active glaciations. Post-glacial Sakmarian 
shoreline is derived from Veevers (2006). 
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Chapter 3: Transgressive stratigraphy and syn-rift sequence 

development in a tide-dominated embayment  

 

1. Introduction 

The application of sequence-stratigraphic concepts on tectonically stable passive-

margin successions and intracratonic basin fills, where accommodation is primarily 

controlled by eustatic sea-level variations and long-term tectonic subsidence, is well 

established (Posamentier and Vail, 1988; Van Wagoner et al., 1990; Catuneanu, 2006; 

Catuneanu et al., 2009). In transgressive passive-margin settings, pre-existing valleys cut 

during relative sea-level fall are commonly converted into estuaries where 

geomorphological confinement amplifies tidal resonance, favouring the deposition of 

tidally modulated strata in transgressive systems tracts (Boyd et al., 1992; Dalrymple et al., 

1992; Dalrymple and Choi, 2007). Examples are widespread in the ancient record (e.g. 

Mellere and Steel, 1995; Buatois and Gabriela Mángano, 2003; Holz, 2003; El-Ghali, 2005; 

Plink-Björklund, 2005) along with well-studied high-latitude Holocene successions where 

glacial valleys were flooded during postglacial sea-level rise (Woodroffe et al., 1989; 

Dalrymple and Zaitlin, 1994; Greb et al., 2011; Archer, 2013). In tectonically active basins, 

such as rift basins, episodic extensional faulting primarily controls accommodation and 

sediment supply, and therefore impact stratal stacking patterns and sequence 

development (Gawthorpe et al., 1994). The interplay between footwall uplift and hanging 

wall subsidence typically allows for the rapid creation of accommodation later filled by 

enhanced sediment supply from the rejuvenated rift margin (Martins-Neto and 

Catuneanu, 2010). This phase, where newly-formed rift depocentres are backfilled during 

subsequent tectonic quiescence, is to be stratigraphically compared with the transgressive 

filling of incised valleys formed along passive margins.  

The late Early Permian was a period of global climatic amelioration in 

southeastern Gondwana following the rapid demise of large continental ice sheets and 

glaciers of the Late Paleozoic Ice Age (Isbell et al., 2003b; Fielding et al., 2008b; Frank et 

al., 2015). Gondwanan rift basins became the loci for deposition of fluvial to shallow 

marine, coal-bearing sedimentary successions as exemplified by the: Karoo Basin (South 

Africa, Cadle et al., 1993); Paraná Basin (Brazil, Holz, 2003); Raniganj Basin (India, 

Bhattacharya et al., 2012); Sydney Basin (Eastern Australia, Fielding et al., 2006); and 

Canning Basin (Western Australia, Mory, 2010). The Artinskian Irwin River Coal 
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Measures were coevally deposited in the Northern Perth Basin (Western Australia) which 

formed part of a series of rift basins that initiated in southwestern Australia in the Late 

Carboniferous (Norvick, 2003; Jones et al., 2011b; Rollet et al., 2013; Haig et al., 2014) 

(Fig. 3.1). The Irwin River Coal Measures have long been interpreted to record a series 

of delta plain environments, affected predominantly by fluvial currents, that prograded 

into a marine embayment during a syn-rift phase in a cool-temperate climate (Playford et 

al., 1976; Le Blanc Smith and Mory, 1995; Mory and Iasky, 1996) (Fig. 3.2). Minor tidal 

influence on deposition was recognized by McLoughlin (1992), and Eyles et al. (2006) 

noted the presence of bidirectional sedimentary structures. A sequence-stratigraphic 

interpretation by Ferdinando and Longley (2015) proposed that the formation is 

aggradational in its lower part and progradational in its upper part. However, the general 

fining-upward character of gamma-ray well logs throughout the basin (Fig. 3.2) as well as 

the upward increasing presence of marine indicators, such as storm-generated structures 

and marine trace fossils, strongly suggest that the Irwin River Coal Measures contain a 

significant transgressive component. 

The reservoir and source potential of the Early Permian succession in the 

Northern Perth Basin has been long established, and recent discoveries of economic 

significance in onshore and offshore oil and gas fields have revived the interest in 

sandstone-rich and coal-bearing formations such as the Irwin River Coal Measures (Jones 

and Hall, 2002; Jones et al., 2011b; Rollet et al., 2013). The Waitsia gas field in particular 

is considered to be the largest conventional onshore discovery in Australia in the past 30 

years (Tupper et al., 2016).  

This study reassesses the sedimentary environments of the Irwin River Coal 

Measures on the fault-bounded Irwin Terrace of the Northern Perth Basin in the context 

of process regimes that controlled sediment deposition. Stratal stacking patterns and key 

stratigraphic surfaces such as ravinement surfaces are identified and used to construct a 

sequence-stratigraphic framework for the evolution of the system. It is anticipated that 

new perspectives will be provided for the stratigraphic arrangement and preservation 

potential of transgressive packages filling structural embayments formed in syn-rift 

settings. In particular, the spatial and temporal expression of transgressive surfaces in the 

absence of high-energy sedimentary bodies (tidal inlet and shoreface lithosomes) will be 

discussed. Recently, Ainsworth et al. (2017) studied the high-frequency architecture of 

deltaic successions and emphasized the stratal superposition of active and inactive delta 

lobes in response to autogenic channel avulsion. In this study, we also investigate the 
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distribution and significance of high-frequency, coal-bearing stratigraphic cycles and their 

implications for the stratal organisation of prograding lobes. At last, a better 

understanding of the facies architecture of the Irwin River Coal Measures will aid 

exploration programs to predict internal heterogeneities in the formation that influence 

subsurface fluid flow. 

2. Sedimentology 

2.1. Methodology 

This study is based on the analysis of new field and core data collected on the 

Irwin Terrace of the NPB, and open source well logs and palynology assignments 

available in the area. Sedimentological data for the IRCM were acquired by logging ten 

outcrop sections from riverbanks and cliffs exposures along the Irwin River and in the 

Woolaga Creek area and nine cores from mineral drill holes and wells (Fig. 3.1C). 

Bioturbation index is assessed from 0 (no bioturbation) to 6 (complete bioturbation) 

using the scheme of Taylor and Goldring (1993). Paleocurrent directions are derived from 

sedimentary structures such as cross-bedding and ripple marks. A portable scintillometer 

was used to collect gamma-ray profiles along the main outcrop sections. Cored mineral 

exploration holes that were drilled to assess the lateral continuity of coal measures in the 

area provided information south of the main outcrop sections (Fig. 3.1C). IRCH-1, 

located in the northern part of the Lockier River, provides a continuous 153 m thick core 

that was also logged using a portable Niton® X-Ray Fluorescence (XRF) analyser to 

obtain whole rock composition. IRRC-1 to IRRC-8, PER7, and PER9 are air core drill 

holes with total depths ranging between 117 m and 184 m. Measured sections and core 

logs were correlated by identifying key stratigraphic surfaces to construct a 36 km long, 

north-northwest-oriented cross-section. 
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Figure 3.1: A. Map showing the tectonic elements of Western Australia and the location of the 
Perth Basin. The Perth Basin forms part a north-trending series of basins in Western Australia. 
Modified from Cawood and Korsch (2008) and Mory and Haines (2013) (N.C.: Northampton 
Complex; Y.S.: Yallingup Shelf); B. Tectonic elements and Paleozoic–Mesozoic sedimentary 
cover of the Northern Perth Basin (defined as north of 31�30’S). Black square shows the location 
of Fig. 3.1C. Yellow dot shows the location of Depot Hill 1 well (see Fig. 3.2); C. Paleozoic 
geology and main structures of the Irwin Terrace showing the location of outcrops and drillholes 
used in the present study. Note proximity of the major basin-bounding Darling Fault. *possible 
location of the Mingenew Fault of Standen (2016) bounding the Mesoproterozoic Mullingarra 
Complex to the west. 
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Figure 3.2: Paleozoic to early Triassic lithostratigraphic framework and spore-pollen zonation 
for the Northern Perth Basin with associated tectonic and climatic regimes. Typical gamma-ray 
signatures of stratigraphic units from Depot Hill 1 well, with modified vertical scale. Numerical 
ages are derived from Cohen et al. (2013; updated). Information compiled from Dickins (1993), 
Mory and Iasky (1996), Song and Cawood (2000), Isbell et al. (2003b), Norvick (2003), Eyles et 
al. (2006), and Jones et al. (2011b). Australian spore-pollen zonation is from Eyles et al. (2002), 
Haig et al. (2014), and Playford (2015). 

 

2.2. Facies associations 

Fourteen lithofacies that reflect specific depositional conditions have been 

recognized on the basis of their lithology, structures, bed geometry, and bioturbation 

styles (Table 3.1) following the method of Dalrymple (2010). Figure 3.3 shows detailed 

graphic logs of two outcrop sections (Wongoondy and North Branch) and one core 
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section (IRCH 1) including lithofacies, trace fossil content, coarsening- and fining-upward 

trends, additional sedimentary structures, and key surfaces associated with erosion, coal 

accumulation (terrestrialisation/paludification), and flooding. An outcrop gamma-ray log 

profile is shown with the North Branch section. Sedimentary sections and the gamma-

ray log highlight the heterolithic character and complex stratigraphic organization of the 

IRCM. Lithofacies were grouped into nine facies associations (FA; Table 3.2) that record 

distinct depositional environments based on spatial and genetic facies relationships, stratal 

geometry, bioturbation style and intensity, and the presence of bounding surfaces. 

Facies Association 1: Braided fluvial channels  

Description: Facies association 1 (FA1) is up to 16 m thick and composed of 1.5–6 

m thick, stacked fining-upward packages (Fig. 3.3). Conglomerate facies (facies G) 

commonly overlie erosion surfaces that concentrate large intra- and extra-formational 

pebbles and mud rip-up clasts and fine upwards into trough cross-stratified, well-bedded, 

massive, or cross-laminated sandstone facies (facies St, Sm, Sr) (Fig. 3.4A, 3.4B). Subtle 

bedding is observed in facies G where large imbricated pebbles overlie normally graded 

planar beds. Reworked plant material and asymmetric ripple marks are locally found on 

bedding planes in the sandstone facies. No trace fossils were observed in FA1. 

Interpretation: Stacked fining-upward conglomerate and sandstone units separated 

by closely spaced, pebble-rich erosion surfaces typically reflect multi-storey channel fills 

(Allen, 1983; Miall, 1996). Basal pebbly lags with abundant mudstone clasts most likely 

represent the armoured bases of channels (e.g. Ielpi, 2012). The lack of mudstone facies 

suggests the overall absence of overbank areas and poorly developed floodplains, and 

FA1 is interpreted as a low sinuosity channel system (e.g. Miall, 1996; Catuneanu et al., 

2006; Pontén and Plink-Björklund, 2007; Desjardins et al., 2009). Cross-bedded 

sandstones that lack obvious lateral accretion surfaces were most likely deposited as 

longitudinal, laterally or downstream accreting mid-channel bars in braided channels (e.g. 

Martinsen et al., 1999; Miall, 2010; Di Celma et al., 2016). Ripple cross-laminated facies 

are indicative of shallower conditions at channel margins (near emergent bar tops) 

forming flood-generated sandflats (e.g. Matoshko et al., 2016). The absence of 

bioturbation is consistent with a high energy, unstable fluvial setting. Mean bankfull water 

depth estimated from bedform heights (0.15–0.4 m) was between 3 and 7 m using the 

method outlined in Leclair and Bridge (2001). 
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Table 3.1: Diagnostic features of the fourteen lithofacies recognised in Irwin River Coal Measures strata on the Irwin Terrace of the Northern Perth Basin. 

Facies name Bed thickness, geometry, 
bounding surfaces 

Description Bioturbation index 
and ichnogenera 

Depositional processes 

Massive 
conglomerate 
(G) 

0.3 to 1.2 m thick 

Typically overlying scour 
surfaces 

Granule to large pebble conglomerate; sub-rounded to angular intra-and 
extra-formational clasts; moderately to poorly sorted; alternatively 
matrix- and grain-supported; weak normal grading 

Massive to horizontally bedded; large imbricated pebbles at base; 
reworked plant material; abundant mud rip-up clasts 

0 Viscous debris flows forming 
longitudinal gravelly bars 1  

Pebbly 
sandstone 
(Smc) 

0.5 m thick; sharp basal surface 
and gradational upper boundary 

Granular to pebbly medium sandstone; rounded to angular grains, 
muddy matrix, poorly sorted 

Mainly disturbed or structureless; carbonaceous debris, and rip-up clasts 
of mudstone and coal 

1-3 

Root traces 

Bedload deposition (e.g. channel lag) 1 

Trough cross-
stratified 
sandstone (St) 

0.15 to 0.4 m thick; lenticular 
beds 

Sharp or scour basal surface 
containing soft sediment 
deformation structures 

Medium to very coarse-grained sandstone; rounded to angular grains, 
heterogeneous, poorly sorted  

Trough cross-bedded; small pebbles and carbonaceous stringers 
commonly lining bedform foresets; local mud and coal rip-up clasts 

0-1 

Rhizocretions 

Root traces 

Migration of sinuous-crested 3D dunes 
formed under the bed shear stress 
exerted by unidirectional traction 
currents 1  

Tabular cross-
stratified 
sandstone (Sx) 

0.3 to 1 m thick; individual 
bedforms are 4-5 cm thick; 
lenticular sandstone bodies 

sharp or scoured bedset 
boundaries concentrating 
gravels/pebbles and load casts; 

Medium to very coarse-grained sandstone; rounded to angular grains, 
heterogeneous (immature sand), generally poorly sorted, grain-
supported 

High- to low- angle tabular cross-stratified, unimodal dip direction; 
normally graded bedforms with coarse clasts/gravels and carbonaceous 
stringers lining foresets; mud rip-up clasts 

0-1 

Root traces 

Migration of transverse 2D dunes 
formed under the bed shear stress 
exerted by unidirectional traction 
currents 1  

Massive 
sandstone 
(Sm) 

0.1 to > 1 m thick; lenticular 
beds with concave-up geometries 

basal gravelly and pebbly lag 

Medium to very coarse-grained sandstone; rounded to angular grains, 
well to poorly sorted, clast or matrix supported; local granules and 
pebbles 

Massive to weakly graded to horizontally bedded; minor carbonaceous 
partings and coal chips; local water escape structures 

0-2 

Root traces, 
Diplocraterion, 
Skolithos 

Massive beds rapidly deposited by fully 
turbulent gravity flows or fall-out 
deposition from suspension 1 
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Current ripple 
cross-
laminated 
sandstone (Sr) 

0.1 to 0.5 m thick, laterally 
extensive beds  

sharp basal surfaces featuring 
soft sediment deformation 
structures and sand-filled 
burrows 

Medium to coarse-grained sandstone, locally granule conglomerate, sub-
rounded grains, well sorted to poorly sorted 

Tabular and trough cross-laminated; capped by asymmetric ripple 
marks, combined-flow ripple marks, or symmetrical dune beforms; 
minor convolute bedding 

0-4 

Skolithos, 
Diplocraterion, Rosselia, 
Rhizocorallium, 
Planolites 

Migration of straight and linguoid 
ripples by unidirectional traction 
currents in low flow regime or 
decelerating flows; minor reworking by 
oscillatory currents 1 

Hummocky 
cross-stratified 
sandstone (Sh) 

0.1 to 1 m thick; sheet-like 
geometry 

soft sediment deformation 
structures common at the base 
of beds; 

Very fine to fine-grained sandstone; rounded to sub-rounded grains, 
well sorted, common internal mudstone laminae 

Hummocky cross-stratification; minor gently-inclined plane-parallel 
lamination, tabular cross lamination, and swaley cross-stratification; 
beds locally capped by symmetrical or combined-flow ripple marks or 
dunes 

0-2 

Skolithos, Planolites, 
Palaeophycus, 
Ophiomorpha, 
Diplocraterion 

High-energy oscillatory and combined 
flows during waning storm events; 
subordinate hyperpycnal flows and/or 
reworking by swash/backwash 
movements of breaking waves 2 

Planar-
laminated 
sandstone (Sl) 

0.1 to > 2 m thick; tabular and 
laterally extensive beds 

Fine to medium-grained sandstone; rounded to sub-rounded grains, 
muddy matrix, well sorted 

Horizontally to gently inclined planar laminated; minor trough cross-
bedding; sand sheets in places draped by thin mudstone laminae; 
reactivation surfaces; soft sedimentation deformation structures; 
pyrite/siderite concretions 

0-3 

Skolithos, 
Diplocraterion, 
Rhizocorallium, 
Siphonichnus, 
rhizoliths 

Plane bed deposition during upper 
flow regime; mudstone laminae 
deposited by suspension settling; minor 
trough cross-strata are related to 
trough-filling 2 

Tabular cross-
stratified 
sandstone with 
draped 
bedforms 
(Sxd) 

Bedsets up to 0.5 m thick; 
lenticular beds 

mud rip-up clasts and pebbly lags 
common at the base of cosets 

Fine to medium-grained sandstone; angular to sub-angular grains, 
moderately sorted 

Tabular to sigmoidal cross-bedded containing multiple reactivation 
surfaces; mudstone drapes lining bedform foresets; minor herring-bone 
cross-bedding and overturned beds 

0 Migration of 2D dunes during low flow 
regime alternating with suspension 
settling 3 

Current ripple 
cross-
laminated 
sandstone with 
draped 
bedforms 
(Srd) 

0.1 to 0.4 m thick; lenticular to 
laterally extensive 

 

Fine to medium-grained sandstone; rounded grains, muddy matrix, well 
sorted 

Trough cross-laminated, locally bi-directional; multiple reactivation 
surfaces; foresets and bottomsets draped by thin mudstone laminae, 
sand-mud couplets occur rhythmically; minor wave-formed cross-
laminations; mud rip-up clasts; glauconite/pyrite concretions 

0-3 

Skolithos; 
Diplocraterion; 
Rhizocorallium; 
Thalassinoides 

 

Migration of linguoid ripples by low 
energy uni- to bidirectional traction 
currents alternating with suspension 
settling; minor reworking by oscillatory 
flows 3 
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Flaser-bedded 
heterolithic 
facies (Hl) 

 

Millimetre-thick beds forming up 
to 4 m thick intervals, laterally 
extensive at the scale of the 
outcrop (~20 m) 

Interbedded fine to very fine-grained sandstone, siltstone, and minor 
claystone 

Structures dominated by trough cross-laminations; cross-sets are 
separated by thin mudstone laminae forming the typical flaser bedding; 
minor planar, wavy, and deformed bedding (water escape structures); 
syneresis cracks; desiccation cracks; mud rip-up clasts; plant material; 
siderite and pyrite nodules 

0-5 

Skolithos, 
Diplocraterion 
Monocraterion, 
Cylindrichnus, 
Paleophycus, 
Teichichnus, 
Thalassinoïdes, 
Rhizocorallium, 
Ophiomorpha, mantle-
and-swirl, rhizoliths 

Alternating low energy traction 
currents and suspension settling 3 

Wavy-bedded 
heterolithic 
facies (Hh) 

 

Millimetre-thick beds forming 
0.5 to 10 m thick intervals, 
laterally extensive at the scale of 
the outcrop (~20 m) 

Interbedded very fine-grained sandstone, siltstone, and claystone 

Structures dominated by lenticular bedding containing micro 
hummocky cross-stratifications and starved current ripple marks; minor 
planar, wavy and flaser bedding; soft sediment deformation structures 
(load casts, flame structures, sunken beds) at the contact between 
sandstone and mudstone; commonly reworked; syneresis cracks; shell 
fragments; pyrite concretions 

1-6;  

Thalassinoides, 
Teichichnus, 
Phycosiphon, 
Rhizocorallium, 
Rosselia, Planolites, 
Paleophycus, escape 
structures, mantle-
and-swirl  

Alternating low energy density 
currents, suspension settling, and 
oscillatory/combined flows 2 

Lenticular-
bedded 
heterolithic 
facies (Hc) 

 

Millimetre-thick beds forming up 
to 6 m thick intervals, laterally 
extensive at the scale of the 
outcrop (~20 m) 

Interbedded very fine-grained sandstone, siltstone and claystone 

Lenticular and streaky laminations, locally containing starved current 
ripple marks; minor planar, flaser, wavy, and disturbed bedding; soft 
sediment deformation structures between internal laminae; syneresis 
cracks, pyrite/siderite nodules  

0-3 

Root traces, plant 
and wood fragments 

Planolites 

Alternating low energy traction 
currents and suspension settling 3 

Coal (C) 

 

A few cm to 0.5 m thick; 
lenticular seams  

Coal and coaly mudstone 

Weak planar bedding; pyrite concretions 

1-2 

Root traces and 
plant fragments 

Accumulation of organic material 
(peat), waterlogged paleosols (swamp) 
and suspension settling of mud 4,5 

1 Miall (2010); 2 Walker and Plint (1992) 3 Dalrymple (2010); 4 Tye and Coleman (1989); 5 Holz et al. (2002) 
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Table 3.2: Summary of facies associations interpreted in the Irwin River Coal Measures on the Irwin Terrace of the Northern Perth Basin. 

Facies 
association 

Inclusive 
lithofacies 

Stratal organisation Bioturbation index 
and dominant traces 

Paleocurrent analysis Vertical facies transitions 

FA1: Braided 
fluvial 
channels 

G, St, Sm, Sr Up to 16 m thick 

1.5–6 m thick fining-upward sandstone-rich packages 
stacked via pebble-lined erosion surfaces 

0 N/A Truncates nearshore facies of the 
High Cliff Sandstone 

Abruptly overlain by FA8  

FA2: Fixed 
fluvial 
channels 

St, Sx, Sm, Smc Up to 4 m thick, 50 m wide 

Stacked fining-upward bedsets overlying concave-upward 
erosion surfaces 

0-1 

Rhizoliths 

Unimodal to the WSW 
(~N260⁰) 

Truncates FA4 or FA8 

Abruptly overlain by FA8 

FA3: Crevasse 
channels 

St, Sr, Hl Up to 3 m thick, < 5 m wide 

Poorly-sorted sand bodies with deformed bedding, 
overlying concave-upward erosion surfaces 

0 N/A Truncates FA4 

Abruptly overlain by FA4 or 
FA8 

FA4: Channel 
overbanks 

Hl, St, Sr Up to 4 m thick, laterally extensive (~20 m) 

Heterolithic sand bodies containing shallow channels and 
tabular, laterally extensive sandstone beds 

0-3 

Rhizoliths 

N/A Overlies FA2 and FA3 

Truncated by FA2 and FA3, or 
abruptly overlain by FA8 

FA5: Tidal 
channels 

Sxd, Srd, Sl, Smc Up to 8 m thick 

Fining-up bedsets amalgamated via gently dipping master 
surfaces; 2-3 m thick cosets overlying erosion surfaces 

0 Dominantly NE (~N50⁰); 
subordinate SE mode 
(~N135⁰) 

Truncates FA8 or FA9 

Grades into FA6/FA7 or 
abruptly overlain by FA8 or FA9 

FA6: Sandflats Sl, Srd, Hl Up to 5 m thick, laterally extensive (~20 m) 

Coarsening- and fining-upward sand bodies containing 
reactivation surfaces and shallow throughs 

0-5 

Ophiomorpha, 
Diplocraterion 

Unimodal to the E-SE 
(N80⁰–N170⁰) 

Grades from FA5/FA9; sharply 
overlies FA8; grades into FA7; 
abruptly overlain by FA8/FA9 

FA7: Mixed 
flats and 
mudflats 

Hl, Hc Up to 7 m thick, laterally extensive (~20 m) 

Mud-prone heterolithic bodies containing tidally modified 
structures 

0-3 

Skolithos, Ophiomorpha 
escape structures 

N/A Grades from FA5/FA6 

Grades into FA8 

FA8: 
Floodplain 
and marsh 

Hc, C, St, Sr Up to 6 m thick, laterally extensive (~20 m) 

Interbedded organic-rich heterolithic facies and coal 

0-1 

Planolites 

N/A Interbedded with all the FAs 
except FA5 

FA9: Distal 
bay 

Hh, Sh, St, Sr > 10 m thick, laterally extensive (~20 m) 

Mud-prone heterolithic facies interbedded with HCS 
sandstones and sharp-based, tabular sandstone beds 

1-6 

Thalassinoides, Rosselia, 
Scolicia 

Dominantly NNE (N0⁰–
N40⁰); subordinate NW 
mode (N290⁰–N320⁰) 

Truncated by FA5, abruptly 
overlain by FA6; abruptly 
overlies FA5/FA6/FA8 
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Figure 3.3: Graphic sedimentary logs of the IRCM from key outcrop sections (Wongoondy, 
North Branch) and core (IRCH1) showing lithofacies stacking, ichnofossils, secondary 
sedimentary structures, coarsening- and fining-upward trends, and interpreted depositional 
environments (FA). Important stratigraphic surfaces (erosion, terrestrialisation/paludification, 
and flooding surfaces) are shown. Gamma-ray log was acquired with a portable scintillometer 
through the North Branch section. Palynology zonation in IRCH1 from Backhouse (1993). 

Facies Association 2: Fixed fluvial channels  

Description: FA2 is dominated by trough cross-stratified sandstone (facies St) with 

subordinate tabular cross-stratified (Sx), massive (Sm), and poorly sorted (Smc) sandstone 

facies (Fig. 3.4C). Individual bedsets fine upwards and have variable thicknesses ranging 

between 0.2 and 1.4 m (Fig. 3.3). Bedsets are stacked to form up to 4 m thick, 50 m wide, 

lenticular fining-upward sand-rich intervals bounded by prominent basal concave-upward 

erosion surfaces commonly showing up to 0.5 m of relief. Basal surfaces are overlain by 

poorly sorted, heterogeneous sandstone facies (Smc) containing angular intra- and extra-

formational granules and pebbles, load structures (load casts, sunken beds), mudstone 

rip-up clasts, and reworked plant material (Fig. 3.4D). Bioturbation consists of rhizoliths 

(Fig. 3.4E). Paleocurrents measured from trough axis orientation in St suggest dominantly 

west-southwest flows (~N265⁰; Fig. 3.4C). 

Interpretation: Lenticular sand bodies composed of cross-bedded bedsets overlying 

concave-upward erosion surfaces and containing multiple internal erosion surfaces 

strongly suggest deposition in multi-storey fluvial channels (Miall, 1996). Prominent basal 

erosion surfaces typically represent the initial channel incision into the underlying facies 

(Kleinhans et al., 2002; Plink-Björklund, 2005). Multiple internal scours and reactivation  



49 
 

 

Figure 3.4: Fluvial-dominated facies associations (FA1-FA4). A. Graded conglomerate (G) of 
basal braided channel fill (FA1) truncating floodplain heterolithic facies (Hl). Inset shows large 
extraformational pebbles commonly found in G; B. Trough cross-bedded sandstone (St) of a FA1 
fluvial barform overlying scoured floodplain facies (Hc); C. Trough cross-bedded sandstone (St) 
in FA2. Paleocurrent directions are inferred from trough axis orientation; D. Trough cross-
stratified sandstone (St) in FA2 scouring mud-prone heterolithic facies (Hc). The erosion surface 
is overlain by poorly sorted sandstone facies (Smc) containing abundant pebbles, mud rip-up 
clasts (circled), and carbonaceous debris; E. Local rhizocretion in trough cross-stratified 
sandstone (St) in FA2; F. Stacked bedsets of trough cross-stratified sandstone (St) in FA3, each 
reflecting a discrete episode of channel scouring and infill (thick lines), adjacent to and 
interfingered with aggrading overbank deposits of FA4 (Hl). Hammer for scale. 
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surfaces reflect the autocyclic migration of the channel thalweg, as described from other 

studies (e.g. Plink-Björklund, 2005; Catuneanu et al., 2006; Desjardins et al., 2009). 

Rhizoliths indicate vegetated, stabilized river banks with limited lateral channel migration 

consistent with the absence of lateral accretion surfaces. This, along with low 

width/thickness ratios of sand bodies, points to deposition in an anastomosing fluvial 

system (Miall, 2010). A mean dune height of 0.87 m, inferred from mean fluvial channel 

bedset thickness, corresponds to mean bankfull flow depths between 5.2 m and 8.7 m 

using the empirical equations of Leclair and Bridge (2001). Paleocurrent analysis suggests 

westward flowing river systems toward the basin axis (Fig. 3.1). 

Facies Association 3: Crevasse channels  

Description: FA3 comprises 0.2-0.5 m thick beds of trough cross-bedded and cross-

laminated sandstone (facies St and Sr, respectively) that form up to 3 m thick lenticular 

sand bodies < 5 m wide (Fig. 3.4F). Sandstone facies are interbedded with and grade 

laterally into sand-prone heterolithic facies (facies Hl) that are typically flaser bedded or 

structureless and contain abundant carbonaceous debris. Sand bodies are capped by 

asymmetrical ripple marks and dune bedforms. Sandstone facies are poorly sorted with 

abundant of angular granules, pebbles, mudstone and coal rip-up clasts typically 

concentrated towards the base of bedsets. Convolute bedding and water escape structures 

are observed locally. Contacts between beds are generally gradational or weakly erosional. 

Erosion surfaces at the base of cosets are concave-upward and commonly feature load 

casts, flame, and ball-and-pillow structures.  

Interpretation: Sand bodies of limited lateral extent and with multiple internal 

trough-like scours point to rapidly migrating mid-channel bars and high erosive capacity. 

Textural immaturity and abundant rip-up clasts are consistent with high water turbidity 

commonly found in short-lived crevasse channels formed by the breaching of trunk 

channel banks during flood stage (e.g. Gugliotta et al., 2015). The presence of water 

escape structures, load structures, and contorted bedding support rapid deposition of 

sediment prone to liquefaction. Low width:thickness ratios and stacked bedsets indicate 

laterally stable channels that were progressively filled during successive floods. Sharp bed 

tops with ripple marks or dune bedforms indicate decelerating or lower flow regime 

conditions prior to channel abandonment. Heterolithic facies adjacent to crevasse 

channel fills are interpreted as aggrading overbank deposits transitional to the true 

floodplain. Crevasse channel fills differ from fixed fluvial channel fills of FA2 mainly in 
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the textural immaturity of sandstones, the abundance soft sediment deformation 

structures, and their limited lateral extent. 

Facies Association 4: Channel overbank  

Description: FA4 is composed of tabular, laterally extensive heterolithic sand bodies 

up to 4 m thick. It is dominated by flaser-bedded heterolithic facies (Hl) and isolated 

trough cross-bedded sandstone (St) that typically fill shallow 1.5–3 m wide, 0.2–0.4 m 

thick scours. Hl packages tend to be organized in small-scale (~0.5 m) coarsening- and 

fining-upward units, and contain rhizoliths (BI 0-3). Minor facies include asymmetric 

cross-laminated to structureless sandstone (facies Sr and Sm, respectively) that form 

tabular, laterally extensive (10s of meters) beds up to 0.2 m thick. Contacts with 

underlying heterolithic facies are generally sharp and planar or with shallow scours, and 

feature flattened rip-up clasts and load casts. The uppermost surface of Sr commonly 

features asymmetrical ripple marks and pyrite nodules.  

Interpretation: The ubiquity of plant roots, organic fragments, and desiccation 

cracks points to a non-marine environment with episodic subaerial exposure. The absence 

of mud drapes or bioturbation argues against tidal influence. Instead, the relationship 

between FA4 and channelized facies associations (FA2, FA3; Fig. 3.4F) supports a 

vegetated channel levee or floodplain origin close to channels for FA4, with sand supplied 

by unconfined recurring floods (e.g. Davies and Gibling, 2003). 

Isolated sand bodies represent higher energy deposition interpreted to have 

resulted from small, poorly channelized shallow streams. These channels are typically 

associated with overbank environments where they form during flooding of the nearby 

trunk channel, and are characterised by very low sinuosity, minimal lateral migration, and 

progressive downstream shoaling and broadening (e.g. Tunbridge, 1984; Ielpi and 

Ghinassi, 2014a).  

Non-channelized sandstone beds with structures indicative of unidirectional 

currents and high sedimentation rates (Sr) are interpreted as crevasse-splay deposits from 

overbank spills deposited on low-relief floodplains similar to facies described elsewhere 

(e.g. Michaelsen and Henderson, 2000; Ielpi, 2012). Their characteristics suggest a distal, 

poorly confined expression of waning crevasse channels. Pyritic sand on the uppermost 

surface of these beds suggests local reducing conditions that possibly occurred around 
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root fragments. As a result, these facies are interpreted to be deposited subaerially on 

levees and floodplains.  

Facies Association 5: Tidal channels  

Description: FA5 consists of up to 8 m thick sand-rich facies arranged in 2–3 m 

thick fining-upward cosets with basal erosion surfaces. Individual sets are made of 0.2–

0.6 m thick tabular cross-bedded sandstone (facies Sxd) with foresets that are planar, 

tangential, and sigmoidal, and typically mantled by thin mudstone laminae (Fig. 3.5A). 

Bedsets contain abundant reactivation surfaces (Fig. 3.5B), overturned cross-bedding 

(Fig. 3.5A), and are stacked via gently dipping (5–10°) master bedding surfaces draped 

with 1–5 cm thick mudstones (Fig. 3.5C, 3.5D). Foresets may step down their master 

surfaces, forming a characteristic downstream accretion architecture. Locally asymmetric 

cross-lamination climbs up the lee face of bedform foresets (Fig. 3.5D). Subordinate 

facies include planar-laminated sandstone (Sl) and trough cross-laminated sandstone 

(facies Srd) generally present in the upper part of cosets with double mud drapes that 

tend to thicken and thin on bedform foresets (Fig. 3.5E, 3.5F). The basal erosion surfaces 

are overlain by abundant flattened mudstone rip-up clasts and pebbles (Fig. 3.5B, 3.5C), 

and are locally overlain by 0.3 m thick, poorly sorted sandstone (facies Smc) (Fig. 3.5E). 

Trace fossils include escape structures and minor Skolithos and Rosselia (BI 1-2) (Fig. 3.5G). 

Pyrite concretions and cements are pervasive throughout FA5 (Fig. 3.5D, 3.5F). 

Paleocurrents measured in Srd and Sr indicate dominant flows towards the northeast 

(~N50⁰) and subordinate flows towards the southeast (~N135⁰) (Fig. 3.5C). 

Interpretation: Stacked tabular cross-bedded sandstone facies with draped cross-

beds overlying basal erosion surfaces are interpreted as tidal channel fills where the 

gradational, fining-upward trend characterizing tidal bars (e.g. Harris, 1988; Dalrymple et 

al., 1990; Fenies and Tastet, 1998) corresponds to the upward decrease of flow velocity 

in the channel and the lateral migration of barforms as recognised elsewhere (e.g. 

Dalrymple et al., 1992; Dalrymple and Choi, 2007; Longhitano et al., 2012a; Olariu et al., 

2012a). Draped bedform foresets are interpreted as tidal bundles formed by repeated tidal 

cycles during which strong subordinate flows may produce back-flow ripples climbing 

the main foresets (e.g. Fenies et al., 1999). When rhythmically deposited, tidal bundles 

may be indicators of neap-spring variations in tidal current speed (Yang and Nio, 1989; 

Longhitano, 2011). Double mudstone drapes are interpreted to reflect two slack-water 

periods over a tidal cycle, and thus subtidal settings (e.g. McIlroy et al., 2005). Ubiquitous 
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Figure 3.5: Tidal channel facies association (FA5). A. Tidal channel fill (Sxd) composed of tabular 
cross-stratified sandstone (Sxd) showing draped planar and sigmoidal foresets and overturned 
cross-bedding. Note the thick mudstone laminae separating bedsets; B. Tangential to sigmoidal 
cross-bedding (Sxd) in sandstone containing abundant reactivation surfaces (thick lines) found in 
the upper part of a tidal channel fill succession. Note the basal mud clast conglomerate reflecting 
erosion of overbank areas; C. The channel basal surface (red) truncates organic-rich coastal plain 
mudstone (Hc) and coal (C) of FA8. The channel fill is composed of cross-bedded and planar-
laminated sets (Sxd, Sl) amalgamated via gently dipping master surfaces lined by thick mudstone 
laminae (scale bar: 50cm). Inset: pebble lag at the channel fill base (scale bar: 10cm). Paleocurrents 
are derived from Sxd and Srd; D. Cross-bedded sandstone sets with mudstone drapes and 
oppositely-dipping cross-lamination on bedform foresets, separated by a mud-lined master 
bedding surface. Note the local pyrite cement (Py); E. Poorly-sorted sandstone (Smc) overlain by 
well-sorted, planar-laminated, mud-draped sandstone (Sl); F. Trough cross-laminated sandstone 
(Srd) exhibiting rhythmically thickening and thinning mudstone drapes interpreted as tidal 
bundles (scale bar: 5cm); G. Rosselia in the upper part of a cross-bedded sandstone set (Sxd). Scale 
bar in core photos: 5cm. 
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reactivation surfaces bounding tidal bundles were produced by irregular flow velocities 

and current reversal where the subordinate tidal current modified the tidal bedform (e.g. 

Yeo and Risk, 1981; Dalrymple et al., 1990; Shanley et al., 1992). These features suggest 

that the basal erosion surfaces were tidally produced (e.g. van Cappelle et al., 2016), with 

poorly sorted pebbly sandstone related to channel thalwegs initiated by river floods or 

strong tidal currents. Trace fossils are generally sparse due to the constant migration of 

large bedforms and fluctuating salinities. The described sand bodies are interpreted as 

intertidal or subtidal bars that filled tidal channels and gullies (e.g. Shanley et al., 1992; 

run-off channels of Buatois and Gabriela Mángano, 2003) that were no deeper that 9 m. 

Dominantly northeast-oriented paleocurrent flow indicates that bars migrated toward the 

basin margin (Fig. 3.1).  

Facies association 6: Sandflats 

Description: FA6 is composed of 0.5 to 5 m thick sedimentary units that are laterally 

continuous over ~20 m, and contain low-angle, planar and trough cross-laminated very 

fine to medium sandstone, and subordinate sand-prone heterolithic facies (facies Sl, Srd, 

and Hl, respectively) (Fig. 3.6A). These successions may coarsen or fine upward, have a 

sharp to weakly scoured pebbly basal surface, and an iron-cemented top surface (Fig. 

3.6A). Facies are characterized by mudstone drapes on sandstone laminae (Fig. 3.6B), 

multiple reactivation surfaces, internal mud clast conglomeratic beds (Fig. 6B), and soft 

sediment deformation (flame and water escape structures). Locally, facies Srd shows 

bidirectional cross-lamination (Fig. 3.6B), and adjacent rippled beds displaying 

perpendicular orientations. Shallow troughs that are passively sandstone-filled are locally 

present in facies Sl (Fig. 3.6C). Facies Hl is essentially flaser bedded. Low to moderate 

infaunal activity is observed (BI 0-3) where it consists of simple ichnogenera such as 

Skolithos, Diplocraterion, and Planolites, but may be locally high (BI 5) with high diversity 

suites including Cylindrichnus, Paleophycus, Thalassinoïdes, Rhizocorallium, Ophiomorpha, 

Teichichnus, and Siphonichnus (typically attributed to bivalves), that disrupted bedding and 

caused mottling (Fig. 3.6D, 3.6E). Siderite and pyrite concretions are common. The 

orientation of ripple mark crests in Srd indicates a wide array of paleocurrents trending 

north to southeast (~N5⁰ - ~N125⁰; Fig. 3.6C). 

Interpretation: Superimposed planar and current ripple cross-laminated sandstone 

with mud drapes indicate deposition during upper flow regime, plane-bed conditions, and 

accelerating/waning flows, respectively, under a tidal influence. Bidirectional ripples  
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Figure 3.6: Tidal flat and coastal facies associations (FA6-FA8). A. Facies arrangement in sandflat 
deposits with alternating sandstone (Sl, Srd) and heterolithic facies (Hl). Note the iron cemented 
hardground surface; B. Planar-laminated sandstone (Sl) overlying trough cross-laminated 
sandstone (Srd) via a scour surface featuring abundant flattened mudstone pebbles. Note the 
bidirectional orientation of cross-laminations in Srd; C. Shallow scours filled with trough cross-
bedded sandstone (St) formed by shallow tidal creeks running through the sandflats (Sl/ Srd). 
Paleocurrents were measured from asymmetrical ripple mark crests; D. Bioturbation in planar-
laminated and cross-laminated sandstone (Sl, Srd) containing abundant mudstone drapes 
(arrows). The low-diversity trace fossil assemblage includes Skolithos (Sk), Diplocraterion (Di), 
Siphonichnus (Si), and Rhizocorallium (Rh) (BI 3); E. Highly bioturbated sand-prone heterolithic 
facies (Hl, BI 6) where ichnofossils comprise Palaeophycus (Pa), Ophiomorpha (Op), Rhizocorallium 
(Rh), Cylindrichnus (Cy), Diplocraterion (Di), Teichichnus (Te), and Thalassinoides (Th); F. Flaser and 
wavy bedding with abundant mudstone drapes in sand-prone heterolithic facies (Hl). Note the 
bidirectional ripple cross laminations related to current reversal; G. Alternating planar and wavy 
bedding in sand-rich heterolithic facies (Hl). Note the local bioturbation by Planolites (Pl); H. 
Streaky bedding in organic-rich heterolithic facies (Hc) characteristic of upper intertidal mudflats; 
I. Lenticular bedding and starved ripple marks in mud-prone heterolithic facies (Hc); J. Thick coal 
seam (C) of salt marsh origin and sharply overlain by a tabular crevasse-splay trough cross-
laminated sandstone (Sr). Coal seam is ~1m thick; K. Glossopteris imprint characteristic of a 
plant fossil horizon in coaly mudstone (Hc). Scale bar: 5cm. 
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formed when the reverse-flow tidal current was slightly stronger to rework sediments 

deposited during the dominant phase. The overall absence of deep basal erosion surfaces, 

dune cross-bedding, and the lateral extent of sedimentary facies suggest unchannelised 

conditions and shallow water depths. Trace fossil assemblages mainly consist of 

impoverished suites attributed to the Skolithos ichnofacies, with horizontal burrows more 

typical of the Cruziana ichnofacies. These features, along with siderite and pyrite 

concretions, suggest brackish water conditions with a notable marine influence (Gérard 

and Bromley, 2008; Carmona et al., 2009). These facies are alternatively interpreted as i) 

lower intertidal sandflats flanking tidal channels and representing the uppermost part of 

the channel–tidal bar succession; or ii) broad tidal flats of a tide-influenced, embayed 

shoreline away from active distributary (e.g. McIlroy et al., 2005; Plink-Björklund, 2005). 

Minor trough cross-bedding in Sl is associated with cut-and-fill structures produced by 

shallow channels (Dalrymple et al., 1990). Subordinate heterolithic facies (Hl) denote 

shallower settings (upper intertidal) or neap tidal conditions. Iron-cemented surfaces 

capping sandstone beds may in part represent prolonged periods of emersion at the end 

of the shoaling episode, however, may simply represent overprinting by Neogene–

Holocene iron-rich groundwater. Paleocurrent analysis suggest that ripples dominantly 

migrated at the oblique angle to the NNW basin margin (Fig. 3.1) 

Facies association 7: Mixed sand-mud flats and mudflats  

Description: FA7 is up to 7 m thick, and composed of coarsening- and fining-

upward, laterally continuous heterolithic successions. Sand-prone heterolithic facies 

(facies Hl) are dominated by flaser bedding showing bidirectional trough cross-

lamination, with subordinate planar lamination and wavy bedding (Fig. 3.6F, 3.6G). 

Bedforms are noticeably lined by thin mudstone laminae. Mud-prone heterolithic facies 

are characterized by lenticular bedding (starved ripples) and streaky lamination (facies Hc) 

(Fig. 3.6H, 3.6I). Bioturbation has typically low to moderate intensity (BI 0-3) and consists 

of Skolithos and Ophiomorpha associated with escape structures and disrupted laminae. 

Syneresis cracks and siderite and pyrite concretions are common.  

Interpretation: The ubiquity of heterolithic facies along with impoverished trace 

fossil suites of the Skolithos ichnofacies, syneresis cracks and siderite nodules indicate a 

shallow marine, brackish water environment. The presence of flaser-bedded heterolithic 

facies containing bi-directional cross-lamination (facies Hl) and abundant mudstone 

drapes strongly suggests intertidal deposition in a tide-dominated environment 
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(Dalrymple, 2010). In these settings, rippled beds are produced during maximum tidal 

flow, whereas mud drapes settle out of suspension during slack-water periods (Plink-

Björklund, 2005). Bidirectional ripples formed when the reverse-flow tidal current has a 

slightly higher energy to rework sediments deposited during the dominant phase. Wavy 

bedding in Hl that depict episodic oscillatory currents are also characteristic of tidally 

influenced deposits (e.g. Shanley et al., 1992). The absence of double mud drapes in 

heterolithic facies precludes a subtidal origin for these deposits. Sand-prone and mud-

prone heterolithic facies are thus respectively interpreted as mixed sand-mud and 

mudflats that accumulated in the upper intertidal to supratidal zone flanking active tidal 

channels (e.g. Dalrymple, 2010).  

Facies Association 8: Distal floodplain and salt marsh 

Description: FA8 is dominated by organic-rich heterolithic facies that grade 

vertically and laterally into coal and coaly mudstone (facies Hc and C) (Fig. 3.6J). 

Heterolithic facies and coaly mudstone are typically planar bedded. Minor sedimentary 

structures include starved asymmetrical ripple marks, streaky, wavy, flaser, and convolute 

bedding. Plant fossil impressions, wood fragments, and siderite mottles and concretions 

are common (Fig. 3.6K). Bioturbation is restricted to rare simple traces (Planolites) (BI 0-

1). Coals are between 0.3 and 1.5 m thick with marked lateral variation and classified as 

humic (inertic), subbitumunous, with a high ash content (> 10 %), high inertinite content 

(13–64 %), local enrichment in exinite (up to 30 %) and vitrinite (up to 74 %) (Le Blanc 

Smith and Mory, 1995). Five herbaceous sphenophyte species were recognized in organic-

rich beds of facies Hc by McLoughlin (1992), namely L. lanceolate, S. morganae, S. rhodesii, 

G. daymondii, and P. australis, along with abundant Glossopteris leaves. Small 0.5 m thick 

trough cross-laminated to trough cross-bedded lenticular sand bodies are locally present 

atop coal seams (facies Sr and St) (Fig. 3.6J).  

Interpretation: The lack of current-generated structures in organic-rich heterolithic 

facies indicate deposition by low energy processes involving flocculation of muddy 

underflows and/or suspension settling in shallow, standing water bodies (e.g. Davies and 

Gibling, 2003). The rarity of trace fossils suggests a stratified water column and anoxic 

environment. Siderite may also be indicative of anoxia related to restricted water 

circulations or chemical reduction during early diagenesis in the presence of abundant 

organic matter (Ielpi, 2012). These conditions are typically found in floodplain ponds, 

lakes, or lagoons. 



58 
 

Humic coals are likely the product of autochthonous accumulation of plant 

material in mires. Moderate to high ash content in coal indicates fluctuations in the water 

table from tidal or flood incursions (Le Blanc Smith and Mory, 1995), and suggests low-

lying mires, and the proximity of channels (e.g. Ielpi, 2012). Abundant herbaceous, 

salinity-tolerant, low-diversity floras and ferns, and the paucity of wood fragments, 

suggest the development and colonization of coastal herb flats and salt marshes in low 

energy lower delta plain habitats (Fielding, 1985; McLoughlin, 1992). The Artinskian stage 

was marked by flourishing glossopterid cool-temperate swamp forests in southern 

Gondwana (Slater et al., 2015). As a result, FA8 is interpreted as floodplain areas between 

distributary channels or mudflats and salt marshes located on the margins of 

interdistributary bays with supratidal conditions (e.g. Dashtgard and Gingras, 2005; 

Bhattacharya et al., 2012; Lv and Chen, 2014). Variations in coal thickness are attributed 

to variations in the topography underlying mires. Isolated sand bodies overlying coal 

seams may represent minor, sediment-starved channels or distal overbank spills 

transecting marshlands (Cairncross et al., 1988; Michaelsen and Henderson, 2000; 

Nanson et al., 2010).  

Facies Association 9: Distal bay 

Description: FA9 is dominated by mud-prone heterolithic facies and mudstone 

(Hh) interbedded with more sandstone-rich intervals (Sh) and containing tabular 

erosionally based sandstone beds (St, Sr). Facies Hh is characterized by wavy (micro-

HCS) to disrupted bedding and starved current ripple marks, small load casts and flame 

structures, mud drapes on foresets, and syneresis cracks (Fig. 3.7A). Hummocky and 

swaley cross-stratification are the dominant structures in facies Sh (Fig. 3.7A, 3.7B). 

Bioturbation intensity in Hh and Sh varies from low to high (BI 1-6) with trace fossils 

including Thalassinoides, Teichichnus, Rhizocorallium, Scolicia, Rosselia, Planolites, Paleophycus, 

escape and mantle-and-swirl structures (Fig. 3.7A, 3.7B, 3.7C). Facies St and Sr form 0.1–

0.7 m thick tabular sheets composed of trough cross-bedding and trough cross-

lamination respectively, and capped by straight-crested symmetrical or combined-flow 

ripple marks or dune-scale bedforms (Fig. 3.7D, 3.7E). Soft-sediment deformation is 

common at the erosional base of sandstone beds and include load coasts, ball-and-pillow 

structures, flame structures, and water escape structures (Fig 3.7E). The basal surface of 

these beds may be cemented and locally features concentrated granules, shell debris, mud 

rip-up clasts, and sharp-walled vertical burrows of Diplocraterion and Skolithos that were 

passively infilled with coarse sediment (Fig. 3.7F). Isolated extrabasinal pebble lags  
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Figure 3.7:  Distal bay facies association (FA9). A. Interbedded hummocky cross-stratified 
sandstone (Sh) and lenticular bedded and bioturbated (BI 4) mud-prone heterolithic facies (Hh). 
Trace fossils include Thalassinoides (Th), Scolicia (Sc), and mantle-and-swirl structures (ms) (scale 
bar: 5cm); B. Hummocky cross-stratification with a thick mudstone laminae at the base (Sh). 
Bioturbation (BI 2) consists of Ophiomorpha (Op), Rosselia (Ro), Palaeophycus (Pa), and Thalassinoides 
(Th) (scale bar: 5cm); C. Hummocky cross-stratified sandstone (Sh) with traces including Planolites 
(Pl), Palaeophycus (Pa), Thalassinoides (Th), Ophiomorpha (Op), and escape structures (fu). Note the 
syneresis crack (sy) and soft sediment deformation structures in the mudstone laminae (fl: flame 
structure) (scale bar: 5cm); D. Sharp-based, coarse sandstone capped by combined-flow ripples 
and dune (Sr) (see inset) in laminated and bioturbated facies (Sh/Hh). Paleocurrents were 
measured from ripple and dune crest orientation; E. Thick trough cross-stratified sandstone (St) 
sharply overlying coastal plain mudstone (Hc) of FA8 and overlain by storm-affected heterolithic 
facies (Hh). The cross-bedset is interpreted as storm-generated rip channel deposits. Note the 
abundant mud rip-up clasts, flame and ball-and-pillow structures at the base of the sandstone; F. 
Burrowed surface underlining pyrite-bearing (arrow) rippled sandstones (Sr). Trace fossils are 
Diplocraterion and Skolithos ichnogenera characteristic of the Glossifungites ichnofacies. Burrows are 
filled with coarse sediment; G, H. Ferruginous hardground surfaces containing rounded granules 
and pebbles and scouring laminated siltstones. 

mantling deep scours and forming ferruginous hardground surfaces are locally developed 

(Fig. 3.7G, 3.7H). Bioturbation in St and Sr is low to moderate (BI 1-4) and is limited to 

Planolites, Skolithos, Rhizocorallium, and Rosselia ichnogenera. Pyrite concretions are 

widespread. Paleoflows measured from symmetrical ripple mark and dune bedform crests 

in Sr indicate that waves migrated to the ENE (~N60�) or to the WSW (~N240�) (Fig. 

3.7D). 

Interpretation: Thick successions of mud-prone heterolithic and mudstone facies 

represent deposition dominated by low-energy density currents (hypopycnal plumes) and 

suspension settling. Trace fossil assemblages including predominant dwelling/deposit-

feeding traces are interpreted as Cruziana ichnofacies suggesting stable, low-energy, 

marine conditions with well-oxygenated waters and reduced suspended sediment 

concentrations (Hurd et al., 2014; Flaig et al., 2016). Locally intense bioturbation support 

deposition in areas away from active distributary channels. Local syneresis cracks record 

changes in salinity resulting from episodic freshwater influx probably linked to nearby 

distributaries (MacEachern et al., 2005). Facies Sh showing oscillatory structures such as 

hummocky cross-stratification suggest episodes of rapid deposition by high-energy 

oscillatory and combined flows produced during storm events (e.g. Dott and Bourgeois, 

1982; Duke et al., 1991; Buatois and Gabriela Mángano, 2003; Dumas and Arnott, 2006). 

Symmetrical ripple marks and dune bedforms capping beds are related to reworking 

during waning flow stages. Facies St is interpreted as dunes filling shore normal rip 

channels formed by storm waves (e.g. Yagishita, 1994; Martini and Sandrelli, 2014). 

Variable bioturbation intensity and abundant soft sediment deformation and escape 



61 
 

structures in the sandstone beds support rapid sediment emplacement and opportunistic 

colonization (e.g. Fielding et al., 2006).  

Alternation of storm-generated beds and background mudstones point to a 

dominantly quiet, shallow marine environment that experienced intermittent high-energy 

depositional events above storm wave base. Although HCS is generally associated with 

open coasts (e.g. Yang et al., 2006), it also develops in embayments where it becomes 

smaller due to the reduced wave size caused by restricted water depths (Bhattacharya et 

al., 2012). A storm-affected muddy distal bay is suggested for FA9 where storm-generated 

structures overprinted much of the tidal structures formed during fairweather conditions 

(e.g. Dashtgard et al., 2009). In this context, mudstone facies were likely deposited by a 

combination of post-storm settling of suspended sediment and density currents 

transporting fluid muds during high river discharge (e.g. Dalrymple and Choi, 2007; 

Varban and Plint, 2008). Storm-generated ripple and dune crests tend to be oriented 

parallel to the local shoreline and slope (Plint et al., 2009), therefore ENE-WSW 

paleoflows suggest a northwest-trending paleoshoreline parallel to the basin margin (Fig. 

3.1). Surfaces of concentrated burrows are interpreted as exhumed firmgrounds 

developed where superficial unconsolidated layers of sediments were eroded during 

ravinement (Buatois et al., 2012). Firmgrounds may be subsequently colonized by living 

organisms and result in a Glossifungites ichnofacies (Buatois et al., 2008). The formation of 

hardened scours lined by pebble conglomerate and shell debris implies higher energy 

storm surges where erosive processes prevail and extensive transport of extra-formational 

clasts is possible (Martini and Sandrelli, 2014). Ferruginous hardgrounds are commonly 

associated with sediment starvation and record the transition to deeper water deposits 

(e.g. Cattaneo and Steel, 2003). 

2.3. Vertical and lateral facies relationships 

Facies analysis of the IRCM has been used to identify nine sedimentary 

environments ranging from non-marine and fluvial (FA1–FA4), to paralic with a 

significant tidal influence (FA5–FA7), to low energy coastal with weak tidal influence 

(FA8), and wave/storm-influenced shallow marine (FA9) (Table 3.2). The stratal 

organisation of interpreted depositional environments of the IRCM on the Irwin Terrace 

and key stratigraphic surfaces bounding genetically related packages are shown along a 36 

km long, north-northwest-oriented cross-section (Fig. 3.8). The IRCM are regionally 

overlain by the late Artinskian–Kungurian Carynginia Formation, an up to 70 m thick 
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mud-prone succession with interbedded sandstones and outsized clasts deposited in cold 

marginal-marine conditions below fairweather wave base (Le Blanc Smith and Mory, 

1995; Eyles et al., 2006; Mory and Haig, 2011). Basal strata of the Carynginia Formation 

typically yield a mud-rich lithology, high gamma-ray counts, high phosphorous and 

strontium counts, P. sinuosus palynomorphs (Fig. 3.9), and abundant organic-cemented 

siliceous agglutinated foraminifera (Haig et al., 2017). This basal surface has been 

interpreted as a regional flooding surface in response to the rapid increase in subsidence 

across the basin in the late Artinskian (Eyles et al., 2006), and is therefore used as a 

chronostratigraphic datum for correlations in figure 8. 

FA1 overlies major erosion surfaces and occupies discrete paleovalleys in the 

northern (Wongoondy section) and southern (Woolaga Creek section) ends of the cross-

section. Braided channel facies grade upwards into fixed fluvial channel deposits (FA2) 

and their associated fine-grained overbanks, floodplains, and mire deposits (FA3, FA4, 

FA8) that are continuous over several kilometres across the study area. These fluvial facies 

are overlain by tidal channel fills with their associated sandflat, mixed flat and mudflat, 

and supratidal marsh deposits of FA5, FA6, FA7, and FA8. Thick packages of FA5 fill 

scours into finer grained tidally modified strata in the south of the study area (Fig. 3.8). 

These facies are distinctly interbedded with heterolithic distal bay deposits of FA9. FA9 

is present throughout the study area, locally overlying storm-generated erosion surfaces 

that truncate older paralic deposits. 

3. Discussion 

Analysis of the stratigraphic architecture of the IRCM on the Irwin Terrace results 

in the identification of four genetically related stratal packages separated by regionally 

significant surfaces along a NNW-oriented cross-section parallel to the basin margin (Fig. 

3.1C, 3.8). The along-strike orientation and limited lateral extent of the correlation panel 

precludes the systematic interpretation of up-dip to down-dip parasequences. The 

proposed high-order syn-rift sequence model is therefore based on vertical changes in 

stratigraphic patterns.  

3.1. Depositional settings and paleogeography 

3.1.1. Braided fluvial stage  

The basal IRCM consists of stacked channel fills of a gravelly braided fluvial 

system and associated flood-generated sandflats (FA1) localised in the northern and  
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Figure 3.8: Sequence-stratigraphic architecture of the syn-rift sequence across the Irwin Terrace, 
from Wongoondy to the northwest to the Woolaga Creek area to the southeast (see fig. 3.1C). 
The cross-section is 36 km long and interpreted as largely parallel to the paleo-coastline (i.e. 
depositional strike). Major stratigraphic surfaces, sedimentary packages (facies associations, 
sequences, and systems tracts), and major channel fills are correlated. The Irwin River Coal 
Measures sharply overlie nearshore sandstones of the High Cliff Sandstone, whereas younger 
strata interfinger with sandstone and mudstone of the Carynginia Formation. See figure 3.3 for 
detailed important sections and log symbol key. Inset: block diagram showing the spatial 
distribution of the tidal ravinement surface (tRS) and wave ravinement surface (wRS) resulting 
from the decoupling of the active distributary river mouth and the adjacent non-deltaic shoreline 
where the tRS is absent (modified from Cattaneo and Steel (2003)). 

 

southern parts of the study area (Fig. 3.8, 3.10A). The internal organisation of these 

packages, composed of fining upward units and scours, is interpreted as low-sinuosity 

rivers that successively aggraded and reeroded into their former channel belt in an 

autogenic fashion (Olsen et al., 1995; Lunt et al., 2004). The absence of floodplain fines 

suggests broad, high energy braidplains with significant bypass of fine-grained sediments. 

Braidplain facies overlie major erosional surfaces that cut into nearshore sandstones of 

the High Cliff Sandstone, and suggest that braided channel systems carved and occupied 

depressions in pools and meanders up to 15 m deep at the onset of deposition (e.g. Ielpi 

and Ghinassi, 2014a). 

The presence of local outsized clasts in the uppermost High Cliff Sandstone was 

first interpreted as reflecting proglacial deposition during climatic amelioration in the late 

Sakmarian (Le Blanc Smith and Mory, 1995; Eyles et al., 2006). However, the absence of 

glacial features in the immediately overlying braided fluvial successions indicates that 

deposition was well away from the ice front, and supports more recent interpretations 

that local erratics in the High Cliff Sandstone were more likely reworked from older glacial 

material (Haig et al., 2014) or they may have originated from valley margin failures. It is 

thus suggested that true glacial influence on the inception of braidplains in the basal 

IRCM was minimal, and potentially only reflected a far-field, downstream response to 

deglaciation in distant source areas such as Antarctic highlands.  

The Late Carboniferous–Early Permian is widely recognized as a period of 

renewed extension in southwestern Australia involving the reactivation of pre-existing 

Proterozoic basement structures (Powell and Veevers, 1987; Harris, 1994; Eyles et al., 

2002). Episodic tectonic instability at the margin of active rifts may cause base-level 

changes at the fluvial to marine transition zone and initiate gravity-driven, footwall-

derived coarse-grained deltas close to footwall scarps (e.g. Leeder and Gawthorpe, 1987;
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Figure 3.9: Lithology log, gamma-ray profile, phosphorous and strontium count logs of the 
IRCH 1 core penetrating most of the IRCM and the overlying Carynginia Formation on the Irwin 
Terrace (see location on fig. 3.1C). Contact coincides with massive mudstone facies, high gamma-
ray counts, high phosphorous and strontium counts, and the occurrence of P. sinuosus 
palynomorphs. This surface has been interpreted as a regional flooding surface and is used as a 
datum for stratigraphic correlations in fig. 3.8. Palynology zonation from Backhouse (1993). 
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Collela, 1988a, b; Postma and Cruickshank, 1988). These footwall-derived wedges are 

typically steep, short, and abut major bounding faults where fault linkages can act as 

conduits for drainage systems entering the basin (Gawthorpe and Collela, 1990; 

Gawthorpe et al., 1994; Miall, 2010; Ielpi and Ghinassi, 2014a). A tectonic control on the 

deposition of fluvial conglomerates of the basal IRCM is hence suggested, where 

rejuvenation along the nearby, basin-bounding Darling Fault created the slope break 

necessary for the inception of gravelly braided channel systems from at least two entry 

points in the Wongoondy and Woolaga Creek areas on the Irwin Terrace. These systems 

formed part of larger coarse-grained deltas that likely prograded into a shallow lake in the 

centre of the basin (Fig. 3.10A). Contemporaneous activity along the Urella Fault 

potentially resulted in an emerged hanging wall to the west. Moreover, recent 

interpretation of new high resolution geophysical data highlighted a major east-dipping 

normal fault bounding the Mesoproterozoic Mullingarra Complex to the east (Mingenew 

Fault of Standen (2016); Fig. 3.1C) that potentially contributed to subsidence on the Irwin 

Terrace. This configuration may have promoted the development of finer grained deltas 

flowing eastward (Fig. 3.10A), although the IRCM are no longer present in this area due 

to erosion in the Neogene. 

The development of braided fluvial systems of the basal IRCM over nearshore 

facies of the High Cliff Sandstone is principally attributed to structural reactivation of a 

basin-edge scarp, although a distal response to sediment instability in the source region 

(ice-movement and meltback?) or the local development of paleohighs by post-glacial 

isostatic rebound may have constituted secondary controls. Post-glacial rebound has, for 

example, been invoked in the Raniganj Basin (India) where the Early Permian coal-

bearing Barakar Formation overlies the Talchir Formation and marks a distinct change in 

the sedimentation mode from ice-marginal shallow marine to fluvial (Veevers and Tewari, 

1995; Bhattacharya et al., 2012). 

3.1.2. Fixed-anastomosed stage  

The facies architecture of most of the lower IRCM strongly suggests deposition 

within an anastomosing river system (Fig. 3.3, 3.8, 3.10B). Numerous, isolated, coarse 

sand bodies of variable size and composition are interpreted to represent a hierarchy of 

fluvial channels. The well-organised internal structure of FA2, including large-scale, 

fining-upward cross-strata, supports interpretation of stable trunk channels, as opposed 

to FA3 representing short-lived, subordinate channel elements related to episodic 
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Figure 3.10: Paleogeographic reconstructions during the four major identified stages of filling of 
the fault-bounded embayment on the Irwin Terrace. A. Braided fluvial stage with two braided 
systems developed on scarps of the Darling Fault (DF) and prograded into a central lake or marine 
gulf. Deltaic systems may have concomitantly developed on the uplifted hanging wall of the Urella 
Fault. These deposits truncate nearshore sandstones of the High Cliff Sandstone and overlie a 
subaerial unconformity (SU); B. Fixed-anastomosed stage showing a low-gradient delta plain 
occupied by an anastomosed channel belt containing trunk and crevasse channels (FA2, FA3), 
levees and crevasse splays (FA4), and floodponds and peats (FA8). Paleocurrent analysis indicates 
westerly-directed flows; C. Tide-dominated depositional settings exhibiting an inactive shoreline 
to the north principally occupied by sandflats (FA6) and cross-cut by small tidal creeks, and an 
active river mouth to the south containing tidal bars (FA5) and flanked by mudflats and marshes 
(FA7, FA8). Paleocurrents are dominantly northeast-oriented in FA5 reflecting the entering flood 
tide, whereas they are diverted in FA6 by southerly longshore drift; D. Plan-view facies map of 
the present-day Mitchell River Delta (NE Australia) showing the along-strike juxtaposition of the 
active, tide-dominated river mouth with non-deltaic, wave- and tide-dominated shorelines. 
Modified from Ainsworth et al. (2017). E. Storm reworking stage showing the emplacement of a 
storm-affected bay filled with mudstone, storm sheets, lags (FA9), and abandoned tidal bars 
(FA5). Paleocurrents in FA9 suggest a northwest-oriented paleocoastline. 



69 
 

flooding events (e.g. Gugliotta et al., 2015; Matoshko et al., 2016). Width to thickness 

ratios calculated for FA2 and FA3 sand bodies at the North Branch section yield 19 and 13 

respectively. Values are within the 8–15 range suggested by Smith and Putnam (1980) for 

anastomosed channels, and within the 6–90 range of Gibling (2006) for crevasse channels. 

Muddy and coaly overbank and floodplain facies predominate in channel belts (~80% of 

the facies), and reflect deposition in vegetated levees (FA4), floodponds, lakes, and 

marshlands (FA8) receiving limited sand input in the form of crevasse splays breaching 

river banks (Fig. 10B). Thick mudstones deposits characterise the lower IRCM (Fig. 3.8) 

and likely developed cohesive subsoils that formed solid river banks confining channels 

and promoted long-lasting anastomosed river systems (e.g. Smith and Smith, 1980). 

Autogenic scouring and avulsion of the fluvial system was potentially linked to a complex 

topography characterised by bifurcating streams between marshlands (e.g. Olariu and 

Bhattacharya, 2006; Ghinassi, 2007; Hampson et al., 2013). 

These facies are devoid of marine fauna, whereas subaerial indicators such as coal 

seams, plant fossils, and rootlets are ubiquitous. The preservation of abundant 

carbonaceous material in floodplain facies is consistent with high groundwater levels, 

highly vegetated environments, and a humid climate (e.g. Olsen et al., 1995; Catuneanu 

et al., 2006). The prevalence of salinity tolerant herbaceous vegetation implies a lack of a 

permanent freshwater table and accumulation in abandoned brackish-water embayments 

in a delta plain setting (McLoughlin, 1993), which also reflects the absence of mature 

paleosols. Coal seams are typically thin because of the frequent overspilling of 

distributaries and the inherent instability of the coastal plain compared to the more stable 

alluvial plain (e.g. Fielding, 1985; Aslam, 1992). The apparent tabular geometry of this 

package along its longitudinal axis also indicates that the system was not restricted by an 

inherited topography but instead occupied a coastal plain located between emerged basin 

margins to the east and west (Fig. 3.10B). In the North Branch section, paleocurrents in 

FA2 indicate paleoflows dominantly west-southwest (~N265⁰, fig. 3.10B) reflecting rivers 

sourced from the craton and flowing transversally toward the basin axis (Fig. 3.1). 

3.1.3. Tide-dominated stage 

Tide-generated structures such as mudstone drapes, flaser bedding, and bi-

directional cross-lamination and cross-bedding are widely recognized in FA5–FA7. 

Northeast- and southeast-oriented paleocurrents in FA5 and FA6 (Fig. 3.10C) indicate 

that sediment transport was essentially landward, toward the basin margin, and potentially 
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related to flood-directed tidal currents. The relationships between juxtaposed FA5, FA6, 

FA7, and FA8 depositional environments suggest that deposition principally took place 

in shallow restricted water bodies flanked by tidal sandflats, mixed flats, mudflats, and 

salt marshes, and cross-cut by tidal channels and gullies (e.g. Buatois and Gabriela 

Mángano, 2003; Fielding, 2010) (Fig. 3.10C). The absence of wave-generated coast-

parallel barrier and beach deposits supports geomorphological confinement and a largely 

embayed setting where wave energy was dissipated and the tidal range extended well 

inland (e.g. Longhitano et al., 2012a; Plink-Björklund, 2012; Rossi et al., 2017). Low 

ichnofauna diversity, variable bioturbation indices, salinity tolerant flora, multiple 

syneresis cracks, and siderite concretions that characterise FA5–FA8 together indicate 

brackish-water conditions found in areas of mixed salinity (Dalrymple and Choi, 2007; 

Dalrymple, 2010). Tidal heterolithic facies (FA7) are commonly intercalated with plant-

bearing mudstone and thick coal seams (FA8) reflecting the aggradation of peats in 

supratidal salt marshes that were flooded during spring tides. These facies associations 

overlie fluvial-dominated packages where contacts may be: i) gradational, where fine FA6-

FA7 tidal flat deposits overlie coal-bearing coastal plain strata of FA8 (e.g. North and South 

Branch sections, fig. 3.3); or ii) erosional, where tidal channel and gully sandstone of FA5 

sharply overlie coaly mudstone (e.g. IRRC 2; Fig. 3.8). 

Stacked tidal bars filling channels (FA5) appear preferentially localised in the 

south of the study area (e.g. IRCH1, fig. 3.3, 3.8). This may support the location of a 

major river mouth that supplied coarser sediment into the embayment (Fig. 3.10C). 

Large-scale subtidal sandbars up to 15 km long and 10 km wide have been described from 

ancient tide-dominated deltas (e.g. Bhattacharya and Willis, 2001; Tänavsuu-Milkeviciene 

and Plink-Björklund, 2009; Feldman et al., 2014). It is herein suggested that smaller 

barforms accreted by compensational stacking and filled tidal channels occupying a ~10 

km wide embayment between elevated basin margins to the east and west (Fig. 3.10C). 

The decelerating flood tide typically transported silt and clay in suspension to the highest 

reaches of the intertidal zone and formed fringing mudflats (FA7) containing tidal gullies 

(FA5), supratidal marshes (FA8), and minor sandflats (FA6). Bioturbation is typically 

absent in these environments because of the high amount of suspended sediment and 

variable salinities, with the exception of sandbar tops experiencing reduced sedimentation 

rates and more marine conditions following their abandonment (e.g. van Cappelle et al., 

2016) (Fig. 3.3). The crest of tidal bars may locally be emergent and stabilised by salt 

marshes (e.g. thin coals capping a FA5 tidal bar complex in IRCH1; Fig. 3.3). 
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In contrast, thick tidal channel fills (FA5) are absent in the northern area where 

sedimentary packages are dominated by fine-grained deposits accumulated essentially in 

sandflats (FA6), mudflats (FA7), salt marshes (FA8), and more isolated tidal channels 

(FA5) (Fig. 3.8, 3.10C). In particular, FA6 forms laterally extensive, tabular sand bodies 

containing evidence of upper flow regime, plane-bed conditions, and episodically 

emergent settings somewhat similar to beach deposits (e.g. Hampson and Storms, 2003). 

Low to high bioturbation intensity (BI 1-6) that includes high diversity trace fossil suites 

with simple structures (impoverished Skolithos and Cruziana ichnofacies) indicates high 

energy conditions and higher water salinity compared to sandflats boarding tidal channels 

(e.g. MacEachern et al., 2005). FA6 is thus interpreted as the deposits of broad tidal flats 

several kilometres in width and cross-cut by shallow tidal creeks that typically develop in 

open coastal settings at a distance from an active river mouth (Bhattacharya and Giosan, 

2003; McIlroy et al., 2005; Dalrymple and Choi, 2007) (Fig. 3.10C, 3.10D). Southerly 

paleocurrents recorded in wave-generated facies in the underlying High Cliff Sandstone 

and overlying Carynginia Formation have been interpreted as longshore drift parallel to 

the basin margin (Le Blanc Smith and Mory, 1995). It is suggested that the northern part 

of the study area was affected by similar shore-parallel wave action that, along with cross-

shore tidal currents, redistributed sediment to form high energy sandflats as reflected by 

E-SE paleocurrents in FA6 (Fig. 3.10C). The sandflats occupied the updrift flank of the 

tide-dominated embayment where individual channels were widely spaced (15-40 km) 

(e.g. Bhattacharya and Giosan, 2003; McIlroy et al., 2005; Dalrymple, 2010) (Fig. 3.10D). 

Similar settings were described by Pontén and Plink-Björklund (2007) in the Devonian 

Gauja Formation (Baltic Basin) where they distinguished the inactive delta plain receiving 

little fluvial discharge and occupied by delta plain lakes and tidal gullies from the active 

delta dominated by distributaries and subtidal bars. Muddy bay-fill facies (FA9) were 

contemporaneously deposited seaward of the non-deltaic shoreline and received limited 

sand input during the ebb tide or from longshore drift. The superposition of tidal channel 

fills (FA5) and their associated mudflats (FA7) and marshlands (FA8), and open-coast 

sandflats (FA6) may have corresponded to significant episodes of shoreline 

rearrangement (Fig. 3.3 and 3.8).  

3.1.4. Storm reworking stage 

Facies associations in the uppermost IRCM largely consist of distal bay deposition 

(FA9) interbedded with subtidal sandbars (FA5) to the south, and intertidal to supratidal 

facies (FA6, FA8) to the north of the study area (Fig. 3.3, 3.8). FA9 contains evidence of 
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deposition by oscillatory flows (e.g. hummocky cross-stratification), trace fossil 

assemblages reflecting fully marine conditions (proximal Cruziana ichnofacies), and 

limited tidal influence (current ripple cross-lamination with mud drapes) (Fig. 3.7). The 

overall tide-dominated embayed sedimentary context established previously suggests that 

FA9 occupied the distal part of the bay where background sedimentation was dominated 

by wave and waning ebb tidal currents, density currents and suspension settling subject 

to intense reworking by storm-generated flows producing oscillatory-rippled sand sheets, 

rip channels filled by sand dunes, and pebble lags (Fig. 3.10E). Thick successions of 

amalgamated, intensely bioturbated current and combined-flow rippled sandstones (Fig. 

3.3) may have originated from the demise of subtidal bars formed at the river mouth and 

reworked seaward by ebb currents and storm waves, or sandflats accumulated on inactive 

coastlines away from active delta lobes (Fig. 3.10E). A general fining-upward trend marks 

the transition from delta front into shelfal siltstones of the Carynginia Formation (Fig. 

3.8). Paleocurrent analysis of storm-generated facies reveal southwest-northeast-oriented 

paleoflows. Storm waves generally refract perpendicular to the coastline (e.g. Duke, 1990), 

implying a paleoshoreline trending broadly northwest-southeast in agreement with the 

structural configuration of the basin (Fig. 3.10E).   

3.2. Syn-rift sequence development 

3.2.1. Underfilled phase 

Two discrete, laterally confined braided channel fill successions (FA1) overlie 

prominent erosion surfaces at the northern and southern ends of the study area and 

truncate shallow marine sandstones of the High Cliff Sandstone, reflecting an abrupt 

basinward shift in facies and hence a regional subaerial unconformity (Fig. 3.3, 3.4A, 3.8, 

3.10A). Fault reactivation of the basin-bounding Darling Fault in the early Artinskian 

resulted in a steepened topographic profile with newly created differential relief allowing 

for increased sediment supply to the basin (e.g. Martins-Neto and Catuneanu, 2010). It is 

suggested that FA1 developed following tectonic rejuvenation, and is attributed to 

thalweg deposition within up to 15 m deep structural paleovalleys developed at the 

footwall scarp and extending for at least 2 km toward the basin axis (Fig. 3.11). Braided 

river deposits lacking floodplain deposits are commonly associated with low 

accommodation settings (Martinsen et al., 1999) where valley interfluves are dominated 

by non-deposition or bypass (e.g. Posamentier, 2001; Miall, 2010), resulting in a 

topographic profile of alternating river valley floors and interfluve highs for the coastal  
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Figure 3.11: Schematic dip section across the Irwin Terrace illustrating stratal surfaces and 
systems tract geometry within the syn-rift sequence. Footwall uplift entailed the development of 
a subaerial unconformity at the base of an incised valley (underfilled phase) that truncates 
nearshore sandstones of the High Cliff Sandstone and is filled by braided stream facies. The filled 
phase was characterised by high sediment supply in paleovalleys causing erosion and bypass. 
Increasing accommodation and decreasing sediment supply rates led to aggradational to 
retrogradational stacking patterns during the filled, backstepping, and drowning phase of the 
sequence. Continuous tectonic subsidence and overall low depositional energy led to a steeply 
rising transgressive shoreline trajectory that favoured the preservation of a thick shallow-marine 
wedge in a structural embayment. Tidal channel fills overlie a tidal ravinement surface (tRS) 
whereas the wave ravinement surface (wRS) corresponds to storm wave base that punctually 
migrated upward and landward. Vertical line shows the location of the N-S cross-section in fig. 
3.8. 

 

plain (Fig. 3.8). Simultaneously, extensional pulses rapidly created new accommodation 

leading to an underfilled setting and the probable accumulation in the basin axis of 

lacustrine facies overlying a flooding surface that is concomitant with the sequence 

boundary (Fig. 3.10A, 3.11). As tectonic subsidence was continuously created, coarse-

grained fluvial wedges backstepped toward the rift fault until complete abandonment and 

flooding (Fig. 3.11). 
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3.2.2. Filled phase 

Abandoned braidplains and valley interfluves are overlain by an anastomosing 

fluvial system (FA2, FA3, FA4) suggesting significant changes in the balance of 

accommodation and sediment supply (Fig. 3.8, 3.11). The generation of anastomosing 

streams was, for example, attributed to an increase in groundwater level by Törnqvist 

(1993) in the Holocene Rhine-Meuse Delta (Netherlands). The overall limited 

amalgamation and lateral continuity of FA2 and FA3 indicates that channel avulsion 

processes dominated, leaving large inactive areas that were filled by fine-grained coastal 

plain sediments (FA8) (e.g. Pontén and Plink-Björklund, 2007). The preservation of up 

to 20 m thick packages of floodplain deposits (FA4, FA8), the establishment of peat-

forming conditions, and the absence of highly mature, well-drained paleosols, together 

indicate high accommodation settings, near-continuous accumulation, and essentially 

aggradational depositional trends (e.g. Van Wagoner et al., 1990; Shanley and McCabe, 

1991; Törnqvist et al., 1993; Olsen et al., 1995). Aggradational coastal plain deposition is 

typical of the filled stage of rift sequences that accumulate during relative tectonic 

quiescence following an earlier phase of fault reactivation (Martins-Neto and Catuneanu, 

2010). Davies and Gibling (2003) attributed the accumulation of thick coastal and alluvial 

strata without major subaerial unconformities in the extensional Carboniferous 

Cumberland Basin (Canada) to increased subsidence caused by normal faulting. Similar 

syn-depositional faulting driven by small scale tectonic pulses along the Darling Fault may 

have controlled accommodation creation, whereas sediment supply, enhanced by the 

rejuvenated topography, kept pace to maintain the area in a coastal realm and create the 

overall aggradational pattern (Fig. 3.11). Channel fills without extrabasinal clasts aggraded 

concomitantly with the adjacent floodplains and did not mark major basinward facies 

shifts (e.g. Davies and Gibling, 2003).  

High-frequency sequence development: 

The filled stage is characterised by erosion (ES) and flooding (FS) surfaces at the 

base and top of fluvial and crevasse channel fills (FA2, FA3), respectively, associated with 

episodes of creation (channel scouring) and destruction (channel filling and 

abandonment) of accommodation (up to six ES-FS cycles observed at IRRC1; Fig. 3.8, 

3.12A). Channel-fill sandstones are interbedded with levee, floodplain, and salt marsh 

facies (FA4, FA8). The stratal interval between fluvial erosion surfaces is interpreted to 

be the expression of aggradational, non-marine high-frequency sequences represented by 
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Figure 3.12: A. Outcrop expression of low-order erosion (ES) and flooding (FS) surfaces 
enclosing a crevasse channel sand body (scale bar: 1m in foreground). Outcrop gamma-ray log is 
shown; B. Fluvial sequence S1 containing a low-order ES at the base of channel fill sandstone 
(FA3), a low-order FS marking channel abandonment and the aggradation of overbank deposits 
(FA4). ‘Transgressive’ coals at the top overlie a subaerial paludification surface (PaS) and are 
capped by a give-up transgressive surface (GUTS) when the accommodation creation rate 
outpaces the rate of peat production; C. Derivation of S1 without overbank deposits. The PaS 
coincides with the FS; D. Fluvial sequence S2 containing ‘regressive’ coals wherein limited 
accommodation at the coal seam roof entails channel incision; the ES coincides with a non-marine 
flooding surface (NFS) (TeS: terrestrialisation surface). See figure 3.3 for log key. 

 

the development and filling of channels and shallow floodplain water bodies. These high-

frequency stratigraphic cycles are somewhat similar to alluvial sequence models (e.g. 

Shanley and McCabe, 1991; Olsen et al., 1995) but with reduced thicknesses (3 to 10 m 

thick). Whereas channel avulsion is commonly associated with the autogenic evolution of 

distributary belts (e.g. Amorosi et al., 2005; Hampson et al., 2013; Hampson, 2016), peat 

development and preservation are largely controlled by base-level oscillations because of 

the hydrologic connection between sea level and onshore groundwater table (Bohacs and 

Suter, 1997). It is thus interpreted that coal-bearing stratigraphic cycles are essentially 

allogenic in origin, within which coal seams show two modes of accumulation (Fig. 3.12). 

Coal deposits overlying abandoned channel fills (FA2, FA3) (e.g. basal coal of the 

North Branch section, fig. 3.3), levee, and crevasse splay facies (FA4) imply a rise of the 

base level to create peat-forming conditions. The coal seam floor corresponded to a 
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paludification phase (Table 3.3), whereas overlying coals accumulated during a phase of 

increasing accommodation. In this setting, mires were progressively drowned and 

replaced by fine-grained lacustrine facies (FA8), hence representing a time of maximum 

landward retreat of the fluvial system (Fig. 3.12A, 3.12B, 3.12C; Table 3.3). Interbedded 

coaly mudstone within coal seams reflects progressive flooding of the peat. These 

‘transgressive’ coals were deposited within an aggradational to retrogradational non-

marine sequence termed S1 (Fig. 3.12A, 3.12B, 3.12C). 

 

Table 3.3: Sequence-stratigraphic significance of paralic coal seams controlled by the 
accommodation/peat accumulation ratio (A/P) (after Diessel et al., 2000). 

Coal 
classification 

A/P Location within 
sequence 

Basal surface and 
basal seam 
characteristics 

Roof surface and 
upper seam 
characteristics 

Regressive Low Towards the end 
of shallowing-
upward (drying-
upward) cycles 

Non-hiatal 
terrestrialisation 
surface (TeS); high 
detrital mineral 
content  

Non-marine flooding 
surface (NFS); low 
detrital mineral 
content, high 
ash/inertite/pyrite 

Transgressive High At the beginning 
of deepening-
upward (wetting-
upward) cycles 

Paludification surface 
(PaS) overlying a 
relatively dry soil; low 
detrital mineral 
content, high vitrinite 

Non-hiatal give-up 
transgressive surface 
(GUTS); high detrital 
mineral content, pyrite 

 

In contrast, thick coal may accumulate over coastal plain mudstone (FA4, FA8) 

in response to decreasing accommodation rates corresponding with the growth rate of 

peat-forming plants (e.g. Ambrose and Ayers, 2007). High ash and inertite contents of 

coals in the study area (Le Blanc Smith and Mory, 1995) point to oxidation of dry, 

regressive peat (e.g. Holz et al., 2002) (Table 3.3). The ‘regressive’ coals were deposited 

within a progradational non-marine sequence (S2), and were commonly truncated by 

coarse channel sandstones (Fig. 3.12D) due to low accommodation at the top of the coal 

seam (e.g. IRRC 2, fig. 3.8). This truncation surface is concomitant with a non-marine 

flooding surface as new accommodation was created when channels started to fill (Fig. 

3.12D; Table 3.3). 

Filled phase deposits are regionally overlain by transgressive coals via a 

continuous paludification surface that concentrates pyritic material around root traces. 
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Coals are overlain by marine-influenced strata suggesting the progressive drowning of 

mires when base-level rise outpaced the aggradation potential of peat-forming plants (e.g. 

Davies and Gibling, 2003; Morozova and Smith, 2003; Jerrett et al., 2011; Ielpi, 2012). 

3.2.3. Backstepping phase 

The upward transition from a more proximal river-dominated coastal plain to 

more marine tide-dominated environments is consistent with continuous base-level rise 

and the landward migration of the bayline. The increase in accommodation during the 

backstepping phase may not be related to abrupt extensional pulses along basin-bounding 

faults, but instead continuous tectonic subsidence of the fault block and/or reduced 

sediment supply due to a progressively smoothing basin margin topography. In the 

backstepping phase, more distal tidal sandbars (FA5) and distal bay deposits (FA9) 

commonly overlie and erode more proximal tidal flat (FA6, FA7) and marsh (FA8) facies, 

reflecting the funnelling of strong tidal currents in river mouths (e.g. Dalrymple et al., 

1992; Allen and Posamentier, 1993; Dalrymple and Choi, 2007) and retrogradational 

stratal stacking patterns (Fig. 3.3, 3.8, 3.11). In the absence of tidal inlet lithosome in the 

embayed depositional system, the tidal ravinement surface is herein interpreted at the 

erosive, pebbly base of subtidal bars, and represents the landward migration of the zone 

of maximum tidal energy (Cattaneo and Steel, 2003) (Fig. 3.11). This surface is absent in 

areas away from the main river mouth where a non-deltaic shoreline with no significant 

channels more likely developed (north of IRRC1, fig. 3.8). No unequivocal evidence of 

tidal ravinement is recorded in these areas and tidal flats (FA6, FA7, FA8) are inferred to 

have been drowned and eroded by distal bay elements (FA9) (Fig. 3.11). Progressive 

flooding of the coastal plain may have occurred in a similar fashion to the present-day 

Mahakam Delta (Indonesia) currently undergoing transgression, where tidal currents 

gradually rework and backfill distributaries and interdistributary areas (Salahuddin and 

Lambiase, 2013). 

High-frequency sequence development: 

Two types of high-frequency, ~5 m thick sequences are identified in tide-

dominated successions. The first type of sequence (S3) records progradation of channel-

associated tidal flats typically generating upward-fining successions wherein the initial 

channel scour – concomitant with the flooding surface – is progressively filled by subtidal 

sandbars (FA5) and overlain by channel margin tidal flats (FA6, FA7) as a result of 

channel migration (Fig. 3.13A, 3.13B) (e.g. McIlroy et al., 2005; Dalrymple, 2010;  
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Figure 3.13: Tide-dominated sequence models and outcrop examples. A. S3 (active river mouths) 
is controlled by tidal channel incision and subsequent filling (FA5, FA6) during a phase of 
increasing accommodation that culminated in channel abandonment and salt marsh colonization 
(FA8) above a paludification surface (PaS). Basal flooding surface (FS) is concomitant with an 
erosion surface (ES) created by channel scour in an initial low accommodation setting; B. Log 
section for S3. Note the accommodation reversal within the thick upper coal. Paralic strata below 
S3 are regressive; C. Sequence stratigraphic model for the deposition of transgressive to regressive 
mires on a tide-dominated shoreline during a sea-level cycle (modified from Diessel et al. (2000)). 
Note that progradation of river-dominated coastal plain deposits can significantly erode regressive 
mires during the regressive half-cycle; D. S4 (inactive shoreline) is coarsening-upward and records 
the progradation of the tide- and wave-influenced shoreline during a phase of decreasing 
accommodation. The FS is marked by an iron-rich hardground that suggests emersion, and is 
overlain by intensely bioturbated strata (transgressive shoal, see fig. 6E) that commonly develop 
in the early stages of transgression. The maximum flooding surface (MFS) is located in muddy 
distal bay heterolithic facies (FA9). See figure 3.3 for log key. 

 

Longhitano et al., 2017). Thick, laterally limited, pyrite-bearing ‘transgressive’ coals (FA8) 

accumulated after channel abandonment and filled subaerial interdistributary areas in 

response to the relatively high water table and reduced hydrologic gradients at the end of 

the trangressive half-cycle (e.g. Cross, 1988; Holz et al., 2002; Amorosi et al., 2005) (Fig. 
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13B). These coal seams show markedly high inertite contents and lithotypes reflecting 

drying-upward moors (Le Blanc Smith and Mory, 1995) (Table 3.3). This suggests that 

coal accumulated during two successive transgressive and regressive high-frequency half-

cycles separated by the equivalent of a maximum flooding surface in marine 

parasequences (Diessel et al., 2000) (Fig. 3.13B, 3.13C). 

The second type of high-frequency sequence (S4) can be traced for several 

kilometres, and forms coarsening-upward packages recording progradation of high 

energy sandflats (FA6) over more distal muddy bay fill deposits (FA9) (Fig. 3.13D). Such 

successions developed on non-deltaic tidal shorelines away from active distributaries. 

They show intense burrowing in their upper part indicating less physical reworking and 

low sedimentation rates that also characterize transgressive intervals of marine 

parasequences immediately overlying a flooding surface (Fig. 3.13D). These sequences 

may record prolonged periods of emersion and non-deposition at the end of shallowing-

upward cycles resulting in iron-rich hardgrounds. The thickness of these cycles is related 

to the paleo-water depth of the bay at the time of deposition (~3–8 m thick) (Allen, 1982). 

The maximum flooding surface is located within mud-rich distal bay facies in which 

organic material and bioturbation are reduced (Fig. 3.13D).  

At a larger scale of shoreline evolution, the superposition of S3 onto S4, in the 

form of non-deltaic sandflat facies (FA6) sharply overlain by tidal channel fill sandstones 

(FA5) and paralic strata (FA8), represents a change in stacking pattern that may record 

shoreline rearrangement and progradation of a new delta lobe (e.g. Plink-Björklund, 2012; 

Ainsworth et al., 2017) (Fig. 3.8). Autogenic lobe switching is commonly associated with 

a new phase of channel incision by distributaries in topographic lows. At the North Branch 

section, these lows were formed by limited sedimentation rates allowing for shoreline 

retreat and the deposition of intensely bioturbated transgressive shoals (FA6) (Fig. 3.14A, 

3.14B). These shoals were later emerged to form a hiatal surface coinciding with non-

sequential lithologies (i.e. thick coals overlying a terrestrialisation surface; Fig. 3.14A, 

3.14B). In turn the basal surface of a switching lobe records emersion and non-deposition 

followed by a new episode of channel incision and delta plain construction at a local scale 

in an overall transgressive system. 

3.2.4. Drowning phase 

Distal bay deposits (FA9) containing storm-generated facies and Cruziana 

ichnofacies that overlie tidal sandbars (FA5) or paralic facies (FA8) throughout the area 
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Figure 3.14: A. S3 and S4 observed in the North Branch section where bioturbated sandflat sandstones (FA6) and coals (FA8) are separated by a terrestrialisation 
surface that may be associated with the progradation of a new deltaic lobe on the formerly inactive shoreline. Note the accommodation reversal within the coal seam 
(ES: erosion surface; FS: flooding surface); B. Schematic plan-view representation of shoreline reorganisation in the North Branch area. The non-deltaic shoreline was 
first flooded and low sedimentation rates allowed for the deposition of a bioturbated transgressive shoal (FA6). Peat-forming conditions (FA8) then developed in 
response to base level fall, coinciding with terrestrialisation. Marshlands were finally cross-cut by a tidal channel (FA5) as a delta lobe formed in the topographic low. 
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(Fig. 3.8) indicate more open marine conditions, consistent with a dominant 

retrogradational trend and continuous retreat of the shoreline towards the east and 

southeast (Fig. 3.10C, 3.10E, 3.11). The onset of wave reworking may have been related 

to increased fetch and longshore drift in response to shelf re-expansion (e.g. Buatois and 

Gabriela Mángano, 2003; Salahuddin and Lambiase, 2013; Ielpi and Ghinassi, 2014a). The 

paucity of sandstone in FA9 is interpreted as trapping of river sediment in subtidal bars 

and within distributaries, resulting in a sediment-starved shelf that is characteristic of 

transgressive settings. Lags of extra-formational pebbles in FA9 (Fig. 3.7G, 3.7H) were 

generated by strong storm surges reworking and condensation by bypass of older 

deposits. Thin tidal shoals similar to sandflats (FA6) were deposited with storm-generated 

beds and show Glossifungites ichnofacies associated with hardened basal surfaces (Fig. 3.3, 

3.7F). Glossifungites surfaces are an indicator of ravinement because they produce 

firmgrounds along lithified surfaces that were exhumed by transgressive erosion, and are 

thus indicative of time gaps (MacEachern et al., 1999). Several authors attributed similar 

intensively bioturbated Glossifungites surfaces to abrupt increases in water depth (e.g. 

McIlroy et al., 2005; Allen and Johnson, 2011; Willis and Fitris, 2012; Ainsworth et al., 

2017). 

The absence of shoreface and wave-built barrier elements in the embayed 

depositional setting means that the wave ravinement surface (wRS) essentially related to 

the landward retreat of storm-wave base and thus corresponds to the first occurrence of 

storm-generated facies in FA9 (Fig. 3.8). The wRS may therefore coincide with the erosive 

basal surface of a storm-generated bed, a rip-channel fill, a conglomeratic lag, or the 

burrowed basal surface of a tidal shoal, depending on the location along the shoreline 

(Fig. 3.15). At the main river mouth (southern part of the study area, fig. 3.8), the wRS 

typically underlies a coarse ferruginous lag and overlies distal bay heterolithic facies (FA9) 

without showing erosion of underlying subtidal sandbars (FA5). On the shelf seaward of 

the non-deltaic shoreline (northern part of the study area, fig. 3.8), the wRS directly 

overlies and eroded paralic strata (Fig. 3.14). This difference may be due to the more 

rugose coastline around distributary mouths providing confinement to subtidal bars and 

preventing their reworking by wave and storm action as the system transgressed (Fig. 

3.11). In contrast, linear non-deltaic shorelines were arguably more prone to wave 

ravinement, in turn enhancing transgressive erosion and sediment-starved shelfal 

conditions. Bay-fill deposits are progressively overlain by offshore siltstone of the 

Carynginia Formation (Fig. 3.8). The transgressive wedge represented by the IRCM 
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Figure 3.15: Stratigraphic arrangement showing the development of a wave ravinement surface (wRS) in the North Branch section. The wRS underlies rip-channel 
deposits (see fig. 3.7E) marking the first occurrence of storm-generated facies. The sharp ravinement surface truncated paralic deposits (FA8) and probably eroded 
muddy distal bay facies (FA9). Overall, the distal bay succession consists of multiple rippled sand sheets (see fig. 3.7D) sharply overlying finer grained HCS sandstones 
and heterolithic facies, and locally containing conspicuous burrowed surfaces (see fig. 3.7F). Trace fossils are attributed to the Glossifungites ichnofacies. 
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exhibits a strong spatial decoupling. The tRS is confined to river mouths (i.e. south of the 

study area, fig. 3.8) where the landward retreat of subtidal sandbars eroded the coastal 

plain, and is absent on the non-deltaic coastline (i.e. north of the study area, fig. 3.8) where 

tidal ravinement was reduced by the absence of large channels. In contrast, the wRS is 

laterally extensive and potentially preserved across the basin during transgression as the 

storm-wave base migrated inland (Fig. 3.8 and inset). 

3.2.5. Controls on sequence development and stratigraphic implications 

The High Cliff Sandstone and Carynginia Formation respectively underlying and 

overlying the IRCM contain clear evidence for wave-dominated deposition taking place 

on broad shelves (Eyles et al., 2006; Mory and Haig, 2011) (Fig. 3.2). In contrast the 

IRCM record markedly different conditions allowing for the deposition of a wedge of 

aggradational to retrogradational coastal plain and tidally influenced paralic strata (Fig. 

3.8, 3.11). Syn-rift tectonic activity along the Darling Fault to the east and the Urella Fault 

to the west at the onset of IRCM deposition created an east-dipping half-graben. The 

accumulation of ~100 m of shallow-marine strata took place in ~5 myrs during the 

Artinskian, implying relatively slow rates of footwall uplift and/or hanging wall 

subsidence (~0.02 m.ka-1) compared to Holocene examples in the Gulf of Corinth, 

Greece (0.3-5 m.ka-1, Gawthorpe et al., 1994). Such subsidence rate suggests that 

moderate sediment supply would have been sufficient to keep the embayment in the 

marginal-marine realm. In addition, it is proposed that the preservation of the syn-rift 

sequence was enhanced by the geomorphological setting of the faulted-bounded 

embayment that arguably reduced wave action and transgressive ravinement (e.g. Dart et 

al., 1995; Cattaneo and Steel, 2003; Catuneanu and Zecchin, 2013). Nevertheless, the 

relatively limited thickness of the IRCM on the Irwin Terrace compared with other parts 

of the NPB (up to 500 m thick in the Dandaragan Trough, Mory and Iasky, 1996; Fig. 

3.1) suggests overall limited accommodation on the fault block. Structural elevation 

potentially resulted in a relatively shallow shelf that would have effectively focused the 

tidal prism and increased tidal resonance within the embayment (e.g. Longhitano et al., 

2012b; Longhitano et al., 2017). 

This study interprets IRCM deposition in a tide-dominated embayment formed 

in a basin margin setting. It constitutes a single transgressive episode within a syn-rift 

sequence with essentially aggradational to retrogradational stacking patterns associated 

with the continuous creation of accommodation and a relatively simple history of basin 
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subsidence. Short-lived progradational phases linked to the autogenic reorganisation of 

the shoreline and/or minor tectonic activity are reflected by the internal high-frequency 

sequences. This outcome contrasts significantly with Ferdinando and Longley (2015) who 

identified a major progradational component in the upper IRCM. Moreover they argued 

that the deposition of the High Cliff Sandstone and IRCM was concomitant, the former 

composing delta front elements of the IRCM paleo-delta. Instead, this study suggests that 

the IRCM were more likely coeval with the basal Carynginia Formation, the latter 

constituting the distal reaches of the embayed system. It is also anticipated that thicker 

successions accumulated in the basin centre would show more complex stratigraphic 

patterns associated with a compound history of accommodation creation and filling. 

4. Summary and conclusion 

The Artinskian Irwin River Coal Measures of the Irwin Terrace, Northern Perth 

Basin (Western Australia), record braided river complexes, anastomosing channel belts, 

tidal bars filling channels, tidal flats and marshlands, and a storm-influenced distal bay. It 

is inferred that deposition occurred within a tide-dominated embayment, on the basis of 

pervasive tidally modulated deposits, the supratidal origin of coals, and facies principally 

reflecting shallow, subaqueous sedimentation. The shoreline was morphologically 

asymmetric, with the active river mouth being located to the south of the study area, 

adjacent to an updrift, wave-influenced coastline to the north. The embayment was 

structurally bounded by the footwall scarp of the Darling Fault to the east and the 

probably emerged hanging wall of the Urella Fault to the west. 

The Early Permian structural setting of the Irwin Terrace had a major influence on 

accommodation and sediment supply, which is reflected on the stratal evolution of the 

syn-rift sequence. The retrogradational stacking pattern of non-marine (FA1, FA2, FA3, 

FA4) to marginal marine (FA5, FA6, FA7, FA8), through to shallow marine associations 

(FA9) reveals distinct sedimentary trends that are attributed to the transgressive infill of 

the embayment in response to continuous tectonic subsidence of the half-graben. Braided 

channel fill facies are interpreted as the filling of discrete footwall-derived paleovalleys 

above a regional subaerial unconformity, within an early underfilled phase. Anastomosed 

river belts subsequently formed in response to increasing accommodation during the 

filled phase, enlarging the area across which deposition took place. The accumulation of 

peat on the coastal plain is directly related to base-level variations that controlled 
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development of two types of high-frequency fluvial sequences containing transgressive 

and regressive coals.  

Tidally influenced strata onlap river-dominated deposits as a result of continuous 

subsidence of the fault block and stratigraphic backstepping. High-frequency sequences 

developed on the deltaic shoreline are related to the filling and abandonment of tidal 

channels by subtidal bars, tidal flats, and supratidal marshes. Sequences recognised in the 

adjacent non-deltaic areas are composed of wave-influenced sandflats prograding over 

muddy distal bay facies. The juxtaposition of these two types of sequences may denote 

major phases of delta lobe expansion or abandonment. 

A tidal ravinement surface is related to an erosion surface beneath subtidal sandbars 

that accreted in major distributaries and is thus restricted to active river mouths. The wave 

ravinement surface is located in the distal bay and is associated with a backstepping storm 

wave base. Preservation of thick shallow-marine syn-rift strata was promoted by the 

geomorphological confinement of the half-graben hampering transgressive ravinement. 

This study proposes a syn-rift sequence model recording the initiation and filling of a 

low-energy, structural embayment developed on a marginal fault block.  
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Chapter 4: Stratigraphic response to base level changes in 

marginal- and shallow-marine strata of an Early Permian 

asymmetric delta  

1. Introduction 

Sequence-stratigraphic models of ancient and modern deltaic systems typically 

interpret regressive, highstand settings on the basis of their overall coarsening and 

shallowing upward facies stacking patterns, and the development of clinoforms in 

response to high riverine sediment supply (e.g. Willis et al., 1999; Olariu and Bhattacharya, 

2006; Fielding, 2010; Flaig et al., 2015). Whereas the organisation of systems tracts are 

directly related to shoreline shifts in downstream delta front settings (Catuneanu and 

Zecchin, 2013; Amorosi et al., 2017), these models are less applicable in upstream delta 

plain areas that record complex relationships between autogenic and allogenic controls. 

For example, phases of decreasing accommodation are necessary to promote clastic 

production in distributaries and facies belt progradation, and hence maintain the delta 

edifice (e.g. Tye and Coleman, 1989; Pontén and Plink-Björklund, 2007; Corbett et al., 

2011). However, decreases in accommodation may also lead to significant fluvial incision 

during more pronounced phases of relative sea-level fall (Posamentier and Vail, 1988; 

Hunt and Tucker, 1992; Catuneanu et al., 2009). By contrast, relative sea-level still stand, 

that is inherent to highstand settings (Hampson, 2000; Hampson and Storms, 2003), 

produces overfilled distributary channels that are prone to avulsion resulting in flooding 

of low-lying areas and mud deposition in lakes, lagoons, and estuaries (e.g. Tye and 

Coleman, 1989; Desjardins et al., 2009; Charvin et al., 2010; Salahuddin and Lambiase, 

2013). These fining-upward trends in paralic successions are not consistent with typical 

coarsening-upward representations of deltas. 

 Shanley and McCabe (1991)’s sequence stratigraphic model for alluvial strata 

partly addressed this issue by assigning: i) multi-storey fluvial deposits abruptly overlying 

coastal plain mudstone facies to the filling of incised valleys during lowstand conditions; 

ii) poorly amalgamated, tidally influenced channel fills to transgressive systems tracts; and 

iii) isolated meander-belt sandstone facies interbedded with thick coal-bearing floodplain 

elements to highstand deposition. This model demonstrates pervasive mud deposition on 

alluvial and delta plains during highstand conditions, as opposed to their sand-dominated 

delta-front counterparts. However this model may not be valid in cases where thin 
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highstand coastal plains composed of fine-grained facies are extensively eroded by valley 

incision during the subsequent phase of base level fall, or by transgressive ravinement 

(e.g. Desjardins et al., 2009). Furthermore, more recent studies distinguished a late 

highstand phase of reduced accommodation on coastal plains, where sandy channel fills 

become more extensive and amalgamated (e.g. Ethridge et al., 1998; Catuneanu et al., 

2009; Corbett et al., 2011). In addition, marginal-marine areas are typically subjected to 

more subtle, high-frequency variations in relative sea-level that are nested within their 3rd 

order stratigraphic development, than alluvial plains that are more likely to be affected by 

low-frequency allogenic events only (e.g. Martinsen et al., 1999; Corbett et al., 2011; Gani 

et al., 2015). 

Asymmetric deltas may adequately illustrate this decoupling between delta plain 

construction and destruction where sandy, river-dominated active delta lobes develop 

contemporaneously with muddy, embayed, and partly flooded inactive sections 

(Bhattacharya and Giosan, 2003; Salahuddin and Lambiase, 2013; Amorosi et al., 2017). 

Active and inactive delta plain deposits may also be stacked  in response to autogenic and 

allogenic forcing, resulting in distributary channel avulsion, delta lobe switching, or 

shoreline reorientation (e.g. Rodriguez et al., 2000; Charvin et al., 2010; Hampson et al., 

2012). Such successions may record a complex history of highstand phases of autogenic 

lobe progradation and demise (e.g. Charvin et al., 2010; Corbett et al., 2011; Salahuddin 

and Lambiase, 2013), lowstand lobe destruction (e.g. Willis and Fitris, 2012; Gani et al., 

2015), and transgressive coastal flooding and valley backfilling (e.g. Plink-Björklund, 

2005; Amorosi et al., 2008; Desjardins et al., 2009; Kieft et al., 2011).  

The objectives of this contribution are to decipher highstand, lowstand, and 

transgressive systems tracts in delta plain and delta front strata, and examine the major 

controls behind the development of sequences and systems tracts. Evaluating the 

stratigraphic response to changing accommodation through relative sea-level cycles is 

possible in thick marginal-marine successions such as the Lower Permian Irwin River 

Coal Measures in the Northern Perth Basin (Western Australia). The formation consists 

of a complex arrangement of sandstones, mudstones, and coals up to 500 m thick, 

deposited over ~5 Myr. In Chapter 3, we reassessed the sedimentary environments of the 

formation from outcrops on the fault-bounded Irwin Terrace (Fig. 4.1), and identified a 

significant transgressive component in the development of the tide-dominated delta. The 

depositional model proposed in this study is based on a set of drillcores and well logs 

from the central, mainly onshore part of the basin, about 60 km to the southwest of the 
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Figure 4.1: A. Map showing the tectonic elements of Western Australia and the location of the 
onshore Northern Perth Basin (N.C.: Northampton Complex; Y.S.: Yallingup Shelf; B.T.: 
Bunbury Trough) (modified from Mory and Haines (2013)); B. Tectonic elements of the Northern 
Perth Basin (defined as north of 31�30’S) highlighting the major fault-bounded sub-basins, 
basement terranes, and wells penetrating the Irwin River Coal Measures (MNF: Mountain Bridge 
Fault; BSF: Beharra Springs Fault) (modified from Mory and Iasky (1996) and Thomas (2014)). 
Red outline shows the study area; yellow lines show the location of cross-sections in figure 4.3; 
C. Isopach map of the Irwin River Coal Measures based on well completion report data (n = 63) 
and the seismic cross-sections in Thomas (2014) (white lines). The Dandaragan Trough was the 
main depocentre, and strata typically thin and lap onto structurally high areas to the north. 

 

Irwin Terrace (Fig. 4.1). Interpreting the plan-view geometry of the depositional system 

is largely based upon process regimes (fluvial, tidal, and wave) deduced from sedimentary 

facies, that control the morphology of deltas and adjacent shallow-marine paralic areas 

(Galloway, 1975; Boyd et al., 1992; Ainsworth et al., 2011). The identification of 

electrofacies on gamma-ray logs is used to reconstruct the stratigraphic architecture of 

the delta, and infer the sequence-stratigraphic framework in which to consider the 

controls on regional variability in facies, surfaces, architectural elements, and stacking 

patterns. It is anticipated that this study will provide a better understanding of the 

sequence stratigraphic arrangement of delta plain successions and the autogenic and 

allogenic factors that may govern their development.  
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Figure 4.2: Upper Paleozoic lithostratigraphic framework and spore-pollen zonation for the 
onshore Northern Perth Basin with associated major tectonic events and climate trends. Typical 
gamma-ray signatures of stratigraphic units are from Depot Hill 1, with modified vertical scale. 
Numerical ages are derived from Cohen et al. (2013; updated). Information are compiled from 
various sources (Dickins, 1993; Mory and Iasky, 1996; Song and Cawood, 2000; Isbell et al., 
2003b; Norvick, 2003; Eyles et al., 2006; Jones et al., 2011b; Haig et al., 2017). 

2. Paleo-environmental analysis 

2.1. Methodology 

Approximately 320 m of IRCM from sixteen cored intervals were logged at 1:100 

(Fig. 4.4; Appendix A2). Eleven facies were identified on the basis of lithology, texture, 

physical sedimentary structures, bioturbation intensity (BI), and ichnology content, and 

interpreted with respect to particular depositional processes and conditions (Table 4.1). 

Stacking patterns and key bounding surfaces led to grouping of facies into seven facies 

associations representing paralic to shallow marine depositional settings. Assigning an 

interval to the IRCM is essentially based on the specific wireline log signature of the 

formation, relationships with adjacent wells, and open source biostratigraphic 

assignments.  

Gamma-ray (GR) profiles have been widely used in stratigraphic analysis because 

they efficiently reflect vertical lithofacies suites in clastic successions, recording both 

facies trends (coarsening or fining upward) and the character of the surfaces bounding 

lithostratigraphic units (sharp or gradational) (e.g. Krassay, 1998; Khalifa et al., 2015; 

Burton et al., 2016). Facies interpreted from cored intervals are used to calibrate 

electrofacies as GR motifs can be related to specific suites of sedimentary facies and their 

interpreted depositional settings. This technique allows for the interpretation of paleo-  
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Figure 4.3: Interpretative west-east geological cross-sections of the onshore NPB (see fig. 4.1B for location) showing: A. Thickening of Lower Permian strata on the 
Urella fault to the east, and thinning onto a basement high, the Greenough Shelf, to the west. Younger strata are markedly eroded following uplift in the Middle 
Permian; B. Thickening into the Dandaragan Trough and westward thinning onto the Beagle Ridge and intermediate terraces. Depths of stratigraphic units and 
basement are deduced from intersected wells (gamma-ray logs shown) and the gravity map of Mory and Iasky (1996), respectively. Structures are derived from seismic 
cross-sections in Thomas (2014) (see fig. 4.1C. for location). Structures in the Irwin Terrace are modified from Le Blanc Smith and Mory (1995).   
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Table 4.1: Diagnostic features of the eleven lithofacies recognised in drill cores of the Irwin River Coal Measures in the Northern Perth Basin (1 Miall, 2010; 2 Walker 
and Plint, 1992; 3 Dott and Bourgeois, 1982; 4 Duke et al., 1991; 5 Dumas and Arnott, 2006; 6 Dalrymple and Choi, 2007; 7 Shanley et al., 1992; 8 Martini and Sandrelli, 
2014; 9 Ielpi, 2012; 10 Zavala et al., 2006; 11 Di Celma et al., 2016; 12 Bhattacharya and MacEachern, 2009; 13 Tye and Coleman, 1989; 14 Holz et al., 2002). 

Facies name 
(code)  

Bed thickness and  
bounding surfaces 

Description Bioturbation index 
and trace fossils 

Depositional processes

Trough cross-
stratified 
sandstone (St) 

0.2 to 1 m thick 
sharp to weakly scoured 
basal surface lined by coarse 
clasts, granules, and pebbles

Medium to very coarse sandstone; rounded to sub-angular 
grains; poorly to moderately sorted  
Trough cross-stratified; coarse clasts and carbonaceous 
material line foresets; widespread mud and coal rip-up clasts 
and fragments; stylolites; pyrite concretions 

0-1
Root traces, 
Rhizocorallium, 
Skolithos 

Trough cross-strata formed by 
migration of sinuous-crested 3D 
dunes, unidirectional traction 
currents 1  

Tabular cross-
stratified 
sandstone (Sx) 

0.3 to 1 m thick 
sharp to scoured base 
concentrating pebbles, mud 
and coal rip-up clasts 

Medium to coarse sandstone; rounded to sub-angular grains; 
moderately sorted 
Tabular cross-stratified; normally graded foresets; mudstone 
drapes line foresets; overturned cross-bedding; common mud 
and coal rip-up clasts; stylolites; pyrite and siderite concretions 

0-1
Root traces 

Tabular cross-strata formed by 
migration of transverse 2D dunes, 
unidirectional traction currents 1, 
suspension settling of mud, rapid 
sediment emplacement 

Planar-
laminated 
sandstone (Sp) 

0.1 to 3 m thick 
gradational contact with 
underlying and overlying 
facies 

Fine to medium sandstone; rounded to sub-rounded grains; 
moderately to well sorted 
Horizontally to gently inclined planar-laminated; sand sheets in 
places draped by thin mudstone laminae; minor massive 
intervals and wavy bedding; mud and coal stringers/fragments, 
stylolites 

0-1
Root traces 

Plane bed deposition during upper 
flow regime, minor sediment 
gravity flows, reworking by 
oscillatory currents, and suspension 
settling of mud 1,2 

Hummocky 
cross-stratified 
sandstone (Sh) 

0.1 to 1 m thick 
sharp basal contact, tops 
locally contain oscillatory or 
combined-flow ripple 
marks 

Fine to medium sandstone, rounded to sub-rounded grains; 
moderately to well sorted 
Hummocky cross-stratified; minor symmetrical ripple cross-
lamination; bedsets separated by thick mud laminae; locally 
deformed bedding; carbonaceous debris; pyrite concretions 

0-4
Skolithos, Rosselia, 
Paleophycos, 
Thalassanoides, 
Planolites, mantle-
and-swirl 

Deposition by high-energy 
oscillatory and combined flows 
during storm surges 3,4,5 

Current ripple 
cross-
laminated 
sandstone (Sr) 

0.2 to 1.5 m thick 
sharp to scoured base 
featuring soft sediment 
deformation structures, 
coarse clasts and mud rip-
up clasts 

Very fine to medium sandstone; sub-rounded to rounded 
grain; well sorted 
Tabular, trough, and sigmoidal cross-laminated; climbing 
ripples; simple and double mud drapes commonly line foresets; 
bidirectional bedsets; contains thick mudstone laminae with 
soft sediment deformation structures and syneresis cracks; 
pyrite/siderite concretions 

0-2
Root traces, 
Planolites, Paleophycos, 
Diplocraterion, 
Rhizocorallium, 
Cylindrichnus, escape 
structures 

Tabular and trough cross-
lamination formed by migration of 
straight and linguoid ripples by uni- 
or bidirectional traction currents in 
low flow regime or by decelerating 
flows, suspension settling of mud 
6,7 
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Symmetrically 
cross-
laminated 
sandstone (Sw) 

0.1 to 0.6 m thick 
sharp to gradational into Sr, 
Sx, St, Hs, or Mm 

Very fin to fine sandstone, sub-rounded to rounded grain; well 
sorted 
Symmetrical ripple cross-laminated; thin mud drape locally 
mantle laminae; sets may be delineated by thick mudstone 
intervals; local soft sediment deformation structures; abundant 
organic fragments 

0-5
Planolites, Skolithos 
Teichichnus, 
Thalassinoides, 
Ophiomorpha, 
Asterosoma, escape 
structures 

Deposition and migration of 
ripples by oscillatory currents 
connected to wave action 8 

Sand-prone 
heterolithic 
facies (Hs) 

0.1 to 3 m thick 
sharp to gradational into Hc 
or Sr; abundant soft 
sediment deformation 
structures at bed contacts 

Interbedded very fine sandstone (> 50 %) and mudstone 
Dominantly flaser bedded, minor wavy and planar bedding; 
bidirectional bedsets; mud drapes on ripple foresets; common 
deformed bedding (water escape structures, sediment failure, 
bioturbation), syneresis cracks 

0-3
Root traces, 
Planolites, Skolithos 
Thalassinoides, 
mantle-and-swirl, 
escape structures 

Alternating low energy traction 
and/or oscillatory currents 
(sandstone) and suspension settling 
(mudstone) 6 

Mud-prone 
heterolithic 
facies (Hm) 

0.1 to 3 m thick 
sharp to gradational into Hc 
or C; soft sediment 
deformation structures at 
bed contacts (ball-and-
pillows, flame structures, 
load casts) 

Interbedded very fine sandstone (< 50 %) and mudstone 
Planar, lenticular, and streaky bedded; contains floating 
asymmetric or oscillatory ripple marks; local graded beds; 
common deformed bedding; facies may dip at a low angle; 
abundant syneresis cracks and elongate mud pebbles 

0-4
Planolites, Skolithos 
Thalassinoides, 
Palaeophycus, 
Teichichnus, 
Cylindrichnus, mantle-
and-swirl, escape 
structures 

Mud deposited by muddy density 
underflows or suspension settling 9 
Sand deposited by suspension 
fallout or unconfined turbulent 
flows with subsequent reworking 
during waning stages 1,10,11 

HCS 
heterolithic 
facies (Hh) 

0.5 to 10 m thick  
sharp erosional contact with 
Sh, Sp, Sx, Sr 

Interbedded very fine sandstone (< 50 %) and mudstone 
Structures dominated by lenticular bedding containing micro 
hummocky cross-stratification and starved asymmetrical 
oscillatory ripple marks; soft sediment deformation structures 
(load casts, ball-and-pillow structures, flame structures, sunken 
beds) at the sandstone-mudstone contacts; syneresis cracks; 
pyrite concretions 

1-5; 
Thalassinoides, 
Teichichnus, 
Phycosiphon, Rosselia, 
Planolites, Scolicia, 
Skolithos, 
Ophiomorpha, escape 
structures, mantle-
and-swirl 

Mud deposited by suspension 
settling or rapidly collapsing 
buoyant plume in hypopycnal 
conditions (flocculation) 12 
Sand deposition by oscillatory, 
combined, and waning flows 2  

Massive 
mudstone (M) 

0.1 to 8 m thick 
gradational into Hm or Hh, 
sharp contact with Sh 

Mudstone (95 %) with minor very fine sandstone
Massive to planar laminated to planar bedded, isolated 
oscillatory or asymmetric ripple marks and planar, graded beds, 
abundant syneresis cracks, siderite concretions 

0-2
Planolites, Phycosiphon, 
mantle-and-swirl 

Hyperpycnal fluid muds formed by 
density current during river floods 
Sand deposited from hyperpycnal 
or waning flows 12  

Coal (C) A few cm to 0.5 m thick; 
lenticular seams  

Coal and coaly mudstone
Rhyzocretion? dessication cracks? cryoturbation? plant and 
wood fragments; pyrite concretions 

1-2
Root traces 

Aggradational accumulation of 
organic material (peats) in 
waterlogged paleosols (swamp) 13,14 
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environments and their bounding surfaces in thick uncored stratigraphic successions. 

Well clustering in oil and gas fields and the availability of cores are used to construct three 

northwest-trending cross-sections, respectively ~15 km, ~59 km, and ~33 km long, that 

encompass seventeen wells and extend across the central, mostly onshore NPB (Fig. 

4.1B). 

2.2. Facies associations 

Facies Association 1: Braided channels 

Description: This facies association is composed of 0.3–1.5 m thick sandstone-filled 

scours that form sand-rich successions up to 11 m thick (Corybas 1, fig. 4.4). Individual 

scour fills fine upwards from coarse to pebbly sandstone at the basal scour to medium 

sandstone at the top. Sandstone facies are dominantly tabular and trough cross-stratified, 

wherein bedform foresets are unidirectional (within the same coset) and commonly 

defined by coarse clasts and/or carbonaceous stringers (facies Sx, St, fig. 4.5A). Internal 

truncation surfaces between successive bedsets are common. Planar-laminated (facies Sp) 

and massive facies are minor. Carbonaceous debris, plant material, mudstone and coal 

rip-up clasts are widespread and are generally aligned along the master surface of cross-

sets or localised at the top of cosets. Locally, a poorly sorted interval composed of very 

coarse clasts floating in a muddy medium sandstone matrix appears to be completely 

homogenised (Fig. 4.5B). Trace fossils are sparse (BI 0-1) and restricted to Rhizocorallium, 

and Skolithos (Fig. 4.5C). Pyrite concretions, dissolution seams and stylolites are numerous 

(Fig. 4.5D). 

Interpretation: Amalgamated, scour-based sandstone beds typically represent 

repeated episodes of channel thalweg incision and infill forming multi-storey channel-fill 

successions (e.g. Martinsen et al., 1999; Plink-Björklund, 2005). The fining-upward trend 

of cosets reveals progressively waning flows associated with channel migration (Miall, 

1996; Ielpi, 2012). The overall absence of overbank facies indicates a rapidly migrating, 

low-sinuosity unconfined channel system (e.g. Johnson and Pierce, 1990; Bridge et al., 

2000; Desjardins et al., 2009). A perennial braided channel fill origin is suggested for these 

deposits, wherein dunes correspond to longitudinal or transversal mid-stream bars that 

accrete downstream or laterally by bed-load transport in relatively shallow waters (2–10 

m range) (Miall, 1996; Bridge et al., 2000; Di Celma et al., 2016). Widespread 

carbonaceous material originated from cut-bank collapse of nearby, unpreserved 

vegetated areas or bar tops. The ubiquity of pyrite and local beds containing ichnofossils  



95 
 

 

  



96 
 



97 
 

Figure 4.4: Graphic sedimentary logs of the IRCM from key measured core sections (Corybas 1, 
Dongara 4, Dunsborough 2, Cliff Head 6, and Arrowsmith 2) showing lithofacies stacking, 
secondary sedimentary structures, bioturbation index and ichnofossil distribution, and interpreted 
depositional environments (FA). The sand-rich lithology of FA1, FA2, FA5, and FA6 contrasts 
with the more heterolithic nature of FA3, FA4, and FA7. Highest ichnotaxa diversity is recorded 
in FA4 and FA7 corresponding to low energy, brackish to marine depositional conditions.  

 

 

Figure 4.5: Core photographs of facies in FA1 (scale bar: 5 cm): A. Cross-stratified sandstone 
containing normally graded foreset laminae from very coarse to medium sandstone (Sx); B. 
Poorly-sorted interval comprising coarse floating clasts, carbonaceous stringers, plant and root 
fragments interpreted as channel bank collapse (St). Note the pyritization of mudstone laminae 
(arrowed); C. Massive sandstone containing carbonaceous debris and a Rhizocorallium (Rh) trace 
fossil (St); D. Multiple dissolution seams and local stylolites in poorly sorted sandstone (Sx).  
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such as Rhizocorallium indicate sporadic incursions of marine waters and thus deposition 

within a low-lying channel belt. 

Facies Association 2: Distributary channels 

Description: FA2 is dominated by cross-stratified sandstone facies up to 15 m thick 

(facies Sx, St; Corybas 1, Dongara 4, Cliff Head 6, Dunsborough 2, fig. 4.4). Individual 

cosets are 1–6 m thick, fining upward, and commonly amalgamated via sharp erosional 

surfaces that concentrate coarser clasts, elongate pebble-sized mudstone rip-up clasts, 

carbonaceous stringers, and coal fragments (Fig. 4.6A, 4.6B). Cross-strata are 

characterized by thin mudstone drapes quasi-systematically mantling bedform foresets 

(Fig. 4.6C). Bi-directional sets may be present within the same coset (Fig. 4.6D). Cross-

laminated sets up to 1.5 m thick are interbedded within larger cross-stratification and 

commonly cap cosets (Fig. 4.4). These sets consist of symmetrical and asymmetric cross-

laminated sandstones (Sw, St), planar-laminated sandstones (Sp), and flaser-bedded 

heterolithic facies (Hs) (Fig. 4.6E, 4.6F, 4.6G). Thick mudstone laminae (facies Hm) may 

delineate cross-laminated sets and contain multiple soft sediment deformation structures 

(load casts, sunken beds, ball-and-pillow and flame structures), syneresis cracks, and root 

traces (Fig. 4.6F, 4.6G). Cross-beds are locally oversteepened and overturned (Fig. 4.6H). 

Bioturbation is generally sparse (BI 0-2) and restricted to Planolites, Diplocraterion, 

Rhizocorallium, and Cylindrichnus, although escape traces may be locally abundant in cross-

laminated sets. Pyrite and siderite concretions are common throughout the association 

(Fig. 4.6B, 4.6D).  

Interpretation: The prevalence of thick amalgamated fining-upward cosets with 

sharp erosional basal surfaces, and the presence of plant material and root horizons, 

indicate deposition in stable, sinuous fluvial channels (Miall, 1996). In these settings, 

dunes are attributed to laterally accreting point bars or bank-attached side bars, and 

ripples to low flow velocity conditions on point bar tops (e.g. Fielding, 1985; Miall, 2010; 

Matoshko et al., 2016). Local water escape structures and overturned cross-bedding 

indicate high rates of deposition leading to bed collapse and common slumping of 

channel banks (e.g. Owen, 1996). Cross-laminated sets delineated by thick rooted 

mudstone intervals exhibiting abundant soft sediment deformation structures and escape 

traces are interpreted as flood-generated sheets truncating vegetated bar tops or adjacent 

overbanks.  
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Figure 4.6: Core photographs of facies in FA2 (scale bar: 5 cm): A. Sharp amalgamation surface 
between two cosets (Sx) concentrating coarse clasts, carbonaceous stringers, and plant fragments; 
B. Pebble-sized sideritic mudstone rip-up clast with smaller, elongate mudstone clasts in cross-
laminated sandstone (Sr); C. Superimposed trough cross-stratification (St) with mudstone drapes 
lining foresets. Strata flatten and are muddier upward marking lower flow velocities at the end of 
the dune forming episode. Root trace (arrowed) suggests emersion of the barform; D. 
Bidirectional cross-bedding within the same coset evidencing trough cross-strata (St). Note the 
abundant mud laminae and pyrite nodules (arrowed); E. Mud-lined current ripple cross-laminated 
(Sr) and wavy-bedded (Sw) sandstone grading upward into flaser-bedded heterolithic facies (Hs). 
Facies fine upward and cap a coset which indicates progressive abandonment of the barform; F. 
Current ripple cross-laminated and deformed sandstone interbedded with thick mudstone 
laminae. Contacts display multiple soft sediment deformation structures such as load casts (lc), 
ball-and-pillow (bp), and flame structures (fs). Arrows point to root traces that colonized the 
overbanks between two flooding events; G. Planar-laminated (Sp) and ripple cross-laminated (Sr) 
sandstone at the base overlain by wispy lenticular-bedded mudstone and then cross-laminated 
sandstone facies (Sr); H. Oversteepened cross-bedding in sandstone.  
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Ubiquitous mudstone drapes and bi-directional cross-lamination within the same 

coset strongly suggest that tidal currents influenced deposition within the channels 

(Visser, 1980; Shanley et al., 1992; Martinius and Gowland, 2011). Bipolar cross-strata 

were produced by reversing (flood-tide) currents during periods of low fluvial discharge, 

whereas mudstone drapes were deposited out of suspension during subsequent slack-

water periods (Dalrymple and Choi, 2007). The seeming absence of inclined heterolithic 

strata and compound cross-strata within the channel-fill facies suggests that fluvial 

processes were dominant and support deposition in tide-influenced distributary channels 

rather than estuarine tidal channels (Plink-Björklund, 2005; Buatois et al., 2012). Trace 

fossil suites of the Skolithos ichnofacies support a high-energy, brackish water 

environment (Pemberton et al., 2003). 

Facies Association 3: Coastal floodplain 

Description: This facies association is up to 16 m thick in core and is dominated by 

mud- and sand-prone heterolithic facies with subordinate sandstone packages (Cliff Head 

6, Dongara 4, Corybas 1, Dunsborough 2, fig. 4.4). Mud-prone heterolithic facies consist 

of fine planar-, lenticular-, and streaky-bedded mudstone and very fine sandstone with 

common syneresis cracks and soft sediment deformation structures at bed contacts (facies 

Hm and M, fig. 4.7A, 4.7B). Subordinate structures include isolated symmetrical and 

asymmetrical ripple marks and graded sandstone beds. Elongate dark mudstone pebbles 

are present within the siltier heterolithic facies. Facies may grade into thin coal seams (< 

0.2 m thick) with possible rhizocretions (facies C, fig. 4.7C). Sand-prone heterolithic facies 

exhibit wavy and flaser bedding with mudstone drapes typically mantling foresets (facies 

Hs, fig. 4.7D). Some intervals are folded or display overturned beds (Fig. 4.7E). 

Sand bodies, 0.1–1.2 m thick, are characterised by sharp basal contacts overlying 

heterolithic and coal facies, and poorly sorted intervals containing coarser clasts, 

carbonaceous stringers, mud and coal rip-up clasts above the surface (Fig. 4.7F). Internal 

scours are common (Fig. 4.7G). Sandstone facies are dominated by tabular and trough 

cross-lamination (facies Sr), trough cross-bedding (facies St), and massive beds (Fig. 4.7G, 

4.7H). The record of infaunal activity in FA3 is low (BI 0-1) and restricted to Planolites, 

mantle-and-swirl, and escape traces. Pyrite concretions and siderite cements are common 

throughout the association (Fig. 4.7I). 

Interpretation: Unbioturbated heterolithic packages reflect sedimentation in low 

energy, standing water bodies regularly (seasonally?) affected by unconfined turbulent  
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Figure 4.7: Core photographs of facies in FA3 (scale bar: 5 cm): A. Lenticular- to wavy-bedded 
heterolithic facies (Hm) locally containing soft sediment deformation structures at the base of 
sandstone laminae and isolated ripples marks. ms: mantle-and-swirl; B. Planar-bedded heterolithic 
facies (Hm) where alternating sandstone and mudstone may reflect seasonal variations in the distal 
sediment source. Arrow points to a pyrite concretion; C. Mud-prone heterolithic facies (Hm) 
overlain by coal (C) containing multiple rhizocretions; D. Current ripple cross-laminated 
sandstone (Sr) gradationally overlain by flaser-bedded heterolithic facies (Hs). Both facies show 
abundant mud drapes that tend to thicken in bottomsets, evidence bidirectional flows (arrows), 
and sigmoidal bedforms (dashed lines); E. Intensely deformed mud-prone interval (Hm) 
exhibiting folded and oversteepened beds, and syneresis cracks (sy); F. Sharp contact between 
poorly-sorted sandstone (St) and pyritized coals (C). The large gain size change is interpreted as 
evidence for crevasse channel deposition; G. Current ripple cross-laminated sandstone (Sr) 
sharply overlying mud-prone heterolithic facies (Hm) and interpreted as a crevasse splay emplaced 
in a low-energy area. Note the internal scour within the splay filled with elongate mud pebbles; 
H. Fine-grained deposits (facies Hm above and C below) encompassing a thin current ripple 
cross-laminated sandstone coset (Sr) with sharp base and top representing the emplacement of a 
crevasse splay on the floodplain. Note the abundant syneresis cracks in the upper part of the core; 
I. Siderite-cemented sandstone within planar-bedded and deformed heterolithic and mudstone 
facies (facies Hm and M). 
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flows forming discrete scoured-based plane-parallel and rippled sand sheets (e.g. Zavala 

et al., 2006; Di Celma et al., 2016). Mudstone-rich, coal-bearing successions that lack 

univocal marine trace fossils or body fossils are interpreted as the deposits of shallow, 

restricted flood ponds with anoxic bottom waters that were frequently emergent, allowing 

peats to develop (e.g. Pontén and Plink-Björklund, 2007; Desjardins et al., 2009). Thin 

sandstone beds represent the distal expression of sediment-laden flood incursions that 

may have also promoted development of deformed intervals. 

Sharp-based ripple cross-laminated and flaser-bedded sandstone facies record 

sporadic input of coarser sediment into lower energy areas. The sandstone facies may be 

alternatively interpreted as: (i) crevasse channels and associated splays building out into a 

standing water body on the floodplain during floods (e.g. Fielding, 1984; Skelly et al., 

2003; Gugliotta et al., 2015), or (ii) tidal gullies that scoured the delta plain (e.g. Dalrymple 

et al., 1992). Flaser- and wavy-bedded heterolithic facies that contain pervasive mudstone 

drapes suggest interflood periods of sediment reworking by tidal currents, forming tidal 

flats (e.g. McIlroy et al., 2005). 

Facies Association 4: Small-scale (subtidal) mouth bars 

Description: FA4 is composed of ~4 m thick, coarsening-upward successions that 

are stacked to form up to ~14 m thick packages (Dunsborough 2, Cliff Head 6, fig. 4.4). 

Individual trends consist of mud-prone heterolithic facies gradationally overlain by 

sandstones and capped by coal. Heterolithic facies are dominantly planar, wavy, and 

lenticular bedded (facies Hm, fig. 4.8A). Bedsets are locally inclined at a low angle or show 

syn-depositional brittle failures (Fig. 4.8B). Moderate to high bioturbation intensity in 

these facies (BI 1-4) locally results in churned fabrics (Fig. 4.8C). Trace fossils assemblages 

are characterised by the restricted number of ichnogenera, principally including Planolites, 

Thalassinoides, Palaeophycus, Skolithos, Teichichnus, Cylindrichnus, mantle-and-swirl, and escape 

traces. Syneresis cracks are ubiquitous in mudstone intervals (Fig. 4.8A). 

Sandstone beds progressively thicken upwards to form wavy- and flaser-bedded, 

sand-prone heterolithic facies (facies Hs, fig. 4.8D) that grade into sandstone facies with 

minor mudstone. Individual sandstone beds are 0.3–0.7 m thick, and largely dominated 

by through cross-lamination with simple and locally double mudstone drapes that may 

thicken and thin laterally (facies Sr, fig. 4.8E, 4.8F). Cross-laminated sets are stacked and 

contain abundant soft sediment deformation structures, resulting in oversteepened and 

overturned beds. Secondary structures include climbing ripple cross-lamination, 
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sigmoidal bedforms (facies Sr), low-angle (swaley?) cross-stratification, trough cross-

stratification (facies St), and symmetrical ripple cross-lamination (facies Sw) (Fig. 4.8E, 

4.8F, 4.8G). Organic fragments are pervasive in FA4, whereas elongate mudstone rip-up 

clasts may be concentrated in discrete intervals above minor scours. Sandstone facies 

encompass subordinate mud-rich horizons (~5 cm thick) that are wavy bedded and 

bioturbated, or massive with abundant syneresis cracks. Bioturbation intensity in 

sandstone is generally low to moderate (BI 0-3), but may be locally high (BI 5) with 

notably deeper traces; suites include Diplocraterion, Ophiomorpha, Thalassinoides, Teichichnus,  

 

 

Figure 4.8: Core photographs of facies in FA4 (scale bar: 5 cm): A. Mud-prone heterolithic facies 
(Hm) with lenticular bedding, syneresis cracks (sy), and Planolites (Pl); B. Brittle failure deforming 
sandstone laminae in Hm; C. Bioturbated Hs (BI 4) showing numerous escape traces (et), Planolites 
(Pl), and Skolithos (Sk); D. Facies Hs characterised by mud-draped current ripple and wave-formed 
cross-lamination (flaser bedding) with escape traces (et), Paleophycos (Pa), and syneresis cracks (sy) 
(BI 2); E. Facies Sr showing stacked, unidirectional current ripple cross-laminated sets with mud 
drapes that thicken in bottomsets and local climbing ripple cross-lamination (arrow); F. Tidal 
bundles in current ripple cross-lamination in the lower part (Sr), wave-formed cross-lamination 
in the upper part (Sw), separated by a thin sandstone interval possibly containing swaley cross-
stratification or trough cross-bedding (St); G. Facies St overlying a cross-laminated set (Sr, Sw) 
with a mud-lined wave ripple mark; H, I: Pervasively bioturbated, muddy sandstone representing 
episodes of low sedimentation rates and colonisation windows. Trace fossils include Diplocraterion 
(Di), Ophiomorpha (Op); Teichichnus (Te), Asterosoma (As), and Thalassinoides (Th).  
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Asterosoma, Skolithos, Scolicia, and Palaeophycus (Fig. 4.8H, 4.8I). Pyrite nodules and siderite 

cements are common in all facies. 

Interpretation: The general coarsening- and thickening-upward trends reflect 

increasing depositional energy and progradation. Heterolithic facies represent the deepest 

part of the depositional profile where background suspension settling of mud alternated 

with episodic sand input by a combination of wave, tidal, and river currents. Dominant 

sedimentary structures in sandstone facies are consistent with decelerating flows. The 

rhythmic thickening and thinning of mudstone–sandstone couplets in bedsets are 

ascribed to tidal bundles probably formed during neap-spring tidal cycles (e.g. Visser, 

1980). Sigmoidal bedforms with increasing to decreasing foreset angles represent 

accelerating to decelerating current velocities that are typical of tidal cycles (Shanley et al., 

1992). Local massive mudstone beds noticeably correspond to the rapid settling of flood-

generated fluid muds that are common in delta front settings. Soft sediment deformation 

structures support rapid sediment emplacement that resulted in sediment collapse and 

dewatering.  

The coarsening-upward packages composed of facies with pervasive current-

generated and waning flow structures, evidence of fluid muds, rapid sediment 

emplacement, and fluctuating salinity, and variable bioturbation diversity and intensity, 

together suggest progradation of mouth bars into restricted interdistributary bays no 

deeper than ~4 m (e.g. Varban and Plint, 2008). The distal parts of bars were dominated 

by low energy sedimentation and rare splays, whereas the proximal parts were subjected 

to frequent river floods alternating with episodes of quiet suspension settling and 

reworking by wave and tidal currents into tidal flats. The presence of simple and double 

mud drapes on foresets are strong indicators of tidal modulation, and thus a subtidal 

environment (e.g. Shanley et al., 1992; McIlroy et al., 2005). Gently dipping heterolithic 

strata may be attributed to foreset sedimentation. Locally high infaunal activity and deeper 

traces are related to reduced sedimentation, higher oxygen levels, and normal marine 

salinities that promoted the establishment of colonisation windows, and probably follow 

channel abandonment (e.g. van Cappelle et al., 2016). Coals capping these packages 

indicates subaerial exposure of bar crests and laterally amalgamated barforms. 

Facies Association 5: Wave-dominated shoreface 

Description: The facies assemblage is composed of 15 m thick, sharp-based, 

coarsening-upward and fining-upward sandstone beds (Cliff Head 6, fig. 4.4). Individual 
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beds tend to be amalgamated, with major bounding surfaces associated with closely 

packed, very coarse quartz sandstone (Fig. 4.9A). Well sorted sandstone facies are 

dominated by weak planar bedding and minor tabular (and trough?) cross-bedding (facies 

Sp, Sx, fig. 4.9B). Carbonaceous stringers, mud chips, and plant material are concentrated 

as coset boundaries (Fig. 4.9C, 4.9D). Bioturbation intensity is variable (BI 1-6) and tend 

to increase in the muddy intervals, with traces including Palaeophycus, Ophiomorpha, 

Diplocraterion, Planolites, and Skolithos (Fig. 4.9D–4.9G). Quartz pebbles are dispersed 

throughout the association. Locally greenish sands and burrow fills are associated with 

pyritic mineralisation (Fig. 4.9F).  

 

Figure 4.9: Core photographs of facies in FA5 (well drilled at a steep angle to the depositional 
dip; scale bar: 5 cm): A. Sharp-bounded coarse sandstone encompassed in massive, oil-stained 
medium sandstone; B. Tabular (or trough) cross-bedded sandstone (Sx) with normally-graded 
foresets from coarse to medium sandstone; C. Diplocraterion (Di) and poorly sorted carbonaceous 
material located at the top of a coarsening-upward sandstone; D. Poorly sorted, muddy basal 
interval of a coset overlain by moderately bioturbated sandstone dominated by Skolithos (Sk) and 
Diplocraterion (Di) trace fossils (BI 3); E. Bioturbated sandstone containing Skolithos (Sk), 
Diplocraterion (Di), Palaeophycus (Pa), and Ophiomorpha (Op) (BI 5); F. Pyrite cement in weakly 
bioturbated sandstone (BI 1) (Op: Ophiomorpha; Pa: Palaeophycus); G. Extensively reworked 
sandstone with a high-energy marine trace fossil suite interpreted as an impoverished expression 
of the Skolithos ichnofacies (BI 6), carbonaceous stringers, and plant fragments (Di: Diplocraterion; 
Op: Ophiomorpha; Pa: Palaeophycus; Pl: Planolites). 
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Interpretation: Thick amalgamated, well sorted sandstone facies are consistent with 

deposition above fairweather wave base and continuous water agitation that inhibits mud 

deposition (e.g. El-Ghali, 2005; Buatois et al., 2012). Trace fossil assemblages indicate 

suspension feeding organisms of the Skolithos ichnofacies typically associated with high 

energy, marine environments with shifting sand substrates (Pemberton et al., 2003). A 

wave-dominated upper shoreface depositional setting is suggested, where dominant 

processes involved day-to-day alongshore and cross-shore sediment transport driven by 

shoaling waves (e.g. Walker and Plint, 1992; Hampson and Storms, 2003; Varban and 

Plint, 2008). Closely packed quartz-rich intervals are interpreted as storm lags preserved 

in the troughs associated with nearshore breaker-bar or longshore bars, just seaward from 

beach facies (e.g. Massari and Parea, 1988; Rygel et al., 2008a). Carbonaceous material 

derived from vegetated coastal areas and was introduced during major storms. Sandstone-

rich intervals resemble wave-dominated upper shoreface successions of the Upper 

Cretaceous Blackhawk Formation exposed in the Book Cliffs, USA (Van Wagoner et al., 

1990; Hampson and Storms, 2003). In contrast, minor muddy sandstone that is 

thoroughly bioturbated indicate lower energy conditions similar to weakly storm-affected 

middle to lower shoreface facies described from Neogene successions of the Eastern 

Venezuela Basin (Buatois et al., 2012). 

Facies Association 6: Mouth bar-delta front complex 

Description: The facies association consists of amalgamated very fine to medium 

sandstone beds up to 12 m thick showing both coarsening- and fining-upward trends 

(Arrowsmith 2, fig. 4.4). Sandstone facies are dominantly planar and trough cross-

laminated with local climbing ripple cross-lamination (Sr, fig. 4.10A) and low-angle planar 

lamination (Sp, fig. 4.10B). Subordinate facies include aggrading symmetrical ripple cross-

laminated sandstone (Sw, fig. 4.10A), tabular cross-bedded sandstone (Sx), and massive 

sandstone (Fig. 4.10B, 4.10C). Cross-bedding is oversteepened and overturned in places. 

Amalgamation surfaces between sandstone units are erosional with a few centimetres 

relief, and may concentrate coarse clasts, mud and coal chips, and carbonaceous stringers 

(Fig. 4.10B–4.10D). Thin mudstone drapes mantling foresets and centimetre-thick, 

massive mudstone laminae separating bedsets are pervasive throughout the facies (M, fig. 

4.10E). Mudstone interbeds may gradationally overlie sandstone and display erosional 

contacts with the overlying bed with soft sediment deformation structures (Fig. 4.10E). 

Planar laminated mudstone facies have a low bioturbation intensity (BI 0-1) with Planolites 

being the only recognisable ichnogenera (Fig. 4.10D). 
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Figure 4.10: Core photographs of facies in FA6 (scale bar: 5 cm): A. Current ripple cross-
laminated sandstone (Sr) in the lower part overlain by wave-formed cross-laminated sandstone 
(Sw), including abundant mudstone drapes. Laminated mudstones separate those facies. Note the 
load cast (arrowed); B. Low angle planar-laminated sandstone (Sp) with small coarsening-upward 
trends interpreted as products of hyperpycnal flows. Note the sharp contact with the overlying 
massive sandstone; C. Erosion surface between a massive sandstone (Sp) in the upper part 
emplaced by fully turbulent flows, and wave-formed cross-laminated sandstone (Sw) in the lower 
part. Note the abundant carbonaceous stringers and coal chips that are concentrated at the base 
of the massive bed and probably resulted from substrate entrainment; D. Poorly sorted interval 
containing coarse clasts, mudstone rip-up clasts, carbonaceous stringers, and coal chips (arrow) 
underlying low-angle planar laminated sandstone and mudstone (Sp, M); E. Interbedded normally 
graded sandstone to mudstone beds (M) and wave-formed cross-laminated sandstone beds (Sw) 
separated by thin mudstone laminae interpreted to have been deposited by low-density currents 
or hyperpycnal flows and reworked by fairweather oscillatory currents. 

 

Interpretation: The predominance of unidirectional, current-generated sedimentary 

structures suggests fluvial control on deposition. The erosional bases of sandstone units 

point to friction-dominated processes (Fielding, 2010). A river-outflow origin is suggested 

for this association, where sandstone facies are primarily deposited by sediment-laden 

hyperpycnal and decelerating flows during and after river floods, whereas the intervening 

mudstone laminae rapidly accumulated out of buoyant plumes (massive mudstone) or 

hypopycnal flows (laminated mudstone) during low discharge stages (e.g. Olariu et al., 

2010; Feldman et al., 2014). Inversely graded beds showing internal scours are typically 

the product of waxing and waning hyperpycnal flows (Bhattacharya and MacEachern, 

2009). Aggradational wave-formed ripples indicate rapid deposition from concomitant 

river flood and storm-derived currents (Mutti et al., 2003; Bhattacharya, 2010). Graded 

and deformed sandstone containing organic fragments suggest high-density gravity flows 

associated with failure down the delta front slope and/or sustained hyperpycnal flows 

(e.g. Petter and Steel, 2006; Olariu et al., 2010; Martini and Sandrelli, 2014). The 

continuous input of sand by energetic flows strongly inhibited the deposition or 

preservation of fine-grained sediments (e.g. Bhattacharya, 2010; Martini and Sandrelli, 

2014). The general lack of bioturbation likely reflects elevated environmental stress 

consistent with water turbidity, rapid sediment emplacement, and salinity fluctuations 

(MacEachern et al., 2005). This association of facies resembles the “medial delta front” 

depositional environment of Fielding (2010), but the higher proportion of sandstone 

(90%) suggests more proximal delta front and mouth bar settings as described by Martini 

and Sandrelli (2014) and Flaig et al. (2015). 
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Facies Association 7: Distal delta front and prodelta 

Description: This facies association is composed of very fine to fine sandstone and 

mudstone forming intervals up to 20 m thick (Arrowsmith 2, fig. 4.4). Heterolithic facies 

(Hh) dominate FA7 and are characterized by planar to lenticular bedding with micro-

HCS, symmetrical ripple cross-lamination, and normal grading in thicker sandstone beds 

(Fig. 4.11A, 4.11B). Sandstone laminae show sharp erosional bases and locally feature 

load casts, sunken beds, ball-and-pillow, and flame structures. The top of sandstone beds 

may show oscillatory and combined-flow ripple marks (Fig. 4.11B). Bedding is otherwise 

largely deformed by intense bioturbation (BI 1-5) mostly in the form of horizontal 

burrows (Planolites, Thalassinoides, Phycosiphon, Scolicia), but also subordinate vertical forms 

(Teichichnus, Skolithos, Ophiomorpha, Rosselia), mantle-and-swirl and escape traces (Fig. 

4.11C). Some mudstone intervals are unbioturbated with dewatering cracks (M, fig. 

4.11A).  

Sandstone beds (0.1–3 m thick) exhibit sharp erosional basal surfaces (up to 0.1 

m relief) and sharp to gradational tops (Fig. 4.11D). The most common sedimentary 

structures recognized are stacked hummocky and swaley cross-stratification (Sh), with 

bedsets locally separated by mudstone laminae showing Planolites and mantle-and-swirl 

structures (Fig. 4.11E). Symmetrical and asymmetric ripple cross-lamination (Sr, Sw), 

gently inclined planar lamination (Sp), and massive beds containing mud rip-up clasts are 

subordinate in this facies (Fig. 4.11F). Bioturbation intensities are generally lower than in 

heterolithic facies (BI 0-2), with trace fossils including Planolites, Skolithos, Palaeophycus, 

Rosselia, Ophiomorpha, and Cylindrichnus in places exhibiting a facies-crossing character (Fig. 

4.11D). Pyrite concretions are ubiquitous in all the facies. 

Interpretation: An aggradation arrangement of high-energy storm-generated sandstone 

beds alternating with suspension fallout mudstone points to a dynamic, shallow marine 

environment above storm wave base and below fairweather wave base (Hampson and 

Storms, 2003; Vakarelov et al., 2012). Gently inclined planar-laminated, normally-graded 

and massive sandstone beds containing abundant mud chips originated from hyperpycnal 

flows and sediment gravity flows generated by high sediment discharge during river floods 

and delta front collapse, respectively (e.g. Mulder et al., 2003; Bhattacharya and 

MacEachern, 2009; Fielding, 2010; Martini and Sandrelli, 2014). Unbioturbated mudstone 

with abundant dewatering structures (interpreted as syneresis cracks) and interbedded 

with hyperpycnites reflect rapid mud accumulation from density currents probably driven 
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Figure 4.11: Core photographs of facies in FA7 (scale bar: 5 cm): A. Thinly-bedded heterolithic 
facies containing micro-HCS (Hh). Facies include syneresis cracks (sy) and a low level of 
bioturbation (BI 1) (Pl: Planolites; Sk: Skolithos; Sc: Scolicia); B. Planar- to wavy-bedded heterolithic 
facies (Hh) featuring combined-flow ripples (dashed line). Trace fossils include Planolites (Pl), 
Thalassinoides (Th), and mantle-and-swirl structures (ms) (BI 1); C. Intensely reworked 
heterolithic sandstone and mudstone with an impoverished expression of the Cruziana ichnofacies 
represented by Planolites (Pl) and Thalassinoides (Th) (BI 6); D. Stacked HCS sandstone beds (Sh) 
with erosional bases showing local scours (dashed lines). The intermediate sandstone bed 
markedly fines upward and encompasses a facies-crossing Rosselia (Ro). Muddier facies (Hh) at the 
base reflect background sedimentation with elevated infaunal activity (BI 5) including Ophiomorpha 
(Op), Skolithos (Sk), Thalassinoides (Th), and Planolites (Pl); E. HCS sandstone beds (Sh) separated 
by thick mudstone laminae (storm surges and quiet water periods allowing for the deposition of 
mud by suspension, respectively). Trace fossil assemblage is restricted to Planolites (Pl) (ms: 
mantle-and-swirl structure); F. Low-angle planar laminated sandstone and mudstone (Sp, M) 
resulting from hyperpycnal flows. Arrow points to pyrite concretion with muddier sections.  
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by fresh water pulses that reduced marine salinities (e.g. MacEachern et al., 2005; 

Bhattacharya, 2010). Mantle-and-swirl structures were characteristically produced by the 

passage of organisms through fluid muds (Lobza and Schieber, 1999). Current rippled 

and structureless sandstone facies were produced by waning hyperpycnal flows 

(Bhattacharya and MacEachern, 2009; Olariu et al., 2010; Flaig et al., 2015). The lack of 

marine body fossils and the impoverished trace fossil suites, with a facies-crossing 

character, coincide with a poorly oxygenated environment with fluctuating salinity and 

energy levels (MacEachern and Bann, 2008; van Cappelle et al., 2016). Dwelling/deposit-

feeding behaviours (Planolites, Thalasinoides) are consistent with stable, low energy, marine 

conditions, whereas suspension-feeding structures (Skolithos, Ophiomorpha, Rosselia) 

indicate opportunistic colonization of sandstone beds (Fielding et al., 2006; Hurd et al., 

2014; Flaig et al., 2015). Consequently, sediment accumulation is interpreted as having 

occurred in wave-dominated distal delta front to prodeltaic settings, in front and 

alongshore from active delta lobes, as described in the Cretaceous Raptor Delta (Gani 

and Bhattacharya, 2007). 

3. Depositional model 

Figure 4.12A summarises the facies associations established from analysis of core 

sedimentology in a depositional model for the IRCM in the central NPB. It shows the 

broad fluvio-deltaic setting where all depositional environments are recognized. A 

longitudinal, dip-parallel cross-section displays the relative percentage of river-, wave-, 

and storm-generated facies, and the range in bioturbation index (BI) (sensu Taylor and 

Goldring, 1993) (Fig. 4.12B).  

3.1. Relationships between sedimentary environments 

Braided fluvial channels contained mid-stream braid bars (FA1) and graded 

downstream into tide-influenced distributary channels with large-scale bank-attached 

point bars (FA2) (Fig. 4.12A). The development of specific river patterns is particularly 

responsive to the hydrologic conditions prevailing within channels, the main factors being 

the water discharge, the rate of bedload supply, and the bedload/suspended load ratio 

(Reading, 1996; Miall, 2010). Martinsen et al. (1999) interpreted hybrid channel fills in the 

Canyon Creek Member of the Campanian Ericson Sandstone (Wyoming, USA) where 

meandering and braided patterns coexisted and varied downstream. More generally, the 

transition from braided to meandering channels has been attributed to a variety of 

allogenic and autogenic factors: 
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Figure 4.12: A. Depositional model for the IRCM summarising all sedimentary environments 
interpreted from facies associations (FA1–FA7), along with the distribution and abundance of 
ichnofacies. A river-dominated, wave-influenced, tide-affected delta showing significant 
asymmetry is suggested. The bayline may be particularly cryptic depending on the relative 
dominance of fluvial, tidal, and wave processes on the delta plain; B. Relative importance of 
fluvial, tidal, and wave processes and bioturbation index in each sedimentary environment along 
a continuous, idealized section oriented parallel to the depositional dip. River-induced structures 
evidently decrease in unchannelized settings, whereas tidal indicators dominate in embayed 
settings. Wave-induced structures dominate in the outer reaches of the delta.  

 

i) Climatic changes from cold and dry conditions where barren inter-channel and 

catchment areas promote high sediment supply and rapidly migrating braided channels, 

to warmer and wetter conditions favouring denser vegetation cover, reduced sediment 

yield, and stabilized riverbanks that are more consistent with meandering conditions 

(Blum and Törnqvist, 2000). This pattern is particularly well-established in the Pleistocene 
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record where it developed in response to decreasing water discharge and sediment load 

from periglacial sources towards the end of the last glacial maximum (e.g. Blum et al., 

2000; Leigh, 2006). 

ii) Rivers adjusting their longitudinal profile in response to base level changes. 

Periods of relative sea-level fall are largely associated with fluvial incision and sediment 

bypass because accommodation is limited. These valleys are progressively filled by 

amalgamated, braided channel-fill sandstone and conglomerate. In contrast, periods of 

high accommodation and relative sea-level highstand promote the aggradation and 

preservation of thick overbank successions that reduce bank widening and inhibit river 

braiding (Törnqvist, 1993; Shanley and McCabe, 1994). Gooley et al. (2016) interpreted 

the vertical transition from braided to meandering channel fills in the Cretaceous John 

Henry Member (Utah) as reflecting increasing accommodation in coastal plain settings. 

iii) Changes in channel slope gradient readily impacting the rate of bedload 

transport. They may alternatively originate from local mechanisms such as the terracing 

of braided surfaces favouring the inception of meandering rivers, or regional tectonic 

tilting. Moreover, relative sea-level fall may expose a shelf with a different gradient to the 

coastal plain, resulting in either erosion-dominated (when the shelf is steeper) or 

aggradational to progradational (when the shelf is shallower) fluvial prisms (Blum and 

Törnqvist, 2000). The braided to meandering channel style transition in the Permian 

Barakar Formation in the Damodar Valley (India) has typically been attributed to decline 

in slope gradient through time and finer sediment supply (Gupta, 1999).  

Tide-generated structures in FA2 evidence slack-water periods and current 

reversals probably modulated by diurnal and neap-spring tidal cycles, whereas FA1 is 

devoid of tidal indicators (Fig. 4.12B). The locally high frequency of mud drapes in FA2 

indicates increasing tidal energy with respect to the long-term dominance of river flow 

(e.g. Woodroffe et al., 1989; Plink-Björklund, 2005). In plan view, FA1 and FA2 are 

essentially delimited by the bayline. The multi-storey character of braided channels and 

the absence of tidal modifications together suggest that FA1 may have been restricted to 

upstream valleys, and FA2 sinuous streams may have represented much of the distributive 

system on the delta plain (Fig. 4.12A). A similar downstream transition from braided to 

tide-influenced distributary channels was interpreted in upper delta-plain environments 

by Pontén and Plink-Björklund (2007) in Devonian strata of the Baltic Basin. 
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Fluvial channel belts developed adjacent to, and connected with, large water 

bodies interpreted as coastal lakes, brackish water interdistributary bays, and lagoons (Fig. 

4.12A). Distributary channels entering unconfined subaqueous settings resulted in rapid 

reduction of flow velocity for the suspended load (e.g. Olariu and Bhattacharya, 2006), 

forming a variety of architectural elements in FA3 and FA4. On the active delta plain, 

channel overflows and levee breaches during floods produced crevasse splays, small-scale 

crevasse mouth bars and sub-deltas rapidly prograding into floodplain basins not directly 

connected to the marine realm (FA3) (e.g. Gugliotta et al., 2015). Sand bodies in FA3 

thus tend to record single (or stacked) flooding events, distinctly separated by anoxic 

lacustrine background sedimentation. Introduction of marine waters into coastal water 

bodies is suggested when widespread tide-generated structures in heterolithic facies are 

present and likely formed tidal flats. Tidal indicators may also be more readily preserved 

during interflood periods at low river stage (e.g. Gugliotta et al., 2015).  

Sustained connections between distributaries and relatively more open 

interdistributary bays are indicated by coarsening upward facies arrangements in FA4 

representing the progradation of small-scale mouth bars that were largely reworked by 

tidal and wave currents, and locally by the intense activity of invertebrates (Fig. 4.12B). 

At a larger scale, these sand bodies may have formed bay-head deltas or tidal inlets 

prograding into lagoons and comprising vegetated sand ridges (e.g. Charvin et al., 2010; 

Allen and Johnson, 2011; Amorosi et al., 2017) (Fig. 4.12A). An approximate water depth 

of 4 m is suggested for these enclosed basins, corresponding to the thickness of mouth 

bar complexes. The combination of FA3 and FA4 precludes high energy river mouth 

settings, and instead these facies associations are interpreted as a series of environments 

in protected back-barrier lagoons that may have been located on the downdrift flank of a 

wave-influenced, asymmetric delta (e.g. Bhattacharya and Giosan, 2003; Buatois and 

Gabriela Mángano, 2003). Modern examples of these environments show extensive mud 

deposition interbedded with fluvial-, tidal-, wave- and storm-derived sands and 

phytogenic accumulations forming river-fed bay-head deltas and flood tidal deltas capped 

by marshlands (e.g. Rodriguez et al., 2000; Bhattacharya and Giosan, 2003). In these 

settings, the bayline may become ambiguous because it may shift landward when there 

are strong connections between coastal embayments and the marine realm, or seaward 

when connections are poor (e.g. barrier attached to the shore) or when high river stages 

hamper biogenic activity or the preservation of tide-generated structures.  
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FA5 is interpreted as a wave-dominated shoreface recording no modification by 

river or tidal processes (Fig. 4.12B). Sandstone-dominated intervals in FA5 are interpreted 

as the upper shoreface subject to cross-shore currents and longshore drift, whereas mud-

prone facies represent lower energy conditions found in middle to lower shoreface 

settings. The action of storms was minimal on the shoreface, and potentially only 

recorded by clast-supported granule conglomerate lags that deposited in the erosive base 

of longshore bars, reflecting severe scouring of the shoreface profile during storm events 

(Massari and Parea, 1988; Walker and Plint, 1992; Hampson and Storms, 2003). Beach 

facies are not represented in FA5 but likely developed in a landward position of the 

associated shoreface (Fig. 4.12A). Considering the close association with deltaic facies 

associations (FA2, FA3, FA4, figure 4.4), FA5 is interpreted as the prograding updrift 

flank of the asymmetric delta (Fig. 4.12A). Such successions typically resemble wave-

dominated shoreface successions (Bhattacharya and Walker, 1992; Buatois and Gabriela 

Mángano, 2003). High sediment drift by longshore currents combined with the groyne 

effect of the river mouth downdrift possibly resulted in an arcuate to cuspate delta lobe 

morphology (e.g. Wright, 1977) as described in modern systems like the Danube delta 

(Romania) or the New Brazos delta (USA) (Rodriguez et al., 2000; Bhattacharya and 

Giosan, 2003) (Fig. 4.12A). 

The river mouth of the asymmetric delta was occupied by a mouth bar-delta front 

complex represented by FA6, essentially in the form of flood-generated sandstone facies 

interbedded with minor marine mudstone (Fig. 4.12A). The ubiquity of sandstone facies 

and local oscillatory cross-lamination indicate quasi-constant wave agitation and 

deposition above fairweather wave base. Discrete, high-relief erosion surfaces overlain by 

coarser grains and land-derived organic fragments represent the initial scouring of intense 

river flood currents, whereas overlying cross-bedded sandstone facies denote filling of 

short-lived terminal distributary channels (e.g. Olariu and Bhattacharya, 2006; 

Schomacker et al., 2010) (see 2.2. FA6; Fig. 4.4, 4.12A). These elements accompanied the 

development of lobate mouth bars by sustained river outflows in water depths no deeper 

than ~2 m according to the thickness of cross-bed sets (e.g. Fielding et al., 2010). The 

proximal delta front occupied the area downslope of the mouth bars, and graded downdip 

into distal delta front sandstone facies (FA7) as they pinched seaward into prodeltaic 

mudstone toesets (Fig. 4.12A). These areas were the locus of accelerating and waning 

hyperpycnal and homopycnal flows during high river discharge, sediment gravity flows 
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generated by delta front collapse, and buoyant plume settling during low river discharge 

(e.g. Olariu et al., 2010; Deveugle et al., 2011; Martini and Sandrelli, 2014). 

The combination of sharp-based graded beds and micro-HCS laminae in FA7 

indicate a strong linkage between river floods and storm events in the generation of 

hyperpycnal conditions, because they commonly form in low-gradient deltas with slopes 

< 0.3� (Wheatcroft, 2000; Gani and Bhattacharya, 2007; Varban and Plint, 2008) (Fig. 

4.12B). Alternatively, intervals in FA7 comprising numerous storm-generated beds may 

reflect deposition in areas alongshore from active river mouths, below fairweather wave 

base, and probably seaward of a wave-dominated shoreface (FA5) (Fig. 4.12A). There, 

lower sedimentation rates, near-marine salinity, and high water oxygenation may have 

promoted the intense infaunal activity locally recorded in FA7, notably in the form of 

deep-tier trace fossils (Rosselia, Thalassinoides, Ophiomorpha). In such settings, mudstone 

accumulation was likely associated with hypopycnal conditions and flocculation from 

buoyant mud plumes leading to more uniform deposition rates (Bhattacharya and 

MacEachern, 2009). A potential equivalent to the prodeltaic successions of the IRCM 

may be represented by the Cretaceous Dunvegan Formation (Alberta, Canada) wherein 

paleo-rivers may have routinely generated hyperpycnal plumes aided by the low salinity 

and stormy basin margin (Bhattacharya and MacEachern, 2009). Low slope gradients 

resulted in the deposition of mud within a few tens of meters of the shoreline, and 

inhibited the development of far-travelling turbidity currents (Bhattacharya and Walker, 

1991). Of note, the Cretaceous delta occupied a paleolatitude about 65–75�N and was 

deposited in a generally cool-temperate climate (McCarthy, 2002) similar to the Artinskian 

NPB.  

3.2. Bioturbation 

Bioturbation is recorded in all the depositional environments, with a bioturbation 

index ranging from 0–1 in alluvial and delta plain environments and on the proximal delta 

front, to 5–6 in the more open marine, wave-influenced elements of the deltaic system, 

although marked differences in trace fossil assemblages and associated behaviours were 

noted in the facies associations. Brackish water, impoverished trace fossil suites in braided 

(FA1) and distributary (FA2) channel fills typically record exceptional or common 

influence of tidal seawater. Variable bioturbation of floodplain and lagoonal 

environments (FA3 and FA4) reflects intermittent connections to the marine realm and 

episodic tide influence leading to common salinity fluctuations. Trace fossil suites in FA4 
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elements are ascribed to suspension-feeding faunas that typically denote the opportunistic 

colonisation of the sandy substrate of bay-head deltas during low river stages. Trace 

fossils are scarce and assemblages show exceedingly low diversity in delta front sandstone 

facies (FA6) attributed here to high sedimentation rates, turbid water columns, and fluvial 

domination of the delta lobe (e.g. Gingras et al., 1998). In contrast, pervasive burrowing 

of shoreface sandstones by dwelling/deposit-feeding organisms (FA5) reflects reduced 

sedimentation rates, stable depositional conditions, and near-marine salinity of a wave-

dominated setting. Finally, trace fossil suites in prodeltaic mudstone (FA7) may be 

impoverished and low in abundance in the axis and on the downdrift side of the river 

mouth because of abundant suspended sediment, and more diverse on the updrift flank 

where well-oxygenated waters and cohesive substrates prevailed. 

3.3. Summary 

The locally sharp variations in process regimes in adjacent depositional facies 

within the IRCM (Fig. 4.12B) and internal facies architecture indicate deposition in a 

complex series of environments here interpreted as an overall asymmetric deltaic system. 

Fluvial processes chiefly drove sediment accumulation on the IRCM delta, particularly in 

channelized environments resulting in stacked mid-stream bars (FA1), point bars (FA2), 

crevasse splays (FA3), small-scale mouth bars (FA4), and larger mouth bars filling 

terminal distributary channels (FA5). Delta front areas (FA6) may have also been largely 

impacted by river floods, causing the rapid aggradation of sediments and episodic delta 

slope failures. Wave-dominated settings recorded in shoreface sandstones (FA5) are 

interpreted as the updrift, wave-dominated flank of the delta, likely emphasised by the 

groyne effect exerted by high riverine discharge blocking sediment drift for most of the 

year, as described in ancient and modern examples (e.g. Rodriguez et al., 2000; Fielding 

et al., 2005; Gani and Bhattacharya, 2007). A storm imprint is recognised in the prodeltaic 

facies that accumulated below fair-weather wave base and alongshore the main river 

mouth, notably as tempestites and intensely bioturbated substrates (FA7). Tidally 

generated strata likely developed  downdrift of the delta, allowing shallow embayments 

such as floodplain basins and back-barrier lagoons (FA3, FA4), and confined distributary 

valleys, to focus tides and increase tidal energy (e.g. Olariu et al., 2012b; Burton et al., 

2016). Intermittent connections of these coastal water bodies to the marine realm, and 

thus the potential for tidal and wave action, was largely dependent upon the presence and 

continuity of shore-parallel barrier bars reworked by longshore drift from river mouth 

bars (Fig. 4.12A). 
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The process classification scheme of Ainsworth et al. (2011) effectively describes 

mixed-influence marginal marine systems by assigning their dominant, secondary, and 

tertiary processes to the first, second, and third term of the classification code, 

respectively. A classification category is assigned based on estimating the relative 

proportion of sedimentary structures that can be attributed to each process. The process 

categories have no spatial component and can be applied to any hierarchy levels, as shown 

for the individual facies associations in figure 4.12B. The entire IRCM system may 

consequently be classified as fluvial-dominated, wave-influenced, and tide-affected. This 

holistic model was likely to be regularly modified in response to basinal and local controls 

that can alter the relative dominance of wave, tidal, and fluvial energy, and subsequently 

change the spatial arrangement of depositional facies along the shoreline.  

4. Sequence-stratigraphic architecture 

4.1. Electrofacies 

Regional correlation of sedimentary environments in this study is based on 

assigning a specific GR log response (i.e. electrofacies) to each facies association. This is 

achieved by: i) identifying distinguishable GR motifs in cored intervals wherein 

depositional environments have been interpreted and establish diagnostic criteria 

including the general shape of the GR response (bell, funnel, blocky, serrated, sensu 

Krassay, 1998), sand:mud ratios, and absolute GR counts; ii) recognising distinct 

lithostratigraphic units in uncored intervals and inferring corresponding facies 

associations using the diagnostic features of electrofacies (Table 4.2). 

4.2. Bounding formations  

The IRCM is underlain by the upper Sakmarian–lower Artinskian High Cliff 

Sandstone, a ~100 m thick coarsening-upward lithostratigraphic unit dominated by highly 

bioturbated, planar-laminated, cross-bedded and HCS sandstones recording deposition 

in a prograding suite of lower shoreface to beach ridge environments (Mory and Iasky, 

1996; Eyles et al., 2006; Mory and Haig, 2011) (Fig. 4.2). The dominance of sandstone 

facies and regional distribution of the High Cliff Sandstone makes it readily identifiable 

in wells, where GR logs typically exhibit blocky to funnel-shaped responses and low 

counts (50-80 API) similar to the type section on the Irwin Terrace of the NPB (Fig. 

4.13). There, the High Cliff Sandstone is conformably overlain by a several meter thick 

mudstone unit interpreted in Chapter 3 as coastal plain facies constituting the base of the 

IRCM. 
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Table 4.2: Characteristics and interpretation of electrofacies (gamma-ray profiles) calibrated from 
interpreted cored intervals of the Irwin River Coal Measures in the Northern Perth Basin. 

 

FA name Gamma-ray 
response and 
counts (API) 

Gamma-ray 
profile (depth in 
mMDRT) 

Interpretation 

FA1: Braided 
fluvial channel 
belts 

Overall blocky to 
weakly funnel-
shaped 
50-85 

Fluvial aggradation; weak 
coarsening upward trends 
represent prograding mid-
stream bars (Bridge et al., 
2000) 

FA2: 
Distributary 
channel belts 

Weakly bell-shaped  
50-125 

Fining upward character of 
fluvial point bars; rare 
overbank mudstones separate 
sand bodies 

FA3: Coastal 
floodplain 

Serrated  
80-210 

Mudstone deposition in 
coastal water bodies with 
episodic river flood- or tide-
generated sand bodies 

FA4: Small-scale 
(subtidal) mouth 
bar 

Funnel-shaped, 
serrated 85-225 

Coarsening/sandying upward 
successions reflecting sand 
body progradation onto 
lagoonal mudstones; local 
coal 

FA5: Shoreface Cylinder- to weakly 
funnel-shaped  
40-110 

Homogeneous, sandstone-
rich, longshore/cross-shore 
bar progradation in upper 
shoreface settings; lower 
shoreface muddy sandstones 
at base  

FA6: Mouth 
bar-delta front 
complex 

Funnel-shaped 
becoming 
cylindrical upwards  
75-120 

Sandstone-dominated, 
coarsening-upward facies 
associated with mouth bar-
delta front progradation 

FA7: Distal delta 
front and 
prodelta 

Serrated; locally 
funnel-shaped  
60-210 

Mudstone deposition below 
fair-weather wave base with 
episodic storm- or flood-
derived sandstone intervals 
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Figure 4.13: Panorama of the High Cliff Sandstone and mudstone-dominated upper Holmwood Shale at the type section on the Irwin Terrace (see Fig. 
4.1 for location). An outcrop GR log highlights dominant sandstone facies and the overall coarsening upward trend of the High Cliff Sandstone. These 
facies contrast with the heterogeneous IRCM, which aids identification on well logs across the basin. Yellow line represents a major stratigraphic surface 
(see fig. 4.18A).  
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The IRCM is regionally overlain by the upper Artinskian–Kungurian Carynginia 

Formation, a ~300 m thick mudstone-dominated succession with interbedded sandstones 

deposited in cold marginal-marine to open-marine environments below fairweather wave 

base (Mory and Iasky, 1996; Eyles et al., 2006; Mory and Haig, 2011) (Fig. 4.2). This 

formation is composed of stacked, coarsening upward units several meters thick that were 

interpreted as progradational marine parasequences bounded by flooding surfaces (Haig 

et al., 2017) (Fig. 4.14). This stratal pattern and mudstone-rich facies typically display high 

count GR profiles with stacked funnel-shaped motifs (Fig. 4.14, 4.15). A conspicuous 

interval yielding high GR counts, high phosphorous and strontium contents, P. sinuosus 

palynomorphs (Fig. 4.14), and abundant organic-cemented siliceous agglutinated 

foraminifera (Haig et al., 2017), regionally overlies the IRCM. The basal surface of this 

interval has been associated with the onset of full-marine conditions (with limited deltaic 

affinities) in the late Artinskian in response to a rapid increase in subsidence across the 

basin in the late stages of basin rifting (Eyles et al., 2006). The regional and continuous 

character of this surface is here used as a datum for stratigraphic correlations (Fig. 4.15). 

4.3. Regional correlation 

The identification of specific electrofacies and well-to-well log correlations along 

three northwest-trending cross-sections has been used to identify facies associations 

vertically and laterally (Fig. 4.15). The mid-Artinskian fill of the NPB is dominated by 

marginal-marine facies belts and seemingly retrogradational, including fluvial channel fills 

overlying regionally extensive erosion surfaces (Fig. 4.15). These erosion surfaces are used 

to subdivide the IRCM into depositional sequences (sequences I-III) that can be mapped 

throughout the study area. The stratal stacking patterns within individual sequences are 

described below on the basis of their specific electrofacies (Table 4.2), and their sequence 

stratigraphic significance is discussed. Paleogeographic reconstructions, featuring major 

faults, and thickness maps are proposed to highlight important phases of shoreline and 

delta plain reorganisation. 

4.3.1. Sequence I 

Electrofacies description: The High Cliff Sandstone is regionally overlain by blocky, 

funnel- and bell-shaped, weakly serrated electrofacies with low GR counts interpreted as 

braided channel belt fills (FA1) and tide-influenced, meandering channel belt fills (FA2) 

on the basis of their characteristic GR motifs and core studies from Corybas 1 and 

Mountain Bridge 1 (Fig. 4.4, 4.15; Table 4.2; Appendices A.3). The thickness of fluvial  
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Figure 4.14: Lithology, gamma-ray, and phosphorous count log of the IRCH 1 core illustrating 
the transition between the IRCM and the overlying Carynginia Formation. Contact is interpreted 
as a regional marine flooding surface coinciding with massive mudstone facies, high gamma-ray 
counts, high phosphorous and strontium counts and the first occurrence of P. sinuosus 
palynomorphs. This surface is used as a datum for stratigraphic correlations across the basin. 
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Figure 4.15: Correlation panels showing the stratal architecture of the IRCM across seventeen 
well GR logs along three northwest-trending cross-sections across the central NPB. The upper 
IRCM and Carynginia Formation are absent at Mentelle 1, Cliff Head 5, and Vindara 1 due to 
mid-Permian erosion. Datum used for correlation is a major flooding surface located at the top 
of the IRCM. Depositional environments are interpreted from electrofacies calibrated with coeval 
cored intervals (see Appendices A.2. for logged core sections). The formation is subdivided into 
three sequences (I, II, III) and eight systems tracts bounded by key stratigraphic surfaces. 
Palynological assignments, structural dips, and sand body orientation were taken from open-file 
well completion reports. Structural map is modified from Jones et al. (2011) and Tupper et al. 
(2016).  

 

sand bodies up to 30 m thick at Senecio 3, fig. 4.15A) with irregular basal erosion surfaces, 

and their distinct stratigraphic location at the High Cliff Sandstone–IRCM boundary, 

together suggest multistorey, multilateral channel fill complexes developed on a regional, 

high-relief surface of fluvial erosion (e.g. Hampson et al., 2012). These facies associations 

can be traced across most of the study area and form a sandstone sheet that pinches out 

to the southwest in Vindara 1, Cliff Head 5, and Mentelle 1 (Fig. 4.15C). At these locations 

FA1 and FA2 grade laterally into funnel-shaped electrofacies with low counts interpreted 

as mouth bar-delta front complexes (FA6), that may have been fed by coeval distributary 

channels, and wave-dominated shoreface sandstones (FA5; Table 4.2) as interpreted in 

an equivalent cored interval in Cliff Head 6 (Fig. 4.4). A thickness map of these 

associations exhibits an overall northerly trend with apparent thinning towards the west, 

south, and southeast (Fig. 4.16A). Borehole image data from Cliff Head 5 corrected for 

tectonic dip suggest south-trending low-angle dipping surfaces associated with 

alongshore deposition in FA5 (Ritters, 2005) (Fig. 4.15C, 4.16B).  

In the northern wells, fluvial facies are overlain by high count, bell-shaped GR 

motifs that are interpreted as FA3 mudstones and intervening sandstones and coals (e.g. 

Corybas 1, fig. 4.15A; Table 4.2). These facies grade laterally into FA2 channel belt fills 

(e.g. Senecio 3, fig. 4.15A) and together suggest deposition principally on a delta plain 

occupied by tide-influenced distributary channels and interdistributary lakes and mires.  

These packages are regionally overlain by a surface characterised by high GR counts 

underlying funnel-shaped electrofacies that can be alternatively serrated or blocky (Fig. 

4.15). Serrated, coarsening-upward motifs, that are common in the southern sector, are 

attributed to the deposition of small-scale mouth bars (FA4) in lagoons, crevasse mouth 

bars on floodplain basins (FA3), and probably isolated meander belts (e.g. Jingemia 1, fig. 

4.15B; Table 4.2). In contrast, blocky patterns in wells to the northeast are associated with 

clean sandstones found in river mouth bar (FA6) (e.g. Senecio 3, fig. 4.15A) or shoreface 
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facies (FA5) (e.g. Hovea 2, fig. 4.15B). These facies are locally overlain by serrated 

patterns interpreted as delta-top associations such as lagoonal mouth bars and coastal lake 

fills (FA3, FA4) (e.g. Waitsia 1, fig. 4.15A). The combination of FA2, FA3, and FA4 to 

the west of the study area, and genetically related FA6 to the east is interpreted as river-

dominated delta plain and delta front environments (Fig. 4.16C). Local FA5 represent 

wave-dominated settings (Fig. 4.16C). The thickness of Sequence I ranges between 37 m 

in Hovea 2 (Fig. 4.15B) and 129 m in Irwin 1 (Fig. 4.15A). 

 

Figure 4.16: Paleogeographic reconstructions and thickness maps of selected systems tracts 
illustrating major changes in delta plain and shoreline organisation. A. Thickness distribution (in 
meters) of LST1 showing a broad northerly trend in deposition between the Beagle Fault (BF) 
and the Mountain Bridge Fault (MBF). The thickness map was generated from 62 wells in the 
NPB (GF: Geraldton Fault; AF: Allanooka Fault; ATF: Abrolhos Transfer Fault; BSF: Beharra 
Springs Fault); B. Paleogeography during LST1 deposition coinciding with the inception of major 
incised valleys in the central NPB. Their location is potentially related to the distribution of 
growth faults in the region; C. Paleogeography during HST1 deposition showing distributary belts 
prograding into a shallow sea to the east. The delta was markedly asymmetric, with a wave-
dominated coastline flanking lakes and lagoons to the south; D. Thickness distribution (in meters) 
of LST2 illustrating the northerly trend of valley facies flanked by structural highs and splaying to 
the northeast. Thickness map generated from 62 wells; E. Paleogeography during HST2 
deposition, with bayhead deltas prograding northwards into lagoons to the south, and larger 
distributary belts prograding southwards to the north; F. Paleogeography during TST3 deposition 
coinciding with widespread flooding and delta front to prodelta sedimentation, except to the 
northwest. 
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Sequence stratigraphic interpretation: The serrated GR character of FA2 units records 

preservation of mudstone intervals within channel sand bodies and a lower degree of 

channel amalgamation compared to the blocky character of FA1 units related to their 

avulsion-dominated style generally hampering the accumulation of overbank deposits 

(Blum and Törnqvist, 2000). The upward shift from tide-influenced, meandering to 

braided river systems is well documented in prograding distributary belts (e.g. Pontén and 

Plink-Björklund, 2007), whereas the transition from braided to tide-influenced 

distributary channels implies a landward shift of the mean high tide associated with 

relative sea-level rise (e.g. Plink-Björklund, 2005). The multistorey, multilateral character 

of channel-fill belts is indicated by their 10s meter scale thickness and laterally continuity. 

They also overlie a widespread fluvial erosion surface on nearshore facies indicating a 

significant seaward shoreline shift. Together with an upward change from fluvial to tide-

influenced deposition, these features support an incised valley interpretation at the base 

of Sequence I (LST1), as widely described elsewhere (e.g. Posamentier and Vail, 1988; 

Zaitlin et al., 1994; Nichol et al., 1996; Gibling, 2006). The irregular relief of this basal 

erosion surface highlights accumulation of sediments in the lowermost portion of major 

inherited topographic incisions that may be structural in origin (e.g. slope-break scour 

pools, Ielpi and Ghinassi, 2014a) because their thickness distribution appears closely 

linked to growth faults. Incised valleys deposits may have accumulated on the hanging 

wall of the Beagle Fault, whereas a northern prolongation of the Beharra Springs Fault 

bounded a structural high and delineated the valley to the east (Fig. 4.16A, 4.16B). In 

contrast, the uniform thickness across the Mountain Bridge Fault, Allanooka Fault and 

Abrolhos Transfer Fault suggests that they were inactive at that time (Fig. 4.16A). 

In this context, the vertical change in fluvial architecture can be related to rising 

base level as paleovalleys were infilled (e.g. Plink-Björklund, 2005; Ielpi and Ghinassi, 

2014a). Transgressive strata (TST1) are essentially limited to tide-influenced meandering 

channel fills deposited within lowstand incised valleys. Limited accommodation may have 

prevailed on the structurally-elevated valley interfluves. Nevertheless, local sharp basal 

contacts of FA3 onto FA1 is interpreted as major avulsion events, possibly driven by the 

autocyclic readjustment of channel belts as delta lobes switched, and leaving large areas 

inactive and prone to waterlogging (e.g. Amorosi et al., 2005). 

In the southwestern sector, the lateral facies shift from channel fills into 

distributary mouth bars is more tentatively explained by lowstand shoreline progradation 

during normal regression. In this context, delta lobes developed in the vicinity of incised-
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valley outlets, as described elsewhere (e.g. Olariu and Steel, 2009). Alternatively, north-

trending half-graben may have affected fluvial pathways in funnelling sediments 

northwards, as indicated by the distribution of basal valley deposits (Fig. 4.16A). This, 

along with the northerly orientation of FA5 sand bodies, suggests that incised valley 

systems and the western shoreline were poorly connected during lowstand (Fig. 4.16B). 

Coarsening upward motifs overlying a continuous surface of high GR counts 

indicate progradation in the form of small- and large-scale mouth bars (FA4, FA6), 

crevasse splays (FA3), and isolated meander belts (FA2) progressively filling lower delta 

plain lakes, lagoons, and prodeltas (FA3, FA4, FA7). A highstand systems tract (HST1) 

origin is proposed for these deposits. Although estuarine conditions may persist during 

early highstand stages (e.g. Allen and Posamentier, 1993; Plink-Björklund, 2005), it is 

likely that most valleys in the study area were entirely flooded by the end of the 

transgressive phase. Sand deposition was apparently focused to the north, where 

distributary channel-fills, delta front elements, and wave-dominated shoreface facies co-

existed, coinciding with normal regression during highstand (Fig. 4.15A, 4.16C). In 

contrast, the southern area was occupied by large water bodies and more discrete 

distributary belts, resulting in enhanced mud deposition interbedded with local mouth bar 

sands (Fig. 4.16C). Depositional trends indicate southeastward progradation towards the 

Beharra Springs Terrace and Dandaragan Trough, where the Mountain Bridge Fault may 

have played a significant role in controlling shoreline orientation (Fig. 4.15, 4.16C). 

4.3.2. Sequence II 

Electrofacies description: To the north and west of the study area, Sequence I is 

abruptly overlain by blocky to bell-shaped electrofacies with very low GR counts (e.g. 

Bunjong 1, fig. 4.15B; Mentelle 1, fig. 4.15C). These electrofacies are interpreted as 

braided and meandering channel fill belts (FA1, FA2) overlying a major erosion surface, 

which also coincides with an interpreted core from Corybas 1 (Fig. 4.15A). The large 

thickness (50 m at Yardarino 2, fig. 4.15A) and inferred lateral extent of sand bodies 

suggest multistorey, multilateral channel belts. The thickness distribution of these 

packages highlights a NNE-trend parallel to regional faults (Fig. 4.16D). These facies 

pinch out to the south and east into more serrated motifs interpreted as heterolithic lake 

or lagoon fills (FA3, FA4) (e.g. Jingemia 1, fig. 4.15B, 4.16D). These facies are overlain 

by coarsening upward facies arrangements with high GR counts that are assigned to 

prodelta elements (FA7) to the southeast (e.g. Mountain Bridge 1, fig. 4.15C), and 
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lagoonal mudstones and mouth bar/tidal inlet sandstones (FA4) to the north and west 

(e.g. Bunjong 1, fig. 4.15B) on the basis of a cored interval in Dunsborough 2 (Fig. 4.4, 

4.15B). They appear to fill large depressions in Senecio 3 and Irwin 1 (Fig. 4.15A). In the 

central and northern areas, these facies associations are overlain by poorly organized 

stratal packages. Analysis of a cored interval in Corybas 1 shows aggrading FA3 

mudstones with minor crevasse channel fills, splays, and mire coals (e.g. Senecio 3, fig. 

4.15A). In the some wells, heterolithic facies are capped by thin bell-shaped electrofacies 

interpreted as meandering channel fills forming an extensive, tabular belt (e.g. Irwin 1, 

fig. 4.15A; Vindara 1, fig. 4.15C). The thickness of Sequence II varies from 70 m in 

Senecio 3 (Fig. 4.15A) to 158 m in Vindara 1 (Fig. 4.15C). 

Sequence stratigraphic interpretation: The multistorey, multilateral character of FA1 

and FA2 sand bodies overlying a widespread fluvial erosion surface supports their 

interpretation as incised valley fills formed during relative sea-level fall (LST2) 

(Catuneanu, 2006). Paleocurrent data indicate NNE-directed flows for these facies 

associations at Cliff Head 5 (Ritters, 2005) that are consistent with the NNE thickness 

trend parallel to the general strike of growth faults in the region (Fig. 4.16D). It is 

postulated that the incised valley was delineated by an elevated Beharra Springs Terrace 

to the east and started to expand to the north of the Dongara Terrace, past a local splay 

of the Mountain Bridge Fault (Fig. 4.16D). The limited thickness and lateral extent, and 

the more heterolithic infill of paleovalleys potentially highlight lower magnitude of base 

level fall and associated fluvial incision than interpreted for Sequence I, although 

significant portions of Sequence I may have been removed in areas with low 

accommodation such as the Beagle Ridge (e.g. Mentelle 1, fig. 4.15C). To the south, the 

large thickness of lowstand sand bodies with overall retrogradational stacking patterns 

suggest that valleys became estuaries that were backfilled by FA2 during the subsequent 

transgression. These facies are, therefore, assigned to the transgressive systems tract 

(TST2), as documented in dominantly alluvial strata by Shanley and McCabe (1991) who 

attributed tidally modified channel fills consisting of a mixture of bedload and suspended 

load deposits and lower degrees of channel amalgamation to transgressive settings. To 

the east and southeast, transgressive strata essentially consist of the heterolithic, fining 

upward fill of delta plain water bodies that flooded the lowstand paleovalleys as they were 

abandoned. 

The late phase of deposition of Sequence II is composed of coarsening upward 

cycles interpreted as prograding FA4 mouth bars to the north and west, and prograding 
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FA6/FA7 delta front and prodelta elements to the southeast (Fig. 4.16E), locally forming 

marine or non-marine parasequences (Fig. 4.15B, 4.15C). Their stratigraphic position and 

coarsening upward motifs support deposition of a highstand systems tract (HST2) 

overlying an interval featuring very high GR counts, notably in landward lacustrine 

deposits (e.g. Corybas 1, fig. 4.15A, 4.16E). Highstand strata to the north appear to incise 

into the underlying LST2 and TST2, suggesting transgressive ravinement (Fig. 4.15A). 

Lagoonal facies are in places stratigraphically overlain by FA3 mudstones capped by more 

amalgamated meander-belt sandstones forming a sheet-like geometry (Fig. 4.15A, 4.15C), 

a characteristic feature in late highstand coastal settings (e.g. Corbett et al., 2011; 

Hampson et al., 2012).  

4.3.3. Sequence III 

Electrofacies description: In the central and southeastern areas, Sequence II is abruptly 

overlain by thick bell-shaped electrofacies with low counts. Core facies at the same 

stratigraphic level in the nearby Beharra 2 (Appendices A.2.) suggests these electrofacies 

are amalgamated braided and meandering channel fills (FA1, FA2) that were deposited 

on a major fluvial erosion surface (e.g. Jingemia 1, Fig. 4.15B; Arrowsmith 1, Fig. 4.15C).  

Fluvial facies associations and highstand deposits of Sequence II are regionally 

overlain by strongly serrated, crudely funnel-shaped electrofacies interpreted as prodelta 

mudstones interbedded with river-flood and storm-generated sandstone beds (FA7) 

similar to the cores in Arrowsmith 2 (Fig. 4.4) and Woodada Deep 1. Isolated proximal 

delta front facies (FA6) may be recognised locally on the basis of the more pronounced 

funnel shape and low GR counts (e.g. Arrowsmith 1, fig. 4.15C), and suggested by facies 

at a similar stratigraphic level in Arrowsmith 2 (Fig. 4.4). The thickness of these strata 

ranges between 37 m in Yardarino 2 (Fig. 4.15A) and 163 m in Arrowsmith 2 (Fig. 4.15C). 

The absence of FA6 to the north points to a southern sediment provenance. These facies 

are regionally overlain by a major flooding surface and marginal-marine to deep-marine 

mudrocks of the Carynginia Formation.  

Sequence stratigraphic interpretation: Multistorey FA1 and FA2 channel fills overlying 

major fluvial erosion surfaces are interpreted as discrete incised valley fills locally 

developed to the east and southeast, and established during falling relative sea-level 

(LST3). Lowstand strata are absent between these valleys. The limited thickness and 

lateral extent of paleovalleys suggest a lower magnitude base level fall than Sequence II, 

whereas their locations on the downthrown side of the Beagle Fault to the southeast may 
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imply a structural origin for their inception (Fig. 4.15C). Early transgressive strata are 

interpreted as tidal bars formed within paleovalleys that were backfilled during the initial 

phase of relative sea-level rise.  

Overlying FA6 and FA7 provide evidence for a major landward shift of facies 

overlying a regional flooding surface (Fig. 4.16F). This succession can be partitioned into 

three to five coarsening upward, 20 to 50 m thick parasequences (bounded by flooding 

surfaces) that are traceable for tens of kilometres (Fig. 4.15A, 4.15C). They record 

prodelta and delta front progradation to the north during normal regression. The general 

fining upward trend of parasequence sets and the presence of delta front deposits in the 

basal parasequence at Arrowsmith 1 unequivocally indicate backstepping characteristic of 

the transgressive systems tract (TST3). The coarsening upward style of the Carynginia 

Formation supports highstand deposition overlying a maximum flooding surface. 

5. Discussion 

5.1. Sequence model and facies partitioning 

Changes in accommodation and sediment supply in a relative sea-level cycle are 

likely to significantly impact coastal deposition by modifying the physiography of basins 

(size and slope of catchment areas, shelf width, wave fetch), shifting the balance of 

process regimes, and in turn altering the overall morphology of sedimentary bodies (e.g. 

Allen and Posamentier, 1993; Holz, 2003; Plink-Björklund, 2005; Allen and Johnson, 

2011; Chentnik et al., 2015). Low-lying areas such as delta plains are particularly 

responsive to these changes due to their proximity to the shoreline and consequently the 

variety of process regimes affecting them (Galloway, 1975; Boyd et al., 1992; Ainsworth 

et al., 2011). The Artinskian basin fill of the NPB has been analysed to establish a 

sequence model for subdividing marginal-marine deposits in response to base level 

changes, and relate deltaic sedimentary environments and associated process regimes to 

specific accommodation and sediment supply conditions within a stratigraphic cycle. 

Falling-stage strata have not been clearly identified in the study area, although sharp-based 

sand bodies underlying the IRCM in Irwin 1, Cliff Head 5, and Mentelle 1 may represent 

the marine expression of a falling stage systems tract (Fig. 4.15A, 4.15C). 

5.1.1. Lowstand systems tract 

In fluvial to coastal settings, a common assumption is that changes in the degree 

of amalgamation of fluvial channels adequately reflect fluctuations in accommodation 
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(e.g. Shanley and McCabe, 1994; Miall, 1996; Blum and Törnqvist, 2000). In Shanley and 

McCabe (1991)‘s architectural model for alluvial incised valley fills in the Kaiparowits 

Plateau (Utah), paleovalley floors are typically occupied by sandy to gravelly bedload 

deposits organised into amalgamated, coarsening upward channel-fill complexes. In the 

IRCM, high-relief fluvial erosion surfaces overlain by amalgamated channel fills are 

attributed to subaerial exposure and valley incision triggered by base level fall. Multistorey, 

multilateral FA1 sheets that are up to 30 m thick and dominated by sandy to gravelly 

facies such as LST1 are thus intuitively attributed to the fill of these paleovalleys during 

the ensuing phase of slow base level rise (Posamentier and Vail, 1988; Catuneanu et al., 

2009) (Fig. 4.15, 4.17). Closely spaced erosion surfaces and the absence of overbank 

deposits in FA1 (Fig. 4.4) reflect the poor preservation of individual channel storeys and 

limited aggradation in low accommodation conditions (e.g. Martinsen et al., 1999; 

Posamentier, 2001). In this context, alluvial elements occupying valley floors were likely 

spatially restricted and may have been fed by lateral gullies still undergoing erosion during 

the first phases of valley filling (e.g. Ielpi, 2012). 

In distal settings attached to incised valley outlets, coeval lowstand deltaic wedges 

that successively comprise FA7 and FA6, and adjacent wave-dominated coastlines 

represented by FA5, developed during normal regression as a result of sediment bypass 

in proximal areas and continuous basinward shift of facies belts (e.g. LST1 in Vindara 1, 

fig. 4.15B, 4.17). A shoreface fed by braided channel systems may record a combination 

of debris flows generated by delta-front collapses (Nemec and Steel, 1984; Blikra and 

Nemec, 1998) and turbulent sediment gravity flows that originated from river flood-

generated hyperpycnal flows (Nemec, 1990, 1995; Mulder and Alexander, 2001). Such 

processes typically form tabular ungraded pebbly sandstones similar to the succession 

described by Le Blanc Smith and Mory (1995) and Eyles et al. (2006) capping the High 

Cliff Sandstone at the type section on the Irwin Terrace, which is, therefore, interpreted 

as the marine expression of a lowstand systems tract (Fig. 4.18A). Lowstand delta front 

and wave-dominated shoreface elements overlie a correlative conformity (Fig. 4.18A). 

Distributary channel fills (FA1/FA2) overlying FA5/FA6 represent a time of maximum 

progradation of the depositional system, and hence maximum regression (Helland-

Hansen and Martinsen, 1996) (e.g. LST1 in Cliff Head 5, fig. 4.15C; Cliff Head 6 core, 

fig. 4.4; fig. 4.17, 4.18A).  
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Figure 4.17: Proximal and distal sequence interpretations for the IRCM. Sedimentary environments (FAs) recognised in core are assigned to system tracts separated 
by key stratigraphic surfaces. Depositional sequences are bounded by subaerial unconformities and their correlative conformities. The maximum regressive surface 
potentially translates landward into a tidal ravinement surface at the base of estuarine channel fills. The maximum flooding surface may coincide seaward with a wave 
ravinement surface overlain by a transgressive lag. See figure 4.4 for key to logs (IVF: incised valley fill).  
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Figure 4.18: A. View of the uppermost High Cliff Sandstone at the type section on the Irwin 
Terrace, showing interbedded tabular pebbly sandstones (pale grey) and bioturbated fine muddy 
sandstones (dark grey) interpreted as coarse-grained delta lobe equivalent to FA6. These beds are 
overlain by laterally continuous trough cross-bedded sandstones interpreted as braid-plain 
channel fills (FA1). FA1 and FA6 are genetically related and separated by a regional erosion 
surface (white line). Deltaic elements may reflect the marine expression of a lowstand systems 
tract overlying a correlative conformity (yellow line, see also Fig. 4.13). Circles point out local 
boulders; B. Core photograph of intensely bioturbated pyrite-rich mudstone and HCS sandstone 
in FA7 interpreted as a distal condensed section coinciding with maximum flooding. Trace fossil 
assemblage includes Planolites (Pl), Thalassinoides (Th), Scolicia (Sc), Teichichnus (Te), Diplocraterion (Di), 
Planolites (Pa), and mantle-and-swirl structures (ms) (scale bar: 5cm). 

 

5.1.2. Transgressive systems tract 

Transgressive, marginal-marine strata in the IRCM are essentially composed of 

meandering channel belt fills (FA2) and floodplain basin deposits (FA3), forming 

distinctive fining upward successions (Fig. 4.15). The aggradational to retrogradational 

character of these successions indicate renewed accommodation and reduced sediment 

supply (e.g. Plink-Björklund, 2005; Gooley et al., 2016). In the upstream domain, FA2 

arguably represents the early transgressive backfill of paleovalleys produced by fluvial 

incision during base level fall (e.g. TST2, fig. 4.15B, 4.17). In contrast, thick intervals of 

FA3 are attributed to late transgressive lacustrine and swamp environments in valleys and 

interfluves due to poorer drainage causing channel belt deactivation (e.g. TST2 in Corybas 

1, fig. 4.15A) (e.g. Shanley and McCabe, 1994). Coal seams may have developed in these 

settings when peat-forming aggradation matched the increasing accommodation; mires 

were eventually drowned during the late stages of basin expansion (e.g. basal coal seam 
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in Dunsborough 2 core, fig. 4.4) (e.g. Davies and Gibling, 2003; Jerrett et al., 2011; 

Amorosi et al., 2017).  

Cores that intersect these transgressive strata (i.e. FA2) contain multiple evidence 

of tidal modulation indicating enhanced tidal energy that commonly coincides with the 

backfilling of river valleys by estuarine facies, typically in the form of tidal channels and 

flats (e.g. Dalrymple et al., 1992; Allen and Posamentier, 1993; Dalrymple and Zaitlin, 

1994). In addition, areas focusing strong tidal currents may have emphasised tidal 

ravinement, thus creating supplementary accommodation for the deposition of locally 

over-thickened estuarine fills by removing older lowstand strata (e.g. TST2 in Yardarino 

2, fig. 4.15A, 4.17) (e.g. Allen and Posamentier, 1993; Willis and Gabel, 2003; Plink-

Björklund, 2012). Stratigraphic implications are that the bayline, which in plan-view 

represents the landward limit of marine influence in coastal settings (cf. depositional 

model, fig. 4.12A), corresponds to the transgressive onlap surface (i.e. the maximum 

regressive surface of Catuneanu et al. (2009)) separating braided and meandering channel 

fills of the lowstand systems tract from tide-influenced (estuarine?) deposits of the 

transgressive systems tract (e.g. Allen and Posamentier, 1993; Zaitlin et al., 1994; Buatois 

and Gabriela Mángano, 2003; Plink-Björklund, 2005) (Fig. 4.17).  

The locally thin or even absent transgressive strata overlain by lagoonal facies (e.g. 

Senecio 3, fig. 4.15B; Arrowsmith 1, fig. 4.15C) may record extensive ravinement during 

the landward retreat of tidal inlets (Cattaneo and Steel, 2003). In these settings, estuaries 

were likely converted into lagoons receiving limited clastic input during the late 

transgressive phase (e.g. Amorosi et al., 2005; Desjardins et al., 2009). Sediments 

deposited during maximum flooding in these lagoons typically formed organic-rich, 

laminated mudstones containing syneresis cracks and were thoroughly bioturbated by 

impoverished brackish water trace fossil suites (e.g. Planolites, Thalassinoides) (Fig. 4.8D, 

4.17). 

In downstream areas, delta front and prodelta elements (FA6, FA7) containing 

pervasive indicators of storm currents reworking strongly suggest that the landward 

migration of fairweather and storm wave bases coincides with significant scouring of 

older strata, especially lowstand distributary lobes or valley interfluves (e.g. TST3, fig. 

4.15) (e.g. Allen and Posamentier, 1993). The absence of coeval distributary channel fills 

may imply that TST3 constituted a shoreline-independent prodeltaic wedge produced 

during enhanced wave ravinement that promoted shelf-break bypass and basinward 
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sediment transport, as reported in ancient and modern examples (e.g. Rodriguez et al., 

2001; Correggiari et al., 2005; Mitchell et al., 2012; Ielpi and Ghinassi, 2014a) (Fig. 4.15, 

4.17). These facies are intercalated with lagoonal deposits (Fig. 4.15B), a juxtaposition 

that probably occurred in an inactive portion of the delta with no distributary belts. Such 

environments have been described on the downdrift side of asymmetric deltas (e.g. the 

modern Danube and Brazos deltas, Bhattacharya and Giosan (2003); the Campanian 

Masuk Formation in the Henry Mountains Syncline, Corbett et al. (2011)). Sediment 

starvation during maximum marine flooding resulted in condensed sections that were 

intensely burrowed and pyritized (Fig. 4.17, 4.18B) (e.g. Amorosi et al., 2008). 

5.1.3. Highstand systems tract 

Highstand deposits are essentially composed of meandering channel belt fills that 

become thicker and more amalgamated upwards (FA2), and interbedded with lacustrine 

mudstones and mire coals (FA3), or small-scale mouth bar units (FA4) (e.g. HST1, HST2, 

Fig. 4.15, 4.17). The coarsening upward character of proximal highstand strata indicate 

progradation of river sediments into former transgressive paralic water bodies in the form 

of crevasse or bayhead subdeltas, and the downstream migration of isolated meander 

belts during the early highstand (e.g. Desjardins et al., 2009; Ielpi and Ghinassi, 2014b). 

Laterally extensive FA2 elements, that developed during late highstand settings (e.g. 

HST2, Fig. 4.15A), show multiple evidence of unconfined flows (e.g. Dongara 4 core, fig. 

4.4) suggesting that distributary belts were particularly prone to overspilling and avulsion 

as a result of limited accommodation (e.g. Olsen et al., 1995; Olariu and Bhattacharya, 

2006; Corbett et al., 2011). Thick overbank deposits also point to a delta plain with low 

surface gradient (e.g. Tunbridge, 1984; Shanley and McCabe, 1994). These highstand 

conditions typically favoured, at a larger scale, the construction and then abandonment 

of delta lobes, leaving behind interdistributary swamps and shallow embayments that may 

be reworked into wave-dominated coastlines (e.g. Amorosi et al., 2005; Ainsworth et al., 

2016) (Fig. 4.17). 

In delta front areas, coarsening-upward, aggradational to progradational 

successions reflecting normal regression and shallowing dominate, where the distal 

condensed section becomes a downlap surface underlying a succession of distal to 

proximal delta front, mouth bars, and wave-dominated shoreface units (FA5, FA6, FA7) 

(e.g. HST1 and HST2, fig. 4.15, 4.17). Such stratal packages may directly overlie coastal 
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mudstones of the previous transgressive systems tract, thus denoting significant landward 

facies shifts at maximum flooding (Fig. 4.15).  

5.2. Controls on sequence development  

For first and second-order depositional sequences, external factors are considered 

the main controls on the generation of accommodation or the supply of sediments that 

modify shoreline trajectory (Catuneanu, 2006; Catuneanu et al., 2009). Third- and lower 

order cycles that form the internal architecture of higher order systems tracts record a 

complex interplay of allogenic and autocyclic controls in the accumulation of 

transgressive and regressive deposits and their bounding surfaces (Zecchin, 2007, 2010). 

Although basin tectonism is a primary control on large scale cyclicity in sedimentary 

basins, Catuneanu and Zecchin (2013) argued that local and regional faulting also play a 

role in the generation of small-scale stratigraphic cycles. In a sedimentary basin 

undergoing extension such as the Early Permian NPB, episodic growth folding (e.g. 

Gawthorpe et al., 1997; Zecchin et al., 2003), syn-sedimentary normal faulting (e.g. 

Gawthorpe et al., 1994; Martinsen et al., 1999; Zecchin et al., 2006), and long-term uplift 

(e.g. Zecchin et al., 2011) may significantly modify subsidence rates and drive base level 

fluctuations.  

An allogenic origin for the formation of fourth-order subaerial unconformities 

and their correlative conformities in the IRCM is favoured by the presence of numerous 

normal faults in the study area that were likely to be active in the Early Permian (Fig. 

4.15A; Table 4.3). Extensional faulting may have resulted in flow diversion and incision 

of uplifted footwalls, and/or the inception of strike parallel valleys on the downthrown 

side of normal faults, particularly the Beagle Fault (Fig. 4.15, 4.16). Burton et al. (2016) 

described valleys within graben formed along the Douglas Creek Fault Zone in the Loyd 

and Sego sequences of the Uinta-Piceance Basin (see also Martinsen et al., 1999). Local 

variations in the thickness of lowstand, transgressive, and highstand packages may be due 

to different fault tectonics and associated changes in accommodation at the sub-basin 

scale (Fig. 4.19). Isostatic crustal rebound following deglaciation in the earliest Permian 

may have been an additional factor in the reactivation of growth faults and the creation 

of relief, whereas subsequent relaxation may have enhanced subsidence and produced the 

overall retrogradational stacking pattern of the IRCM. Similar processes were invoked to 

explain the deepening upward trend of the Early Permian Wasp Head Formation in the 

Sydney Basin (Rygel et al., 2008a). 



139 
 

Table 4.3: Potential controls on the development of sequence-stratigraphic surfaces in the IRCM. 
Subaerial unconformities (and their correlative conformities) are thought to have an allogenic 
origin, whereas surfaces related to transgression may be allogenic or autogenic. Fifth-order 
flooding surfaces are thought to be entirely autogenic (after Catuneanu and Zecchin, 2013). 

Sequence stratigraphic 
surface 

Rank Control and processes 

Subaerial unconformity and 
correlative conformity 

3rd and 
higher order

Allogenic: major to minor base level fall 
triggered by fault movements (extensional 
faulting, isostatic rebound) 

Maximum regressive surface 3rd order Allogenic: eustatic 
sea-level rise, 
continued subsidence 

Autogenic: channel 
belt migration, delta 
lobe switching, 
autoretreat 

Transgressive ravinement 
surface 

3rd order Allogenic: eustatic 
sea-level rise 

Autogenic: increasing 
tidal and wave energy 

Maximum flooding surface 3rd and 
higher order

Allogenic: maximum 
inundation, renewed 
basin subsidence 

Autogenic: autoretreat

Flooding surface 
(parasequence boundary) 

4th and 5th 
order 

Autogenic: evolution of distributary belts 
(channel avulsion, delta lobe switching) 

 

 

Figure 4.19: Thickness distribution of sequences (I, II, III) and systems tracts (LST, TST, HST) 
interpreted in the IRCM. The reduced thickness (or absence) of sequence II and III in some wells 
is due to mid-Permian erosion that removed the Carynginia Formation and the upper part of the 
IRCM (e.g. Mentelle 1). Transgressive and highstand strata tend to thicken in the younger 
sequences. NT: Northampton Terrace. 
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Stratigraphic surfaces associated with transgression may be driven by both 

allogenic and autogenic processes because changes in shoreline trajectory are sensitive to 

both accommodation creation rates and sediment supply variations (Catuneanu and 

Zecchin, 2013). Autogenic processes are fundamental to the development of small-scale 

cycles by changing sediment supply rates, and have been proven to have affected areas as 

large as 10–100 km along strike and dip (Muto and Steel, 2002; Amorosi et al., 2005). 

They include delta lobe switching due to river mouth diversion or compensation (e.g. 

Amorosi et al., 2005; Hampson, 2016; Ainsworth et al., 2017), autoretreat due to the 

progressive enlargement of the depositional area during relative sea-level rise (e.g. Muto 

and Steel, 2002; Salahuddin and Lambiase, 2013), and the resulting changes in tidal action 

and longshore sediment transport regime (e.g. Ainsworth et al., 2017). Although basin 

subsidence and ice-melting in the source area cannot be ruled out, stratigraphic surfaces 

associated with transgression in the IRCM (i.e. maximum regressive surfaces, 

transgressive ravinement surfaces, maximum flooding surfaces) are potentially related to 

autocyclic processes such as delta lobe abandonment or autoretreat as demonstrated in 

coeval strata on the eastern Irwin Terrace of the NPB (Chapter 3; Table 4.3). Amorosi et 

al. (2005) recognised similar processes for the origin of local flooding surfaces in 

highstand coastal plain deposits of the Holocene Po Plain. Similarly, Hampson et al. 

(2013) emphasized the autogenic behaviour of highstand channel belts in the Cretaceous 

Blackhawk Formation (Utah), where changes in fluvial styles essentially reflected local 

variations in upstream areas affecting sediment flux and transport capacity. 

5.3. Implications for sequence architecture  

The identification of stratigraphic patterns in NPB fill is used to subdivide the 

IRCM into three third-order depositional sequences (Sequence I-III) and their constituent 

systems tracts. Although sediment partitioning into lowstand, transgressive, and 

highstand systems tracts is broadly similar in the three sequences, the stacking pattern of 

the sequences shows progressive landward backstepping of depositional environments, a 

generally upward fining trend, and a loss in transport capacity. This landward facies shift 

is readily seen in the thickness and areal extent of successive paleovalley fills. Pebbly 

sandstones of FA1 associated with alluvial and upper delta plain braided systems that 

floor incised valleys become thinner and more localised in the younger sequences, 

wherein they are progressively replaced by finer, tidally modulated sandstones of FA2 

related to lower delta plain channel fills (Fig. 4.15, 4.19). It is inferred that the amount of 

erosion along subaerial unconformities reduced upwards, which is consistent with a 
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progressive equilibrium profile smoothing as drowning occurred (Ielpi, 2012). 

Transgressive strata thicken upward relative to lowstand strata possibly because of 

increasing tidal scour (Fig. 4.19). Transgressive strata consist of a retrogradational suite 

of inner estuarine sandstones in Sequence I, lagoonal and lacustrine mudstones in 

Sequence II, and distal delta front and prodelta deposits in Sequence III (Fig. 4.15). They 

overall constitute the main phases of delta aggradation. In more distal settings, 

transgressive strata are conspicuously arranged in backstepping parasequence sets (e.g. 

TST3, fig. 4.15). These parasequences are bounded by fourth- to fifth-order flooding 

surfaces whose development is entirely linked to the autogenic evolution of the feeding 

delta (Table 4.3). Finally, highstand strata tend to thicken in the younger sequences (Fig. 

4.19), which is counter-intuitive considering the apparent long-term rise of relative sea-

level (cf. Ielpi, 2012). Weaker and more localised lowstand incision during phases of base 

level fall favoured the preservation of thick highstand systems tracts. Highstand strata 

consistently exhibit more distal facies in the younger sequences (see distal sequence 

model, fig 4.17).  

In the long-term basin history, stacked third-order stratigraphic cycles record 

shorter phases of standing and falling base-level and prolonged phases of base level rise, 

which is characteristic of a gradual increase in accommodation (Fig. 4.19, 4.20). These 

cycles delineate a scenario of progressive flooding and accordingly form the building 

blocks of second-order lowstand-transgressive systems tracts in the IRCM (Fig. 4.20). 

The superimposition of differently ranked stratal packages is an important element in 

sequence stratigraphic studies that highlight better preservation of high-frequency cycles 

during low-frequency transgressions (Cross, 1988; López-Blanco et al., 2000; Jerrett et al., 

2011). This aspect is expressed as thickening upwards stratal packages. The basal subaerial 

unconformity (and its correlative conformity) of Sequence I is consequently elevated to 

the higher rank of sequence-bounding unconformity because it corresponds to the 

highest magnitude of fluvial valley incision into nearshore strata of the High Cliff 

Sandstone, and accordingly to the greatest extent of basinward facies shift in the system 

(Fig. 4.2, 4.20). The interval capping Sequence III and the IRCM containing mud-prone 

lithofacies and authigenic phosphatic minerals (Fig. 4.13B) is ascribed to second-order 

transgressive ravinement surface underlying the Carynginia Formation (Fig. 4.2, 4.20). 
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Figure 4.20: Stratigraphic base level curve for the IRCM and bounding formations. High-
frequency, third-order base level rises and falls are primarily modulated by the low-frequency, 
second-order base level rise during deposition of the IRCM. High-frequency fluctuations tend to 
have shorter falling and lowstand phases, and longer rising and highstand periods through time, 
which is reflected in the relative thickness of systems tracts. Fourth- to fifth-order cycles are 
recognised as marine parasequences in TST3.  

6. Summary 

Facies analysis of cored IRCM in the central NPB reveals channelized (braided 

and tide-influenced meandering fluvial systems), brackish-water unconfined (floodplain 

basins and back-barrier lagoons), and marine environments (wave-dominated shoreface, 

mouth bars, delta front, and prodelta). The variety of process regimes recognised in the 

facies associations supports a model of deposition in a mixed-influenced delta; open 

marine shorefaces coexisting with tide-influenced environments are found in asymmetric 

deltas having a wave-dominated updrift side, and a low-energy downdrift flank likely to 

focus tides in semi-enclosed water bodies. This asymmetry is also recorded in shelfal 

mudstones alternatively showing flood-generated structures in the axis of the river mouth 

and storm-induced facies in alongshore areas. The IRCM system is classified as a river-

dominated, wave-influenced, tide-affected delta. 

The stratigraphic architecture of the IRCM deduced from electrofacies shows the 

stacking of at least three third-order stratigraphic cycles that are traceable across the basin. 
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Proximal sequences are defined by multistorey, multilateral channel belt fills at their base 

overlying major fluvial erosion surfaces recording landward facies shifts and low 

accommodation, and attributed to lowstand systems tracts overlying subaerial 

unconformities. Incised valley outlets and adjacent areas became the loci of coarse-

grained delta front and shoreface progradation during lowstand, respectively. Paleovalleys 

were backfilled by tide-influenced (possibly estuarine) strata and overlain by lagoonal and 

lacustrine deposits that typically record transgression and maximum flooding on the delta 

plain. Highstand strata commonly consist of prograding non-amalgamated meander belt 

fills and their associated floodplain deposits. More distal sequences contain delta front, 

prodelta, and shoreface elements organised into distinctive parasequences in transgressive 

and highstand systems tracts. The general landward backstepping of depositional 

environments in the IRCM associated with the magnitude of subaerial incisions along 

sequence boundaries decreasing upwards indicate that third-order sequences are nested 

within second-order lowstand and transgressive systems tracts. The contact between the 

High Cliff Sandstone and the IRCM is interpreted as a major subaerial unconformity (and 

its correlative conformity), whereas the transition between the IRCM and the Carynginia 

Formation is tentatively ascribed to transgressive ravinement. 

It is proposed that the generation of stratigraphic cycles in marginal- and shallow-

marine environments was controlled by a complex interplay of allogenic and autogenic 

factors. The inception of incised valleys during relative sea-level fall is presumably 

attributed to pulses of extensional movements along major basin faults, and is hence 

allogenic in origin. Fault tectonism controlled paleovalley orientation and sedimentation 

pathways. In contrast, stratigraphic surfaces associated with transgression may be 

allogenic or autogenic, the latter typically originating from the autocyclic reorganisation 

of delta lobes and associated changes in tidal and wave action. Enhanced tidal currents 

during transgression and valley backfilling may have reworked significant portions of 

lowstand systems tracts, thus resulting in locally overthickened transgressive strata. In 

addition, the inland retreat of tidal inlets in lagoonal environments may have caused the 

removal of older transgressive deposits, and abrupt facies shifts. In more distal settings, 

the landward migration of the fair-weather and storm wave bases may have eroded part 

of lowstand delta lobes and produced organic-rich intervals during maximum flooding. It 

is proposed that low slope gradients and limited accommodation in highstand settings 

favoured channel overspilling and lateral switching of distributary belts. The resulting 
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inactive or abandoned portions of the delta plain may have been subsequently reworked 

into wave-dominated coastlines or tide-dominated shallow embayments. 
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Chapter 5: Early Permian sediment provenance and 

paleogeographic reconstructions in southeastern Gondwana 

using detrital zircon geochronology  

1. Introduction 

Recent studies have demonstrated the usefulness of single grain zircon 

geochronology for identifying provenance terranes and establishing dispersal pathways 

into sedimentary basins in a wide range of geological contexts (e.g. Gehrels et al., 2011; 

Spencer et al., 2015; Andersen et al., 2016; Shaanan and Rosenbaum, 2016; Craddock et 

al., 2017; Craven and Daczko, 2017). Combined with understanding of depositional 

systems, and in particular potential transport mechanisms, and stratigraphic evolution, 

provenance data are powerful for helping to reconstruct paleogeography and decipher 

basin history (e.g. Lawton and Bradford, 2011; Fleming et al., 2016; Midwinter et al., 2016; 

Weber et al., 2016).  

The Perth Basin forms part of a north-trending belt of intracratonic rift basins 

extending along the western margin of the Australian continent (Fig. 1A). These basins 

formed during a major rifting phase between the West Australian Craton and Greater 

India in the Late Paleozoic in response to Mesotethyan rifting in East Gondwana (Iasky 

and Mory, 1993; Song and Cawood, 2000; Veevers et al., 2005). Early Permian 

paleogeographic reconstructions for the western Australian margin have long emphasised 

dominant northward sediment transport along the rift axis (Fig. 1A) (Harrowfield and 

Keep, 2005; Metcalfe, 2013; Haig et al., 2014), supported by northward-directed ice 

movement that radiated from the Gamburtsev upland in Antarctica during the ‘Late 

Paleozoic Ice Age’ (Veevers, 2006). In the Perth Basin, U-Pb geochronological studies, 

trace-element data, and Hf-isotopic data from various Paleozoic and Triassic formations 

and modern coastal sands showed that age populations were largely dominated by 

Proterozoic zircon grains, ruling out the Archean West Australian Craton as a major 

detrital contributor, and suggesting that much of the sediment originated from uplifted, 

southerly basement terranes such as the Albany-Fraser Orogen, the Leeuwin Complex of 

the Pinjarra Orogen (Fig. 5.1A), and more distal provinces in East Antarctica (Sircombe 

and Freeman, 1999; Cawood and Nemchin, 2000; Veevers et al., 2005). However, the 

provenance of Lower Permian syn-rift sedimentary rocks remains poorly documented, 
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Figure 5.1: A. Tectonic element map of Western Australia showing the distribution of 
Precambrian orogens and Precambrian and Phanerozoic basins. The Perth Basin is located in 
southwestern Australia bounded by the prominent Darling Fault (DF), with Proterozoic 
basement inliers (1: Northampton Complex; 2: Mullingarra Complex; 3: Leeuwin Complex and 
Yallingup Shelf). It is connected to the Merlinleigh, Byro, and Coolacalaya (M-B-C) sub-basins of 
the Southern Carnarvon Basin (SCB) in the north, forming a belt of Late Paleozoic intracratonic 
rift basins. Inset box refers to 1B. CB: Collie Basin. Modified from Cawood and Korsch (2008) 
and Mory and Haines (2013); B. Structural elements of the Northern Perth Basin dominated by 
north-trending sub-basins separated by normal en-echelon faults and transfer faults. Sampled 
outcrops are located in the Coalseam Conservation Park on the Irwin Terrace, in the close 
proximity to the basin-bounding Darling Fault and the Archean Yilgarn Craton. The core sample 
from Cawood and Nemchin (2000) is from Dongara 12 drilled on the Beharra Springs Terrace in 
the central part of the basin. Paleocurrent data for the High Cliff Sandstone (HCS) and Irwin 
River Coal Measures (IRCM) from Le Blanc Smith and Mory (1995). BSF: Beharra Springs Fault; 
MBF: Mountain Bridge Fault. 

 

with only one dated core sample from the Irwin River Coal Measures of the Northern 

Perth Basin (Cawood and Nemchin, 2000). The complex tectonic setting of the basin, 

which was bounded to the east, west, and south by basement blocks and 

compartmentalised by en-echelon faults during the Permian, likely generated several 

potential detrital sources through time (Cawood and Nemchin, 2000; Norvick, 2003). 

Moreover, late syn-rift sedimentation records important phases of shoreline migration 

and reorganisation linked to structural rearrangements along basin-bounding faults 
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and/or melting of ice in the source region that would have further compounded sediment 

pathways (Eyles et al., 2006; Chapter 3). 

This study provides new U-Pb geochronology data using a SHRIMP II (Sensitive 

High Resolution Ion Microprobe) to date detrital zircons from sandstones of the upper 

Sakmarian–middle Artinskian High Cliff Sandstone and Irwin River Coal Measures 

exposed on the Irwin Terrace (Coalseam Conservation Park) of the Northern Perth Basin, 

in the vicinity of the Yilgarn Craton and the basin-bounding Darling Fault (Fig. 5.1B). 

Identifying source terranes and establishing dispersal paths from the provenance to 

depositional sites is important for establishing sediment dispersal pathways to and within 

the basin, but also to improve understanding of inter-regional paleo-drainage systems in 

southwestern Australia and East Antarctica. Radiometric data are integrated with 

petrographic analysis of the dated sandstones, and examination of zircon morphology 

and internal structures, to provide additional information on grain crystallisation, 

metamorphism, transport and deposition, and help identify the type of source terranes 

(e.g. Cawood and Nemchin, 2000; Hietpas et al., 2011; Craven and Daczko, 2017). 

2. Geological setting 

The Perth Basin (172 300 km2) forms an elongate, 1300 km long, north-trending 

sedimentary basin extending onshore and offshore along the southwestern coast of 

Western Australia (Fig. 5.1A). It is bounded to the east by the Darling Fault that separates 

the basin from the Archean Yilgarn Craton, and extends west to the Perth Abyssal Plain 

with oceanic crust (Fig. 5.1A). It is connected to the Southern Carnarvon Basin in the 

north by the Coolacalaya, Byro, and Merlinleigh sub-basins that are faulted against the 

Gascoyne Platform to the west (Fig. 5.1A). The Jurassic–Cretaceous Recherche Sub-basin 

(of the Bight Basin) and Yallingup Shelf constitute its southern boundary.  

An initial north-trending structural grain, and contrasts in crystalline rheology in 

the Archean and Proterozoic basement terranes, strongly influenced basin architecture, 

sub-basin development, and depositional patterns through time (Dentith et al., 1994; 

Song and Cawood, 2000; Hall et al., 2013). The prominent Darling Fault originated as a 

shear zone during the Archean and was reactivated as a major rift-border fault in the Early 

Permian that may extend as far south as the Wilkes Province of Antarctica (Blight et al., 

1981; Dentith et al., 1993; Fitzsimons, 2003; Aitken et al., 2014). The tectonic history of 

the Perth Basin consists of two main intracratonic rifting episodes between the Western 

Australian Craton and Greater India in the Late Paleozoic and its reactivation in the 
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Jurassic. Continental break-up and inversion in the Early Cretaceous produced the 

present structural framework (Marshall et al., 1989; Harris, 1994; Quaife et al., 1994; Mory 

and Iasky, 1996). Movement along regional faults in each rifting episode accompanied a 

period of subsidence and basin filling with up to 15 km stratal thickness in major 

depocentres such as the Dandaragan Trough (Hocking, 1994) (Fig. 1B). Much of the 

sedimentary succession is underlain by the Pinjarra Orogen, a series of discrete, 

allochthonous basement terranes assembled during multiple Gondwanan orogenic events 

in the Proterozoic (Dentith et al., 1994; Janssen et al., 2003; Veevers et al., 2005; Cawood 

and Korsch, 2008; Johnson, 2013). Igneous and metamorphic basement rocks of the 

Pinjarra Orogen crop out in the adjacent fault-bounded Northampton, Mullingarra, and 

Leeuwin complexes (Fig. 5.1A, 5.1B), and essentially consist of Paleoproterozoic 

paragneisses later deformed in the Mesoproterozoic (Collins, 2003; Fitzsimons, 2003; 

Janssen et al., 2003).  

In the Late Mississippian–Early Pennsylvanian, basin down-warping and an 

extensional stress regime along major NW-striking normal faults in response to 

Mesotethyan rifting (e.g. the Darling and Urella faults) initiated a series of north-trending 

half graben separated by oblique en-echelon faults and basement ridges extending onshore 

and offshore along the western margin of the Australian continent (Hocking, 1994; 

Norvick, 2003; Langhi and Borel, 2005; Jones et al., 2011b; Rollet et al., 2013; Haig et al., 

2014) (Fig. 5.1A, 5.1B). These rift basins were filled in the Late Carboniferous–Early 

Permian by a succession of glacigenic deposits of the ‘Late Paleozoic Ice Age’, deep 

marine mudstones and limestones, and shallow-marine, coal-bearing strata, in 

stratigraphic order (Eyles et al., 2002; Eyles et al., 2003; Eyles et al., 2006; Mory and Haig, 

2011; Mory and Haines, 2013). This study focuses on the upper Sakmarian–Artinskian 

High Cliff Sandstone and Irwin River Coal Measures of the Northern Perth Basin that 

record progradation of shallow marine facies belts associated with slowing subsidence in 

the late syn-rift phase (Eyles et al., 2003; Mory and Haines, 2013) (Fig. 5.2). The High 

Cliff Sandstone is a 20–150 m thick coarsening upward succession of sandstones 

attributed to nearshore sedimentation, whereas the Irwin River Coal Measures is 

composed of interbedded sandstone, mudstone, and coal forming a 60–500 m thick 

formation previously interpreted as a series of delta plain environments (Mory and Iasky, 

1996; Eyles et al., 2006; Mory and Haig, 2011). This succession also records a time of 

climatic amelioration following the ‘Late Paleozoic Ice Age’ where cool–temperate 

conditions were established in southern Gondwana and marked by the expansion of 
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Figure 5.2: Carboniferous to Early Permian lithostratigraphic framework and spore-pollen 
zonation for the onshore Northern Perth Basin with stratigraphic positions of sampled intervals. 
PB9 from the study of Cawood and Nemchin (2000). Typical gamma-ray signatures of 
stratigraphic units from Depot Hill 1 well, with modified vertical scale. Numerical ages derived 
from Cohen et al. (2013; updated). Information compiled from Backhouse (1993); Mory and Iasky 
(1996), Eyles et al. (2006), and Mory et al. (2015). 

 

Glossopterid swamp forests (Slater et al., 2015; Tewari et al., 2015). 

The provenance of the Perth Basin siliciclastic facies has been the subject of 

debate since the late 1970s, compounded by the absence of the conjugate margin (Greater 

India) that rifted away in the Early Cretaceous and was subsequently deformed during 

India-Asia collision (Hall et al., 2013). Early paleogeographic reconstructions favoured an 

easterly cratonic source (Baxter, 1977; Finkl and Fairbridge, 1979; van de Graaff, 1981; 

Bergmark and Evans, 1987; Harrison, 1990; Shepherd, 1990; Mory and Iasky, 1996), but 

were more recently challenged by U-Pb geochronological studies, trace-element data, and 

Hf-isotopic data emphasising dominantly northward sediment transport along the rift axis 

(Harrowfield and Keep, 2005; Metcalfe, 2013; Haig et al., 2014) (Fig. 5.1A). Moreover, 

there is no record of Permian rocks on the Gascoyne Platform, and low thermal maturity 

of older Paleozoic strata suggest that this region remained structurally high relative to the 

adjacent Permian rift basins (Iasky and Mory, 1999; Haig, 2003) (Fig. 5.1A). In the 

Northern Perth Basin, upper Sakmarian fossil assemblages in the Holmwood Shale (Fig. 

5.2) having strong affinity with Tethyan faunas, indicate opening of an elongate seaway 
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connecting the western Australian margin to the Meso-Tethys (Haig, 2003; Mory and 

Haines, 2013). Paleocurrent analysis in the High Cliff Sandstone and Irwin River Coal 

Measures indicate northeasterly and southeasterly sediment transport directions (Le Blanc 

Smith and Mory, 1995; Eyles et al., 2006) (Fig. 5.1B). Geochronological data from detrital 

zircons in Permian and Triassic sandstones (Cawood and Nemchin, 2000) and modern 

coastal sands (Sircombe and Freeman, 1999) yielded a dominant Mesoproterozoic 

provenance corresponding to the southern Albany-Fraser Orogen. A subordinate 

Neoproterozoic population most likely originated from the Pinjarra Orogen exposed in 

the Northampton and Leeuwin complexes, suggesting northward drainage patterns 

parallel to the axis of the basin. Veevers et al. (2005) documented detrital zircons of similar 

age in coeval strata of the Collie Basin (Fig. 5.1A) and proposed the Wilkes Province in 

East Antarctica as a potential provenance, with uplift of the Gamburtsev Subglacial 

Mountains focussing northward-directed ice movement and fluvial drainage (Veevers, 

2004, 2006; Veevers and Saeed, 2008).  

Geological evidence (vitrinite reflectance and fission-track studies, Kohn et al., 

2002; recycled Upper Permian palynomorphs in younger strata, Veevers et al., 2005; lack 

of Archean zircons in Permian deposits, Cawood and Nemchin, 2000; Cawood and 

Korsch, 2008) support the interpretation of a thick sedimentary cover across the Yilgarn 

Craton, and that the craton was not a major sediment source in the Permian (Veevers, 

2004). Veevers et al. (2005) also argued for a subdued and peneplained craton to the east 

(Finkl and Fairbridge, 1979) but locally growing tectonic relief, and drainage systems 

operating on an easterly dipping paleoslope. Only significant uplift along the Darling 

Fault and accelerated denudation in the Late Permian post-rift phase seem to have 

contributed to the introduction of craton-derived Archean grains in basin fills (Kohn et 

al., 2002; Veevers et al., 2005). In contrast, Rb-Sr dating of biotite and apatite fission-

track dating were used to propose younger cooling ages towards the western cratonic 

margin, suggesting uplift and preferential erosion throughout the Phanerozoic, and 

particularly towards the end of the Paleozoic (van de Graaff, 1981; Kohn et al., 1998). 

These authors also estimated ~500 m of denudation of the Yilgarn Craton since the 

Permian.  
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3. Methods 

3.1. Sampling and sandstone composition 

Early Permian strata are exposed in Coalseam Conservation Park on the Irwin 

Terrace of the Northern Perth Basin (Fig. 5.1B). Three sandstone intervals were sampled 

for detrital zircons. Sample NB-HCS (358550E/6797204S) was collected from a white, 

medium to fine, planar-bedded sandstone facies in the type section of the late Sakmarian–

early Artinskian High Cliff Sandstone (Fig. 5.2). Samples NB-IRCML 

(358449E/6797849S) and NB-IRCMU (358735E/6798090S) are from the type section 

of the overlying Artinskian Irwin River Coal Measures (Fig. 5.2). Samples are from Fe-

stained, medium to coarse cross-bedded quartz sandstone at the very base of the 

formation, and in buff, fine to medium cross-bedded sandstone in the upper part of the 

formation, respectively. Paleocurrent data derived from trough axes, tabular cross-

bedding, cross-lamination and ripple marks were systematically measured in sampled 

intervals and in nearby facies. Data for PB9 are from Cawood and Nemchin (2000) who 

sampled a thick sandstone interval in the upper Irwin River Coal Measures at ~1710 m 

in Dongara 12, a petroleum well located on the Beharra Springs Terrace of the Northern 

Perth Basin (Fig. 1B). Thin sections of each sample were described and point counted (5 

runs, n=~300) using JMicroVision (see also Appendix A3).  

3.2. Zircon characterisation and U-Pb geochronology 

Approximately 1.5 kg of rock per sample was crushed and mineral separation was 

conducted following standard procedures described by Claoue-Long et al. (1995) at 

Geotrack International Pty Ltd. Zircon grains were then handpicked by AD at UWA, 

mounted in an epoxy disc along with zircon standards, gold coated, and imaged by 

backscatter electron and cathodoluminescence using a TESCAN VEGA3 scanning 

electron microscope at the Centre for Microscopy, Characterisation and Analysis, UWA. 

The morphology of zircon grains was documented by ranking the roundness of each of 

the 157 dated grains on a relative scale of 1–5 that represents anhedral to prismatic 

euhedral morphology, respectively, following the method of Shaanan and Rosenbaum 

(2016). The internal structure and zoning of the grains were examined on the 

cathodoluminescence images. 

U-Pb age data were obtained using the SHRIMP II facilities at the John de Laeter 

Center for Isotope Research, Curtin University (Perth), and compiled in Appendices A4. 

Analytical procedures for the instrument were described in Kennedy and De Laeter 



152 
 

(1994) and De Laeter and Kennedy (1998), and the analytical conditions are summarised 

in Table 5.1. 

Table 5.1: Analytical conditions during SHRIMP II measurements 

Intensity of the 10 kV O2- primary ion beam between 0.8 and 2.3 nA 

Mass resolution from 4800 to 5000 

Sensibility 12 to 21 cps/nA/ppm 

Aperture size 100 µm, and then 70 µm 

 

Five scans through the mass stations were run for each analysis, with the aim of 

analysing at least 50–60 grains per sample. Sites for analysis were chosen to avoid 

inclusions, cracks, and possible contamination. For each spot analysed, initial sputtering 

was performed to remove the gold and surface common lead before analysis. Mass bias 

and U-Pb fractionation were corrected using BR266 as a primary standard (206Pb/238U age 

of 559 Ma, Stern, 2001) and OGC1 as a secondary standard (206Pb/238U age of 3465 Ma, 

Stern et al., 2009), measured every five unknowns and 3-4 hours, respectively. Silicate 

glass NB610 was used as a calibration tool for common lead. Data reduction and age 

calculation were carried out in SQUID and Isoplot-Ex software (Ludwig, 2003). 

All U-Pb zircon ages are shown in Wetherhill concordia plots with error ellipses 

at the 95 % confidence level (2σ). Considering that the great majority of analysed zircon 

grains is older than 1200 Ma, absolute and mean ages are expressed by their 207Pb/206Pb 

ratio with 1σ error uncertainty and the common lead corrected using 204Pb measurements 

(Appendices A.X). The discordance of U-Pb age data was assessed qualitatively by 

comparing the ratio of 207Pb/206Pb and 206Pb/238U, and using a standard cut-off value of 

10 % (Appendices A.X.). Zircon ages are presented in probability density plots that 

superimpose age-probability spectra (i.e. the sum of the probability distributions of grain 

ages present in a sample) and age histograms divided into age bins of 100 My providing 

a visual estimate of grain ages. Two types of probability density plots are shown: i) the 

kernel density estimates (KDE) computed in DensityPlotter (Vermeesch, 2012) where a 

Gaussian ‘bell curve’ is stacked on top of each measurement and with an adaptive 

bandwidth according to the local density; and ii) the probability density distribution of 

Isoplot (Ludwig, 2003) also obtained by summing the probability distributions of the 

dataset, though with a bandwidth determined by the analytical precision. Vermeesch 

(2012) noticeably favours the former over the latter as it tends to oversmoothen the 
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density distribution while correcting for analytical uncertainties, which are, in fact, 

inherent to geochronological measurements. Probability density plots and cumulative 

proportion curves were generated from the corrected 207Pb/206Pb ratio and integrate both 

concordant and discordant ages. U-Pb zircon ages for PB9 (also available in A.4.) were 

taken from the supplementary data in Cawood and Nemchin (2000) where measurements 

were achieved on the same instrument. Only concordant ages were plotted for this sample 

due to scattered data likely to influence interpretations.  

4. Results  

4.1. Sandstone composition 

High Cliff Sandstone sample (NB-HCS) is a well sorted, fine quartz sandstone 

(Fig. 5.3A). Grains are sub-rounded to well rounded, with minor angular and sub-angular 

grains present. Monocrystalline quartz is the main mode, with subordinate polycrystalline 

quartz and K-feldspar, minor plagioclase and lithic fragments, and trace biotite, 

muscovite, tourmaline, and zircon. Lithic fragments are fine-grained sedimentary rocks 

(siltstone), chert, and metamorphic polycrystalline quartz. Cement phases are quartz 

overgrowths and secondary clay minerals including kaolinite derived from the alteration 

of feldspars, and sericite (Fig. 5.3B). Oversized occluded pore spaces suggest grain 

dissolution and replacement (Fig. 5.3B). The sandstone is texturally mature as indicated 

by the paucity of a primary clay matrix and well sorted fabric. Compositionally, the 

sandstones of the High Cliff Sandstone are quartzarenites to subfeldsarenites (Fig. 5.4A).  

The sample from the base of the Irwin River Coal Measures (NB-IRCML) is a 

poorly sorted medium sandstone (Fig. 5.3C). Grains are angular to rounded, and typically 

sub-angular. Modes are dominated by monocrystalline quartz, with subordinate K-

feldspar and polycrystalline quartz, minor plagioclase, sedimentary and metamorphic 

lithic fragments, and trace muscovite, biotite, tourmaline, and zircon. Common planar 

fabrics in polycrystalline quartz suggest a metamorphic origin (Fig. 5.3D). Quartz grain 

edges show common evidence of corrosion and only a few overgrowths are observed 

(Fig. 5.3C). Feldspars are locally dissolved or altered to kaolinite or sericite (Fig. 5.3D). 

Mica flakes commonly show recrystallisation. The sandstone is submature based on 

poorly sorted grain fabrics and low amounts of clay matrix. Compositionally, the 

sandstones are feldsarenites to subfeldsarenites (Fig. 5.4A). 
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Figure 5.3: Photomicrographs in plain polarized light (left) and cross-polarized light (right) of 
the sandstones sampled for this study. A. NB-HCS: Well sorted grain framework composed of 
quartz, feldspar, and muscovite, with an average grain size of ~0.2 mm. Feldspar (F) in the centre 
shows evidence of dissolution (scale bar: 0.1 mm); B. NB-HCS: Large pore filled with kaolinite 
(K) suggests complete feldspar replacement based on oversized character. Feldspar (F) at bottom 
left shows progressive replacement by sericite (scale bar: 0.1 mm); C. NB-IRCML: Poorly sorted 
quartzo-feldpathic sandstone (average grain size: ~0.5 mm) displaying evidence of grain edge 
corrosion (scale bar: 0.5 mm); D. NB-IRCML: Polycrystalline quartz showing a planar fabric 
suggesting a metamorphic origin. Feldspar (F) on the top right is partially dissolved (scale bar: 0.5 
mm); E. NB-IRCMU: Moderately sorted medium sandstone (average grain size: ~0.3 mm) 
exhibiting sutured contacts, feldspar replacement by authigenic illite (I), and altered biotite (B) 
(scale bar: 0.1 mm); F. NB-IRCMU: Metamorphic lithic fragment composed of polycrystalline 
quartz with planar fabric (Q), very fine sandstone lithic fragment (S), and biotite (B) (scale bar: 
0.1 mm). 
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Figure 5.4: Sandstone classification from modal analysis. A. QFR diagram of Folk et al. (1970) 
showing the predominance of subfeldsarenites and the overall paucity of lithic fragments in the 
sampled sandstones; B. QFL diagram of Dickinson et al. (1983) exhibiting a dominantly cratonic 
to transitional provenance for the sandstones. 

 

The upper Irwin River Coal Measures sample (NB-IRCMU) is a moderately 

sorted medium quartz sandstone (Fig. 5.3E). Grains are rounded to angular, typically sub-

angular. Monocrystalline quartz constitutes the main detrital mode, with subordinate K-

feldspar (microcline, orthoclase, perthite) and plagioclase, minor polycrystalline quartz 

and lithic fragments (chert, sedimentary rocks), and rare muscovite, biotite, zircon, and 

bioclasts. Polycrystalline quartz with planar fabrics suggest a metamorphic origin (Fig. 

5.3F). Cements are locally pervasive sericite and illite replacing feldspars, mica, and 

sedimentary lithic fragments (Fig. 5.3E). Grain contacts show evidence of pressure 

solution (Fig. 5.3E). Sandstone is texturally submature to mature. Rounded quartz grains 
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imply more than one depositional cycle. QFR ratios classify these sandstones as 

subfeldsarenites and sublitharenites (Fig. 5.4A). 

On the (QFL) provenance diagram of Dickinson et al. (1983), NB-HCS and NB-

IRCML are both interpreted to essentially derive from a stable to transitional, partially 

uplifted basement source, whereas NB-IRCMU partly originated from a recycled orogen 

which included metamorphosed sedimentary strata and igneous rocks (Fig. 5.4B).  

4.2. Zircon morphology and internal structure 

Zircons exhibit a range in morphology and internal structure reflecting phases of 

primary crystallisation from a magma, dissolution, metamorphic overgrowths, and 

physical abrasion during transport and deposition. Morphological analysis of dated 

zircons shows a weak, negative relationship between roundness and age populations, with 

Archean (3000–2500 Ma) grains typically being more euhedral (n=129, mean roundness: 

2.4) than younger grains (Fig. 5.5). In particular, angular grains (roundness index of 4-5) 

are exclusively Archean in age (Fig. 5.5, 5.6). The majority of those are characterised by 

complex internal structures composed of a homogeneous core surrounded by thin 

oscillatory zoned rims characteristic of magmatic zircons (e.g. Pidgeon et al., 1998; 

Hietpas et al., 2011; Craven and Daczko, 2017) (Fig. 5.6A-C). In other instances, the core 

may consist of a central segment with thick banding indicative of a metamorphic origin 

(Fig. 5.6D, 5.6E). Several grains show homogeneous cores, low-intensity rims, and muted 

CL responses that may indicate high grade metamorphism (e.g. Cawood and Nemchin, 

2000; Hietpas et al., 2011; Craven and Daczko, 2017) (Fig. 5.6F, 5.6G). Some examples 

show evidence of truncation across growth zones indicative of recrystallisation (e.g. 

Pidgeon et al., 1998) (Fig. 5.6B, 5.6C, 5.6F). Zircons with irregular concentric and 

thickened zoning and brighter CL responses are characteristic of metamorphic cores 

and/or overgrowths (Fig. 5.6H, 5.6I). The general euhedral morphology and internal 

zoning parallel to grain margins suggest limited physical abrasion and potentially first 

cycle deposition (e.g. Shaanan and Rosenbaum, 2016). Embayments are present locally 

(Fig. 5.6D). 

Proterozoic (2500–541 Ma) grains generally display a low roundness index 

associated with subhedral to anhedral morphology indicative of fair to strong physical 

abrasion during transport (n=28, mean roundness: 2; Fig. 5.5, 5.7). Zircons in the age 

range of 2000–1900 Ma have a patchy internal structure with no oscillatory zoning. Grains 

with ages ~1800 Ma are columnar and exhibit fine oscillatory zoning supporting a  
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Figure 5.5: Zircon roundness plotted against the corrected 207Pb/206Pb age for each sample. 
Proterozoic grains tend to be proportionately more rounded than Archean grains, with roundness 
indexes in the 1-3 range. NB-IRCMU lacks euhedral zircons, whereas NB-HCS and NB-IRCML 
display similar distributions with both rounded and euhedral-subhedral grains. A roundness scale 
is shown with representative detrital zircons from this study (1. rounded; 2. subrounded; 3. weakly 
rounded; 4. subhedral; 5 prismatic euhedral). 

 

magmatic origin, and poorly preserved terminations (Fig. 5.7A). Figure 5.7B shows a 

zircon with a convoluted core and variable CL intensity that may be indicative of diffusion 

during the late stage of crystallisation (Pidgeon et al., 1998) or metamorphism. Zircons in 

the age range 1200–1100 Ma exhibit well preserved oscillatory rims consistent with an 

igneous origin (Fig. 5.7C), and these rims may be developed around irregular, patchy cores 

indicative of metamorphic recrystallisation (Fig. 5.7D). These grains show poor 

preservation of external terminations, which supports abrasion during transport. Zircons 

in the age range 1100–900 Ma are anhedral and columnar, display irregular banding and 

zoning, and evidence of recrystallisation (Fig. 5.7E, 5.7F). Of significance are locally 

unzoned overgrowths and brighter CL response rims suggesting a metamorphic origin 

(e.g. Hietpas et al., 2011; Craven and Daczko, 2017). Younger zircons (700–500 Ma) are 

more angular and exhibit weak oscillatory zoning (Fig. 5.7G). 

U-Pb analysis were carried out on different areas within the same grain in order 

to identify potential zones of recrystallisation. However, no clear relationship between 

the internal structure of zircons and their age was detected (Fig. 5.6, 5.7). The age 

difference between cores and rims in almost all analysed grains does not exceed a few 



158 
 

 

Figure 5.6: Cathodoluminescence images of selected Archean zircons exhibiting common 
internal morphologies, roundness index, and age spots with corrected 207Pb/206Pb ages (1σ) 
indicated. A-C. Fine oscillatory zoning around a core, with evidence of truncation; D, E. 
Oscillatory zonation around a central segment with thick banding and local embayment (D); F, 
G. Homogeneous, patchy core with low-intensity rims and truncations; H. Irregular zoning with 
bright CL response indicative of metamorphic overgrowth; I. Bright convoluted core and 
metamorphic overgrowth. Note scale bar for all grains. 

 

tens of millions of years, which suggests continuous episodes of primary core 

crystallisation and overgrowth of metamorphic rims. One grain core yielded an age of 

2933 ± 6 Ma (NB-IRCML-33), whereas the rim produced an age of 2745 ± 5 Ma (NB-

IRCML-34), indicating a significant time gap between crystallisation of the core and later 

formation of the rim. 
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Figure 5.7: Cathodoluminescence images of selected Proterozoic zircons with roundness scale 
and age spots. A. Oscillatory zoning around a central segment; B. Intricately curved zones with 
variable CL intensity; C, D. Fine oscillatory zoning around homogenous or irregular core regions 
with evidence of abrasion; E, F. Irregular banding and zoning with truncations, bright CL 
responses, and metamorphic overgrowths; G. Weak oscillatory zoning. Note scale bar for all 
grains. 

 

4.3. Zircon geochronology 

U-Pb geochronology analysis of detrital zircons yielded a total of 139 concordant 

ages from 157 grains analysed (i.e. discordance between –10 % and 10 %; Appendices 

A.4.). Discordant ages most likely resulted from lead loss based on the Wetherhill 

concordia plots (Fig. 5.8).  

In sample NB-HCS, 42 out of 50 analyses are concordant. 90% of the concordant 
207Pb/206Pb analyses yield an Archean age, whereas the remaining 10% have 

Paleoproterozoic ages (Appendices A.X.). The concordia plot is characterised by a 

continuous array of ages between ~3000 Ma and ~2550 Ma (Fig. 5.8A). Three age 

populations can be confidently identified on both the kernel and probability density plots 

(Fig. 5.9A, 5.9B). The most prominent group (~50 % of the analyses) is centred on ~2690 

Ma, whereas a close, but distinctive older group (~35 % of the analyses) is identified with 
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Figure 5.8: Wetherhill concordia diagrams of ages (in Ma) of analysed zircons for each sample. 
Error ellipses represent the 95% confidence level (2σ). Data-point shifts to the right of the 
concordia may indicate lead loss. Plots A, B, and C comprise concordant (black ellipses) and 
discordant (red ellipses) ages, whereas plot D shows concordant ages only. Sample PB9 (D) stems 
from the supplementary data of Cawood and Nemchin (2000). Diagrams were constructed in 
Isoplot (Ludwig, 2003). 

 

an average age of ~2950 Ma. The four youngest grains form a coherent group with an 
average age of ~1990 Ma. 

Sample NB-IRCML yielded 58 concordant ages out of 63 analyses. The dataset is 

dominated by Archean zircons (98.2 %; Appendices A.X.), showing a continuous 

spectrum from ~2959 Ma to ~2494 Ma (Fig. 5.8B). The kernel and probability density 

plots depict a dominant population centred on ~2630 Ma, an older, subordinate group 

with an average age of ~2950 Ma, and multiple minor age groups (Fig. 5.9C, 5.9D). One 

grain yielded a concordant Neoproterozoic age (579 ± 19 Ma). 

Sample NB-IRCMU generated 40 concordant ages out of 44 analyses. Zircons 

produced a mixed age signature, with 55 % of concordant analyses yielding an Archean 



161 
 

 

Figure 5.9: Probability density plots of U-Pb zircon ages. Left: kernel density estimation plots of 
zircon ages constructed in DensityPlotter (Vermeesch, 2012) for each sample with age histograms 
of 100 Ma. Right: probability density distributions of zircon ages plotted in Isoplot (Ludwig, 2003) 
for each sample with automatic age bins. Indicative mean ages and age ranges consist of corrected 
207Pb/206Pb ages (1σ). A, B: NB-HCS (n=50); C, D: NB-IRCML (n=63); E, F: NB-IRCMU 
(n=44); G, H: PB9 (n=36). Dataset includes concordant and discordant ages, whereas PB9 
includes concordant ages only.  

 

age, 12.5 % a Paleoproterozoic age, 27.5 % a Mesoproterozoic age, and 5 % a 

Neoproterozoic age (Appendices A.4.). Multiple age populations can be identified on the 

concordia diagram and the kernel and probability density plots (Fig. 5.8C, 5.9E, 5.9F). 

The most prominent age population is centred on ~2630 Ma. Two distinct secondary 

groups have average ages of ~1210 Ma and ~1020 Ma. Four analyses showing minor lead 

loss (Fig. 5.8C) constitute a group on the kernel density plot with an age of ~3020 Ma 
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(Fig. 5.9E). This group consists of two minor populations on the probability density plot 

(Fig. 5.9F). Another four analyses form a broad age group between ~2025 Ma and ~1880 

Ma on the kernel density distribution (Fig. 5.9E). One isolated grains yielded a concordant 

age of 2265 ± 7 Ma. Of note, this sample contains the youngest (542 ± 82 Ma) and oldest 

(3086 ± 7 Ma) concordant grains of our dataset. 

Sample PB9 of Cawood and Nemchin (2000) produced 36 concordant 

measurements out of 64 analyses. Grain age distribution differs significantly from the new 

samples, with grains yielding dominantly Mesoproterozoic ages (58.3 %), and subordinate 

Neoproterozoic (19.4 %), Paleoproterozoic (11.1 %), Archean (8.3 %), and Phanerozoic 

(2.8 %) age populations (Appendices A.X.). The 1250–1000 Ma age group (average of 

1150 Ma) dominates the kernel and probability density plots (Fig. 5.8D, 5.9G, 5.9H). 

Secondary populations of no more than five grains are identified with average ages of 

~3370 Ma, ~1960 Ma, ~860 Ma, and ~595 Ma. One isolated grain yielded a concordant 

age of 1701 ± 43 Ma.  

5. Discussion 

Intracratonic rift basins are characterised by active tectonism that results in 

variations in catchment areas at the basin margins, and hence in sediment provenance 

(Cawood et al., 2012). The late Sakmarian–Artinskian (ca. 290 Ma) depositional age of the 

investigated formations is well established from palynological assignments (Backhouse, 

1993, 1998; Fig. 5.2), so there is a significant offset (>200 Ma) between deposition and 

the age of the youngest zircon grain population (Fig. 5.10). This is characteristic of 

extensional basins, like the Perth Basin, where detrital zircon ages are much older than 

the time of sediment accumulation because of the essentially mafic composition of 

magmas, and thus the low amounts of zircon generated during rifting (Cawood et al., 

2012).   

Examination of the distribution of age populations in probability density plots 

(Fig. 5.9) reveals a polymodal spectrum with multiple age groups typical of intracratonic 

basins receiving sediments from various source terranes (e.g. Gehrels et al., 2011; Lawton 

and Bradford, 2011; Shaanan and Rosenbaum, 2016). The cumulative proportion curves 

of all ages exhibit a strong similarity between NB-HCS and NB-IRCML, indicated by 

overlapping Archean curves, with the exception of a minor Paleoproterozoic age 

population in NB-HCS (Fig. 5.10). In contrast, the cumulative proportion curve of NB-

IRCMU clearly shows a broader range of parent rocks, and displays some overlap with  
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Figure 5.10: Cumulative probability distributions for each sample. Absolute ages consist of 
corrected 207Pb/206Pb ages (1σ). At least four age populations representing distinctive source 
terranes can be distinguished. The ~290–285 Ma depositional age of the sedimentary formations 
highlights the significant offset (> 200 Ma) existing with the age of the youngest analysed zircon. 

 

Proterozoic groups in PB9 (Fig. 5.10). These preliminary results indicate that at least four 

source terranes with discrete age ranges provided zircons: i) primary Archean source 

common in sandstones sampled on the Irwin Terrace; ii) secondary Paleoproterozoic 

source in NB-HCS, NB-IRCMU, and PB9; iii) Mesoproterozoic source that is dominant 

in PB9 and subordinate in NB-IRCMU; and iv) apparently minor input from 

Neoproterozoic parent rocks. Age spectra in the analysed samples can be compared and 

linked to documented magmatic or metamorphic events that formed potential 

provenance regions surrounding the Northern Perth Basin. 

5.1. Provenance of Lower Permian sediments 

5.1.1. Archean provenance (~3400–2500 Ma) 

Archean-aged detrital zircons in Lower Permian sedimentary rocks of the 

Northern Perth Basin are most likely to have been sourced from the nearby Yilgarn 
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Craton (Veevers et al., 2005) (Fig. 5.12A). The major peak at ~2630 Ma, and subordinate 

populations at ~2690 Ma and ~2950 Ma (Fig. 5.9, 5.10, 5.11), are consistent with 

widespread granitic intrusion and tectonic activity between ~3000 and ~2600 Ma that 

resulted in amalgamation and assembly of a large part of the craton (McNaughton and 

Bickle, 1987; Hill et al., 1989; Myers, 1993; Cassidy et al., 2006). In particular, zircons in 

the age range 2760–2662 Ma correspond to phases of intense deformation, high-grade 

metamorphism, and granite and pegmatite intrusion associated with the collision between 

the Narryer and South West terranes with the Murchison Domain of the Youanmi 

Terrane (Myers, 1993; Nutman et al., 1993; Wilde et al., 1996; Cassidy et al., 2006) (Table 

5.2). This protracted orogenic event resulted in the emplacement of volumetrically 

abundant granites that now form the Darling Range batholith and other granitic bodies 

located along the western margin of the Yilgarn Craton (Bosch and Bruguier, 1996; 

Nemchin and Pidgeon, 1997; Pidgeon et al., 1998). In more detail, U-Pb zircon ages of 

~2677 Ma and ~2642 Ma were reported by Nieuwland and Compston (1981) for 

underformed granitoids from the eastern margin of the batholith, whereas an age of 

~2612 Ma was reported by Compston et al. (1986) from the western part of the batholith. 

Nemchin and Pidgeon (1997) established that most unzoned core ages fall in the range 

2690–2650 Ma, whereas oscillatory zoned rims formed by magmatic crystallisation and 

partial recrystallisation between 2648 and 2616 Ma. Latest Archean grains may have 

derived from the 2550–2450 Ma Halfway Gneiss that constitutes the basement to the 

southern Gascoyne Complex of the Capricorn Orogen (Kinny et al., 2004; Sheppard et 

al., 2004) (Fig. 5.11, 5.12A; Table 5.2). 

Mesoarchean grains may be related to 3050–2810 Ma mafic and ultramafic 

volcanic successions (e.g. Windimurra and Narndee) and minor felsic intrusions in the 

Murchison Domain (Pidgeon and Wilde, 1990; Pidgeon and Hallberg, 2000; Van 

Kranendonk et al., 2013), or 3200–2800 Ma metamorphic belts (e.g. the Chittering, 

Jimperding, and Balingup) in the South West Terrane (Wilde et al., 1996; Cassidy et al., 

2006) (Fig. 5.11, 5.12A; Table 5.2). The 3400–3300 Ma age population in PB9 is likely 

related to granite and pegmatite intrusions and later high-grade metamorphism (e.g. the 

3385-3300 Ma Dugel Gneiss) in the northwestern Narryer Terrane (Kinny et al., 1988; 

Nutman et al., 1991; Nutman et al., 1993; Myers et al., 1996) (Fig. 5.11, 5.12A; Table 5.2). 
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Figure 5.11: Kernel density distribution for all the samples in the dataset (NB-HCS, NB-IRCML, NB-IRCMU, n=157) and relative percentages of Neoproterozoic, 
Mesoproterozoic, Paleoproterozoic and Archean grains. Dashed curve represents the kernel density plot for PB9 for comparison. Shaded areas show the age ranges 
of potential source terranes compiled from various sources (see Table 5.2). 
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Figure 5.12: Location and age range of basement terranes in Western Australia (A) and East 
Antarctica (B) interpreted as provenance of sediments delivered to the Northern Perth Basin in 
the Early Permian based on U-Pb detrital zircons ages. Tectonic elements adapted from Myers, 
1993; Nemchin and Pidgeon, 1997; Janssen et al., 2003; Veevers, 2004; Cassidy et al., 2006; 
Cawood and Korsch, 2008; Mory and Haig, 2011; Veevers and Saeed, 2013; Aitken et al., 2014. 
CB: Collie Basin; GT: Glenburgh Terrane; LC: Leeuwin Complex; MC: Mullingarra Complex; N-
BC: Nornalup-Biranup complexes; NC: Northampton Complex; SPB: Southern Perth Basin. 

 

5.1.2. Paleoproterozoic provenance (~2200–1950 Ma) 

In Australia, Proterozoic magmatic and orogenic activity older than ~1900 Ma is 

known only for the Gawler Craton in South Australia and the Gascoyne Complex in the 

Capricorn Orogen of Western Australia (Sheppard et al., 2004) (Fig. 5.1A). In particular, 

the Paleoproterozoic age population in the dataset (1990–1950 Ma; Fig. 5.9, 5.10, 5.11) 

coincides with the 2000–1960 Ma Glenburgh Orogeny, a major tectonothermal event that 

occurred during the suturing of the Glenburgh Terrane (i.e. the southern Gascoyne 

Complex) onto the northern Yilgarn Craton margin that eventually resulted in the  
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zircon ages (i.e. between 1900 and 1150 Ma, Bruguier et al., 1999). One grain yielding an 

age of 2265 ± 7 Ma in NB-IRCMU does not correspond to any known event but may be 

a precursor of the ~2200 Ma Ophthalmian Orogeny (Tyler and Thorne, 1990; Martin et 

al., 2000; Cawood and Tyler, 2004) (Table 5.2). 

5.1.3. Mesoproterozoic to Early Neoproterozoic provenance (~1250–900 Ma) 

Mesoproterozoic to Early Neoproterozoic zircons have an age range (1250–900 

Ma; Fig. 5.9, 5.10, 5.11) corresponding to the late stages of continental collision between 

the West Australian Craton and the Mawson Craton (proto-Antarctica) that formed the 

Albany-Fraser Orogen. Deformation, metamorphism and plutonism in the orogen 

occurred in two stages at 1345–1280 Ma (AFOI) and 1215–1140 Ma (AFOII) (Nelson et 

al., 1995; Clark et al., 2000; Cawood and Korsch, 2008; Aitken et al., 2016). The main 

tectonothermal events are granitic intrusions into the Munglinup Gneiss at 1300–1280 

Ma, and into the Nornalup Complex at 1330–1280 Ma and 1190–1135 Ma (Black et al., 

1992; Nelson et al., 1995; Cawood and Korsch, 2008) (Fig. 5.12A; Table 5.2). Other 

events include granulite facies metamorphism of the northeastern Fraser Complex 

around 1300 Ma followed by granitic intrusion and greenschist facies retrogression at 

~1250 Ma (Fletcher et al., 1991; Clark et al., 1999) (Table 5.2). The Gnowangerup-Fraser 

dyke swarm was emplaced at 1212 ± 10 Ma (Wingate et al., 2000), with greenschist to 

amphibolite facies metamorphism from 1215 to 1180 Ma followed by deformation and 

granite intrusion around 1140 Ma in the adjacent Biranup Complex (Dawson et al., 2003; 

Bodorkos and Clark, 2004; Kirkland et al., 2011) (Fig. 5.12A; Table 5.2). The age of 

detrital zircons in the range 1250–1100 Ma likely reflects this late stage of orogenesis of 

the Albany-Fraser Orogen (AFOII). These events also correlate with tectonic activity in 

the Bunger Hills (Wilkes Land, East Antarctica), which underwent granulite-facies 

metamorphism at 1190 Ma, and gabbroic and monzodiorite intrusions at 1170 Ma and 

1151 Ma, respectively (Sheraton et al., 1992; Fitzsimons, 2003; Veevers et al., 2005) (Fig. 

5.12B; Table 5.2).  

Grains younger than 1100 Ma cannot be readily attributed to the Albany-Fraser 

Province based on currently available age data, and they were more likely derived from 

psammitic paragneisses of the Northampton and Mullingarra complexes of the proto-

Pinjarra Orogen (Fig. 5.1B, 5.12A). The metasediments were sourced from the Albany-

Fraser Orogen in the late Mesoproterozoic, and underwent granulite and amphibolite 

facies metamorphism at ~1080 Ma and ~1059 Ma, respectively, granite intrusion at 

~1068 Ma, and pegmatite emplacement at 989 Ma (Bruguier et al., 1999; Cawood and 
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Nemchin, 2000; Fitzsimons, 2003; Ksienzyk et al., 2012) (Fig. 5.12A; Table 5.2). This 

period also corresponded with the emplacement of 1090 Ma felsic orthogneisses in the 

Leeuwin Complex (Wilde and Murphy, 1990). Additionally, the Rauer Group of the 

eastern Prydz Bay (East Antarctica) contains 1060–1000 Ma protoliths (Fitzsimons, 2003; 

Veevers et al., 2005) (Fig. 5.12B; Table 5.2). 

5.1.4. Neoproterozoic to Early Phanerozoic provenance (~690–500 Ma) 

The Neoproterozoic to earliest Phanerozoic age population (between 537 Ma and 

690 Ma; Fig. 5.9, 5.10, 5.11) is widespread in Gondwanan protoliths associated with the 

collision of East and West Gondwana along the East African Orogen. Extensive 

accretion of Archean allochthonous terranes and igneous activity during the 

Neoproterozoic generated a wide fold-thrust belt in East Gondwana through Prydz Bay, 

the Mirny area, and the Denman Glacier in East Antarctica, to Cape Leeuwin in Western 

Australia (the Prydz-Leeuwin Belt; Black et al., 1992; Fitzsimons, 2003; Veevers, 2004; 

Veevers et al., 2005; Veevers and Saeed, 2013) (Fig. 5.12A, 5.12B; Table 5.2). South of 

the Perth Basin, the Pinjarra Orogen contemporaneously recorded late orogenesis in the 

Leeuwin Complex, a region extending as far west as the submarine Naturalist Plateau 

(Janssen et al., 2003) (Fig. 5.12A). Main pulses of igneous rock emplacement were dated 

at 1090 Ma, 800–650 Ma, 540–535 Ma, and 525 Ma (Wilde and Murphy, 1990; Collins, 

2003; Cawood and Korsch, 2008) (Table 5.2). A major event involving deformation and 

granulite facies metamorphism was identified at 630–600 Ma with a later overprint at 

530–520 Ma (Myers et al., 1996; Collins, 2003). Two grains with ages ~860 Ma in PB9 

are not able to be related to any major tectonic event in southwestern Australia. 

5.2. Sediment dispersal and paleogeography 

5.2.1. Late Sakmarian–earliest Artinskian 

Deposition during late phases of syn-rift, post-glacial conditions in Western 

Australian basins in the late Sakmarian–earliest Artinskian (S. fusus palynological zone; 

Fig. 5.2) coincided with decreasing accommodation, progradation of facies belts, and 

extensive shallow marine sedimentation (e.g. Cordalia Formation in the Southern 

Carnarvon Basin, Mory and Backhouse, 1997; Poole Sandstone in the Canning Basin, 

Mory, 2010). In the Northern Perth Basin, this period corresponded with deposition of a 

widespread marine sand body, namely the High Cliff Sandstone (Fig. 5.2). Amalgamated, 

laterally extensive sandstone facies that are planar bedded, planar laminated, tabular cross-

bedded, and intensively bioturbated, have been interpreted as nearshore deposition 
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affected by longshore currents and storms (Eyles et al., 2006; Mory and Haig, 2011). 

Bioturbation styles dominated by suspension feeders (Skolithos ichnofacies) are indicative 

of high energy conditions (Le Blanc Smith and Mory, 1995). In these settings, sustained 

wave erosion and reworking above fair weather wave base favoured the winnowing and 

suspension of silt-sized particles. The compilation of paleocurrent indicators on the Irwin 

Terrace shows an unimodal distribution with SSE-directed paleoflows (to ~150⁰), parallel 

to the basin-bounding Darling Fault and other minor, northwest-striking structures (Fig. 

5.13A). Quartzarenites of the High Cliff Sandstone with rounded grains suggest more 

than one cycle of sediment deposition, most likely recycling from older sedimentary rocks.  

The age signature of detrital zircons from the High Cliff Sandstone (sample NB-

HCS) is dominated by up to 90% by Neo- to Mesoarchean grains (3000–2600 Ma, fig. 

5.9A, 5.9B, 5.10). It is the first time that Archean-aged detrital zircons have been found 

in such proportions in the Perth Basin (cf. Sircombe and Freeman, 1999; Cawood and 

Nemchin, 2000). These populations were likely sourced from volcanic and plutonic rocks 

of the Murchison Domain and South West Terrane of the Yilgarn Craton (Fig. 5.11, 

5.13A; Table 5.2), and/or reworked from glacigene sedimentary rocks occupying the 

basin margins (e.g. the Nangetty Formation, fig. 5.2). Fine oscillatory zoning in Archean 

zircons support a predominant magmatic origin, whereas homogeneous structures and 

muted CL responses in the 2700–2600 Ma age group may be related to high grade 

metamorphism that accompanied the collision of the Murchison Domain and South West 

Terrane in the Neoarchean (Nutman et al., 1993; Cassidy et al., 2006). A secondary 

Paleoproterozoic age group (~1990 Ma) representing 10 % of the detritus is attributed to 

granitic intrusions in the Glenburgh Terrane of the Capricon Orogen that are tectonically 

interleaved with the latest Archean Halfway Gneiss (Cawood and Tyler, 2004; Sheppard 

et al., 2004) (Fig. 5.9A, 5.9B, 5.10, 5.11; Table 5.2). Paleoproterozoic grains are on average 

more rounded that Archean grains and show poorly preserved rim terminations, which 

supports more abrasion and potentially a more distant provenance (Fig. 5.6). In addition, 

featureless internal structures in Paleoproterozoic zircons may be linked to high grade 

metamorphism during crustal thickening in the Glenburgh Terrane (Occhipinti et al., 

2004; Sheppard et al., 2004).  

It is proposed that quartzose grains of the High Cliff Sandstone were likely 

supplied by river catchments draining sedimentary, magmatic, and metamorphic terranes 

in an area encompassing the Yilgarn Craton, the Glenburgh Terrane, and the southern  
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Figure 5.13: Paleogeographic reconstructions emphasizing potential source regions and the 
evolution of sediment pathways to the Northern Perth Basin, integrating paleocurrent data from 
the sampled outcrops (black: this study; grey: dataset of Le Blanc Smith and Mory, 1995). A. Late 
Sakmarian–earliest Artinskian: High Cliff Sandstone supplied by perennial river systems across 
the Yilgarn Craton and southward longshore drift. Inset: Satellite image of the northeastern, wave-
dominated coast of Brazil proposed as a modern analogue and showing the reworking of river 
mouths by strong northward longshore drift forming beach ridges and spits; B. Early Artinskian: 
Northward shoreline progradation and/or tectonic reorganisation entailed the cessation of the 
northern sediment source; detritus of the lower Irwin River Coal Measures essentially originated 
from drainage systems on the Yilgarn Craton; C. Middle Artinskian: Activation of southern 
sediment sources and re-establishment of northern pathways via strong tidal currents. A 
simplified map of the Cook Inlet (Alaska) is represented to show the analogy between the ancient 
and modern systems; CB: Collie Basin; GT: Glenburgh Terrane; LC: Leeuwin Complex; MC: 
Mullingarra Complex; N-BC: Nornalup-Biranup complexes; NC: Northampton Complex; PB: 
Prydz Bay; SPB: Southern Perth Basin. 

 

Gascoyne Complex of the Capricorn Orogen (Fig. 5.13A). Euhedral Archean zircons 

with well preserved outer terminations support low abrasion and a short distance of 

transport is suggested for the majority of the sediment. Drainage systems may have been 

distributed along the north-trending paleo-coastline of an interior sea, and provided 

sediments into the basin where they were reworked alongshore by southward longshore 

drift in a similar fashion to the wave-dominated coastline of eastern Brazil (Fig. 5.13A). 

On the modern seashore, strandplains that extend hundreds of kilometres are shaped by 

northward and southward longshore drift, and punctuated by minor river mouths 

draining the inland Precambrian basement (Landim Dominguez et al., 1992). 

5.2.2. Early Artinskian 

Interbedded conglomerates, sandstones, mudstones, and coal of the Irwin River 

Coal Measures have been interpreted to reflect fluvial- to tide-dominated deltaic 

depositional settings that abruptly succeeded nearshore sedimentation represented by the 

underlying High Cliff Sandstone (Chapter 3) (Fig. 5.2). Early Artinskian sedimentation (S 

fusus to M. trisina zones; Fig. 5.2) is characterised by an episode of marine regression that 

is expressed in all Western Australian basins and across Gondwana (e.g. Moogooloo 

Sandstone in the Southern Carnarvon Basin, Mory and Backhouse, 1997; Barakar 

Formation in the Damodar Valley Basin in India, Gupta, 1999). NB-IRCML was sampled 

from an anastomosed channel sandstone characteristic of the lower part of the formation 

interpreted as upper delta plain environments (Chapter 3). Paleocurrent directions 

measured from outcrop (trough axes) indicate unimodal, west-southwestward paleoflow 

(Fig. 5.13B). Submature feldsarenites suggest limited abrasion and rapid, possibly first 

cycle sediment deposition. The age spectra of detrital zircons is dominated (> 98 %) by 
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Neo- and Mesoarchean ages (3000–2500 Ma, fig. 5.9C, 5.9D, 5.10) and hence sediment 

was essentially sourced from the Youanmi and South West terranes of the Yilgarn Craton 

(Fig. 5.11, 5.13B; Table 5.2). The younger age of the Neoarchean peak compared to NB-

HCS (~2630 Ma vs ~2690 Ma, fig. 5.10, 5.11) may reflect a small modification in river 

systems draining somewhat younger, though probably adjacent magmatic terranes.  

The submature feldsarenites, the location of potential source provinces, and 

paleocurrent data, together suggest that fluvial sediments of the lower Irwin River Coal 

Measures were supplied by perennial, west-flowing drainage systems from an elevated 

cratonic margin (Fig. 5.13B). Despite the similarity of age spectra between the lower Irwin 

River Coal Measures and the High Cliff Sandstone, the absence of Paleoproterozoic-aged 

sediments is notable (Fig. 5.10), and indicates a change in dispersal pathways. This aspect 

may be purely related to the Early Artinskian history of relative sea level as the shoreline 

prograded northward, resulting in increasingly terrestrial deposition in the Northern Perth 

Basin (Veevers et al., 2005) (Fig. 5.13B). It also suggests that the bulk of Paleoproterozoic 

sediments derived from the Capricorn Orogen remained trapped downstream, probably 

in delta front deposits of the Moogooloo Sandstone in the Southern Carnarvon Basin. 

Alternatively, major faulting events in the source areas or at the basin margins may have 

rearranged northern drainage patterns and diverted Paleoproterozoic sediments in other 

directions. 

5.2.3. Middle Artinskian 

NB-IRCMU was sampled from a tidal channel sandstone in the upper, tide-

dominated part of the Irwin River Coal Measures, where northeastward (i.e. landward) 

paleocurrent directions have been related to flood-tidal currents entering shallow bays 

based on paleogeographic reconstructions (Chapter 3) (Fig. 5.1B, 5.13C). Texturally 

submature subfeldsarenites and sublitharenites, with high clay matrix contents, may be 

related to depositional conditions, and more particularly to the preferential settling of 

fine-grained grains during slack water periods of tidal cycles. In contrast, abundant 

rounded grains and common metamorphic lithic fragments suggest an igneous- 

metamorphic provenance and more than one cycle of deposition. 

The ~2630 Ma population in NB-IRCMU is equivalent to the main Archean 

population in NB-IRCML, and was potentially derived from the same source region (i.e. 

granitoids of the Youanmi Terrane and/or older sedimentary rocks) (Fig. 5.9E, 5.9F, 5.10, 

5.11; Table 5.2). A subordinate Archean-aged group around 3020 Ma corresponds to an 
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older source terrane than previously interpreted, and may correlate with poorly 

constrained ~3.0 Ga Sm-NdCHUR model ages from the Darling Range batholith reported 

in Fletcher et al. (1994) and Nemchin and Pidgeon (1997). Alternatively, sediments may 

have been derived from the older South West Terrane (Fig. 5.12; Table 5.2). Meso- and 

Neoarchean populations are notably absent in PB9. Instead, Archean detritus are 

represented by a minor 3400–3300 Ma age group not recorded on the Irwin Terrace (Fig. 

5.9G, 5.9H, 5.10). Cawood and Nemchin (2000) interpreted a complex history of 

magmatism and metamorphism of the parent rock from the internal structure of Archean 

zircons in PB9 and no heavy abrasion. These observations coincide with metamorphosed 

basement rocks of the Narryer Terrane, a likely source province for Paleoarchean grains 

(Fig. 5.11, 5.12; Table 5.2).  

Samples NB-IRCMU and PB9 show a similar Paleoproterozoic population 

centred on 1950 Ma and probably derived from the Glenburgh Terrane of the Capricorn 

Orogen (Fig. 5.13C). More strikingly, both samples contain a significant Mesoproterozoic 

age group that is absent in other Lower Permian sandstones (Fig. 5.8, 5.9). This zircon 

population, also described in Lower Permian sandstones of the Collie Basin, has been 

widely attributed to a southeastern source extending from the proximal Albany-Fraser 

Orogen to the distal Gamburtsev region of East Antarctica (Veevers et al., 2005). The 

predominance of this age population in previous geochronological studies largely 

influenced paleogeographic reconstructions of southwestern Australia, interpreted as a 

continuous series of northward-flowing fluvio-deltaic systems developed in Permian rift 

basins and on the adjacent craton (Cawood and Nemchin, 2000; Veevers et al., 2005; 

Veevers, 2006; Mory and Haines, 2013). Potential provenance for Mesoproterozoic grains 

in the age range 1250–1000 Ma consists of granitic intrusions emplaced in the Nornalup 

and Biranup complexes in the late phase of the Albany-Fraser orogeny (Fig. 5.11, 5.12; 

Table 5.2). Fine oscillatory zoning in Mesoproterozoic zircons supports a likely igneous 

origin (Fig. 5.7C-D). Grains in the age range 1100–900 Ma showing irregular banding and 

metamorphic overgrowths (Fig. 5.7E, 5.7F) may have derived from paragneisses of the 

Northampton Complex (Fig. 5.13C; Table 2). However, recent paleogeographic 

reconstructions based on aeromagnetic and aerogravity surveys highlighted a strong 

linkage between the Perth Basin and the Wilkes Land in East Antarctica via the Conger 

Fault, a southern extension of the Darling Fault (Aitken et al., 2014). This aspect suggests 

that more distant terranes in Antarctica potentially contributed sediment, including 

granulites at Bunger Hills or the Rauer Group in Prydz Bay (Fig. 5.12; Table 5.2). 
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The youngest population consisting of 690–535 Ma Neoproterozoic–Early 

Phanerozoic grains can be confidently associated with granitic intrusion and 

metamorphism in the Leeuwin Complex (Fig. 5.12; Table 5.2). Nonetheless, concomitant 

events occurred at Prydz Bay and in the Denman Glacier area, so that a more distal 

provenance cannot be ruled out (Fig. 5.12; Table 5.2). Meso- and Neoproterozoic zircons 

are on average more rounded than Archean grains and show poorly preserved external 

terminations, which is consistent with extensive abrasion and possibly long transport 

distances (Fig. 5.5, 5.7).  

Multiple source regions are indicated during the deposition of the upper Irwin 

River Coal Measures in the middle Artinskian. This phase records the development of 

large, north-flowing river systems draining the Albany-Fraser province, the Leeuwin 

Complex and highlands in East Antarctica to the south, which resulted in a majority of 

Mesoproterozoic and Neoproterozoic zircons in the detritus on the Beharra Spings 

Terrace and probably in adjacent areas of the Northern Perth Basin (Fig. 5.13C). 

Paleogeographic reconstructions for 1150 Ma and 160 Ma proposed by Aitken et al. 

(2016) do not show a substantial variation in distance between the Australian and 

Antarctica plates, and it is thus inferred that the distance between potential source 

terranes in Antarctica and the Perth Basin remained unchanged throughout most of the 

Paleozoic, and was not less than 2000 km. By including multiple headwaters in the 

Gamburtsev and Mirny glaciated uplands, the paleoriver system that flowed in rift basins 

in southwestern Australia in the middle Artinskian was probably equivalent to the 

drainage system of the modern day Mackenzie River that, together with its tributaries, 

stretches for over 4200 km and drains a watershed ~1 805 000 km2 across Western 

Canada (Rood et al., 2017). 

On the Irwin Terrace, Archean grains constitute 55 % of the analysed zircons 

(Fig. 5.9E, 5.9F, 5.10), indicating that the Yilgarn Craton was a major provenance, and 

that Proterozoic parent rocks described above were secondary sediment contributors 

(~32 %). A Permian sedimentary cover may have accumulated in the southwestern 

Yilgarn Craton (nowadays preserved as fluvial coal measures in the fault-bounded Collie 

Basin), whereas cratonic areas adjacent to the Irwin Terrace remained structurally high 

and exposed (Fig. 5.13C). The appearance of a Paleoproterozoic grain population 

indicates re-established connections between the Northern Perth Basin, the Capricorn 

Orogen, and the Southern Carnarvon Basin (Fig. 5.13C). It is proposed that sediments 

were partly transported by strong tidal currents across the delta front represented by the 
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Moogooloo Sandstone in the Southern Carnarvon Basin, and deposited in tidal channels, 

shallow bays, and salt marshes occupying the Irwin Terrace at this period (Chapter 3).  

The Cook Inlet region in Alaska is proposed as a modern analogue for the Middle 

Artinskian paleogeography of southwestern Australia (Fig. 5.13C). The inlet was originally 

carved by a large alpine glacier 14 000 years ago (Bartsch-Winkler et al., 1983). It is 

surrounded by high bedrock ridges and sea cliffs that could mimic the confinement of a 

narrow Artinskian seaway between an elevated cratonic margin to the east, and highlands 

formed by the Northampton Complex and the Gascoyne Platform to the west. In the 

Cook Inlet, sediment is supplied by small river networks developed at the landward 

extremity and laterally of the inlet, draining the elevated adjacent elevated areas (Fig. 

5.13C). Sediments are largely reworked by tides (tidal range: 11 m), resulting in extensive 

sandflats and estuarine point bars at Turnagain Arm, and bioturbated mudflats at Knik 

Arm (Bartsch-Winkler et al., 1983; Archer, 2013). Tidal influence extends for 500 km 

inland from the Pacific Ocean mouth of the inlet, which approximately corresponds to 

the distance separating the Gascoyne Complex and the Irwin Terrace (Fig. 5.13C). Small 

embayments colonised by salt marshes and flanked by tidal and fluvial channels along 

Knick Arm could reflect depositional environments similar to the upper Irwin River Coal 

Measures on the Irwin Terrace (Fig. 5.13C). 

6. Conclusion 

The new U-Pb detrital zircon ages obtained in this study combined with 

stratigraphic data indicate that sediment provenance and dispersal of Early Permian 

formations of the Northern Perth Basin was more complex than previously interpreted. 

The importance of Proterozoic orogens as contributors of sediments to southwestern 

Australian basins throughout the Paleozoic, and particularly during the Lower Permian, 

was established in earlier studies. Paleogeographic representations emphasized the general 

south to north trend of drainage patterns, parallel to the axis of the Perth Basin, with the 

southern Albany-Fraser Orogen and Leeuwin Complex of the Pinjarra Orogen shedding 

sediments into an elongate seaway open to the Tethyan ocean to the north. Moreover, 

compelling geological evidence suggested that the Archean Yilgarn Craton was broadly 

subdued, peneplained, or covered by sedimentary rocks and, therefore, did not constitute 

an important source terrane for the basin except in the Late Permian.  

The detrital zircon U-Pb geochronology data from Early Permian strata sampled 

on the Irwin Terrace reveal that the Youanmi Terrane of the Yilgarn Craton may have 
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been a major provenance for the Perth Basin, based on up to 90% of the zircon grains in 

the age range 3000–2600 Ma. The prevalence of Archean zircons in fluvial and shallow 

marine sandstones of the High Cliff Sandstone, and lower and upper Irwin River Coal 

Measures, indicate that perennial river catchments draining granitic, gneissic, and older 

sedimentary parent rocks were established on the craton from at least the late Sakmarian 

to the middle Artinskian. It is also suggested that important reorganisations of the 

shoreline at the time strongly influenced sediment dispersal pathways. Southeastward 

longshore drift, associated with nearshore sedimentation in the late Sakmarian, favoured 

the introduction of far-travelled Paleoproterozoic detritus arguably derived from the 

Glenburgh Terrane of the Capricorn Orogen, and largely shaped the shoreline. This 

sediment source potentially ceased providing sediment in the early Artinskian in response 

to northward progradation following a major relative sea-level fall or tectonic movements 

in the source region, leaving the Yilgarn Craton as the major provenance. Marine 

transgression in the middle Artinskian re-established hydraulic connections between the 

Northern Perth Basin and the Capricorn Orogen, probably aided by strong tidal currents. 

This time also corresponded with the development of large drainage systems to the south 

providing Mesoproterozoic and Neoproterozoic detritus into the Irwin Terrace and 

central Northern Perth Basin from the Albany-Fraser Orogen, the Prydz-Leeuwin Belt, 

and the Wilkes Land in East Antarctica.  

The predominance of Archean-aged zircons in Lower Permian strata on the Irwin 

Terrace prompts to reconsider the Late Paleozoic paleogeography of southwestern 

Australia. This period is widely recognised as a phase of basin inception in East 

Gondwana resulting in half graben bounded by uplifted blocks that were all potential 

detrital contributors. The western Yilgarn Craton must have constituted an elevated 

feature containing paleodrainage catchments shedding detritus into shallow rift basins to 

the west throughout the Permian, at least in its central and northern parts, controlled by 

contemporaneous tectonic activity along the Darling Fault. These important drainage 

systems may have actively participated in the erosion of the uplifted craton towards the 

end of the Paleozoic.  

  



178 
 

  



179 
 

Chapter 6: Discussion 

1. Sequence-stratigraphic framework for the Carboniferous–

Lower Permian succession 

This study has focused on the Artinskian Irwin River Coal Measures (~8 myrs of 

deposition) in the Northern Perth Basin (NPB). Interpretation of sedimentological and 

stratigraphic data has resulted in a model of marginal- to shallow-marine deposition in a 

series of backstepping paleoenvironments, in overall transgressive conditions (Chapter 3, 

fig. 3.15; Chapter 4, fig. 4.20). The formation is stratigraphically well constrained. It is 

underlain by shoreface and beach facies of the High Cliff Sandstone (~1 myr of 

deposition) deposited during highstand conditions in the late Sakmarian. The IRCM is 

overlain by offshore mudstones and sandstones of the Carynginia Formation (~11 myrs 

of deposition) deposited in a late transgressive phase and recording maximum flooding 

in the late Artinskian. This succession constitutes the upper part of a long-term 

sedimentary record spanning ~50 myrs from the Late Carboniferous to the Early 

Permian, and containing multiple cycles of relative sea-level rise and fall associated with 

a range of allogenic controls. In this study, a sequence-stratigraphic framework defining 

a hierarchy of high-order stratigraphic cycles is proposed based on a combination of facies 

observation, the magnitude of base-level change associated with sequence-bounding 

surfaces, and cycle duration (e.g. methods of Vail et al., 1991; Embry, 1993; Catuneanu, 

2006).  

1.1. 1st order Megasequence 

In the NPB, there is a significant stratigraphic gap (10s of millions of years) between 

the Ordovician–Silurian Tumblagooda Sandstone and the Upper Carboniferous Nangetty 

Formation constituting a major subaerial unconformity (Chapter 2, fig. 2.3). Important 

basin modifications in the Mississippian related to tectonism (uplift followed by sagging 

and rifting) and climatic changes (glacial advance and retreat) resulted in deposition of 

the glacigene Nangetty Formation in sag basins and half-graben developed directly on 

Precambrian basement rocks (Fig. 6.1). This unconformity meets the physical criteria 

established by Embry (1993) for a 1st order Megasequence boundary in that it: i) has a 

large areal extent; ii) has overlying strata lapping onto basin margins; iii) marks a change 

in tectonic setting; and iv) marks a major change in sedimentary regime. Similarly 

Catuneanu (2006) and previous authors linked 1st order sequence boundaries with 
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Figure 6.1: Sequence-stratigraphic framework for the Upper Carboniferous–Lower Permian succession in the Northern Perth Basin. Outcrop and core sections are 
all located on the Irwin Terrace showing two 2nd order Supersequences (lower and upper) separated by a major subaerial unconformity at the High Cliff Sandstone–
Irwin River Coal Measures transition. Maximum flooding surfaces are identified in thick offshore mudstones in the Holmwood Shale (MFS1) and Carynginia 
Formation (MFS2). 
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significant phases of basin reorganisation. Such a surface is correlatable in Late Paleozoic 

basins across the western margin of Australia that show concomitant phases of inception, 

syn-rift filling, and glacial history (e.g. Southern Carnarvon Basin, Mory and Backhouse, 

1997; Collie Basin, Le Blanc Smith, 1993; Canning Basin, Mory, 2010).  

The Pennsylvanian–Lower Permian succession is marked by two thick marine 

mudstone-dominated formations deposited in the Sakmarian (Holmwood Shale) and late 

Artinskian–Kungurian (Carynginia Formation) that reflect the establishment of hypoxic 

to anoxic offshore conditions across the basin. Each records maximum flooding 

separated by a ~15 myr period. Their magnitude and lateral extent are interpreted as 2nd 

order surfaces in the hierarchy, helping to define two 2nd order cycles within the 

investigated succession (Fig. 6.1). These Supersequences are separated by a 2nd order 

subaerial unconformity; the best candidate is the surface at the base of the IRCM (Fig. 

6.1), across which significant basinward facies shifts and regional extent were 

demonstrated across the Irwin Terrace (Chapter 3, fig. 3.8) and in the central NPB 

(Chapter 4, fig. 4.15). The Lower Supersequence spans the Visean–early Artinskian period 

and encompasses the Nangetty Formation, the Holmwood Shale and the High Cliff 

Sandstone (Fig. 6.1). The Upper Supersequence extends from the early Artinskian to the 

Roadian, and comprises the Irwin River Coal Measures and Carynginia Formation (Fig. 

6.1). 

1.2. Lower Supersequence (Visean?–early Artinskian) 

1.2.1. Overview  

It is well-established that faulting and folding act as important local controls on 

sediment supply, subsidence, and uplift, and thus that syn-rift movements in intracratonic 

basins may largely contribute to the stratigraphic development of high order sequences 

(e.g. Posamentier and Allen, 1993; Ielpi and Ghinassi, 2014a; Burton et al., 2016). The 

Late Carboniferous–Early Permian is known as a major phase of basin development 

along the western Australian margin, during which northwest-striking normal faults in the 

NPB created graben and half-graben that are 5-40 km wide and up to 100 km long 

(Norvick, 2003; Jones et al., 2011b; Thomas, 2014). It is proposed that the tectonic 

imprint on stratigraphic development was particularly important in the NPB during the 

early syn-rift stage, corresponding with the deposition of the lower Supersequence (Fig. 

6.1). Isochore maps of syn-rift formations indicate that stratal thickness is at its maximum 
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on the hanging wall side of the major west-dipping basin-bounding faults, which supports 

major extensional displacements (Mory and Iasky, 1996).  

The lower 2nd order Supersequence of the Carboniferous–Lower Permian 

succession is inferred to span the Visean?–early Artinskian, i.e. ~40 myrs, which is 

consistent with 2nd order cycles (e.g. 10-100 myrs, Vail et al., 1977; 3-50 myrs, Mitchum 

and Van Wagoner, 1991). Deposition began with pre-rift to early syn-rift strata of the 

glacigene Nangetty Formation interpreted to fill the bottom of a broad sag and encroach 

onto structural highs such as the Beagle Ridge and Greenough Terrace to west (Fig. 6.2A). 

Modelled thicknesses indicate maximum thickness (>1000 m) on the Irwin Terrace and 

westward thinning, implying contemporaneous growth movements along the Darling 

Fault (Mory and Iasky, 1996). Stratigraphic thinning can be mapped onto the Beharra 

Springs Terrace (Fig. 6.2B). Coarse siliciclastic facies of the lower Nangetty Formation 

(‘Wicherina Member’ of Mory and Iasky, 1996) represent lowstand deposition of fluvio-

glacial outwash elements developed on crystalline basement (LST1, fig. 6.1). These facies 

overlie a glacial advance surface as defined by Ghienne (2003).  

Diamictites and mudstones of the upper Nangetty Formation and lower 

Holmwood Shale were deposited in a broad proglacial to postglacial marine environment 

associated with the melting of ice, increasing subsidence associated with rifting, rise in sea 

level, and sediment starvation (e.g. Ravnas and Steel, 1998; Plint et al., 2001). They form 

the transgressive systems tract of the lower Supersequence (TST1, fig. 6.1). In the 

Holmwood Shale, minor sandstones are interpreted as lower shoreface units and/or distal 

delta front splays capping crudely developed coarsening-upward packages (Fig. 6.3A). A 

more distal expression of river floods may be recorded by tabular calcareous concretions 

formed during early diagenesis by mixing of freshwater and marine water (Fig. 6.3B). 

Sandstone units and nodules are capped by high-frequency marine flooding surfaces (Fig. 

6.3A, 6.3B). 

The overall absence of glacial indicators in the Holmwood Shale is consistent with 

climatic amelioration observed in lower-middle Sakmarian strata worldwide (end of the 

P. confluens zone) (Dickins, 1996; Eyles et al., 2002). Minor cool water carbonate facies 

with Tethyan affinities (e.g. the Fossil Cliff Member, Archbold and Shi, 1995) recorded 

at different stratigraphic intervals in the Holmwood Shale (Playford et al., 1976) indicate 

the establishment of more oxygenated conditions toward the late Sakmarian (Haig et al., 

2014).  
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Figure 6.2: A. Early syn-rift stage with deposition of Upper Carboniferous–Asselian glacigene 
facies in half-graben formed by extensional movements along the Darling Fault. Strata overlie 
basement rocks on a 1st order sequence-bounding surface; DF: Darling Fault; UF: Urella Fault; 
BSF: Beharra Springs Fault; MBF: Mountain Bridge Fault. B. Well log expression of the 
southward thinning of the Nangetty Formation on the Beharra Springs Terrace. The formation 
was deposited in structural lows to the north and east of the Northern Perth Basin and onlapped 
the Beagle Ridge to the south and west. Datum used is a regional flooding surface capping the 
Irwin River Coal Measures. 

 

 

Figure 6.3: A. Coarsening-upward trends in the Holmwood Shale revealed by outcrop gamma-
ray response. Sandstones are interpreted as storm-generated facies or distal delta front splay, and 
are capped by minor flooding surfaces (fs); B. Elongate calcareous nodules aligned along a 
bedding plane are interpreted as the distal expression of flooding events that brought freshwater 
to the offshore marine environment. Cliff height is approximately 15m. 
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Shallowing upper Holmwood Shale and High Cliff Sandstone strata are attributed 

to highstand deposition (HST1, fig. 6.1). The top of the lower Supersequence is defined 

by a 2nd order subaerial unconformity and its correlative conformity that separates beach 

facies and fluvio-deltaic sandstones and conglomerates at the High Cliff Sandstone–

IRCM transition (Chapter 3, fig. 3.8).  

1.2.2. Tectono-stratigraphic development of highstand/falling-stage strata  

The High Cliff Sandstone consists of a bioturbated shoreface sand body that 

developed across the basin in the late Sakmarian. Paleocurrent directions recorded in 

tabular cross-sets indicate southeastward marine currents flowing parallel to the structural 

trend (Le Blanc Smith and Mory, 1995). The thickness distribution of the High Cliff 

Sandstone is more complex than underlying early syn-rift formations, because strata 

noticeably thin onto the Irwin Terrace (Fig. 6.4A), implying syn-sedimentary growth 

movements along the Urella Fault, potentially in response to post-glacial isostatic rebound 

in the late Sakmarian. The High Cliff Sandstone is conspicuously thick and sharp-based 

over the Holmwood Shale in the northern sub-basins, such as at the type section on the 

Irwin Terrace (Fig. 6.1, 6.5A). In contrast, thinner and clearly developed coarsening-

upward trends from the underlying offshore mudstones can be observed in the southern 

areas, such as on the Beagle Ridge or the Cadda Terrace. Both stacking patterns are not 

mutually exclusive and occurred contemporaneously as a result of episodic displacements 

and varying rates of subsidence along individual segments of the Darling-Urella fault 

complex (e.g. Gawthorpe et al., 1994).  

Coarsening-upward trends reflect the genetic relationship between offshore 

mudstones of the Holmwood Shale and shoreface sandstones of the High Cliff 

Sandstone. Maximum growth movement along the southern Darling Fault segment 

breaking to the surface created sufficient accommodation for shoreface sandstones to 

prograde eastward from the Beagle Ridge structural high (Fig. 6.6A). High 

accommodation in the immediate hanging wall resulted in stratal divergence and pinch 

out of sand bodies, translating distally into calcareous nodule beds (Fig. 6.3B), and 

aggradation of offshore mudstones forming thick accumulations (e.g. Gawthorpe et al., 

1997). This phase can be associated with normal regression and highstand deposition (e.g. 

Buatois and Gabriela Mángano, 2003; El-Ghali, 2005; Charvin et al., 2010).  
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Figure 6.4: Isochore maps of the: A. High Cliff Sandstone showing thickening in the northern 
part of the basin, whereas strata thin onto the Irwin Terrace and Beagle Ridge; B. Irwin River 
Coal Measures, where the reduced thickness on the Irwin Terrace suggests movements along the 
Urella Fault that accompanied shifting of the main depocentre southward to the Dandaragan 
Trough. 

In contrast, sharp-based shoreface sandstones typically overlie a marine erosion 

surface, suggesting that they formed as a result of forced regression during relative sea-

level fall (Hunt and Tucker, 1992; Plint and Nummedal, 2000). Sharp-based marine sand 

bodies typically developed along the northern fault segment, where growth folding above 

buried fault tips may have caused abrupt relative sea-level falls and formation of regressive 

surfaces of marine erosion (e.g. Gawthorpe et al., 1997) (Fig. 6.5B, 6.5C). Northerly 

trending folds parallel to the Darling Fault were described on the Irwin Terrace by Le 

Blanc Smith and Mory (1995). This process resulted in forced regressive shoreface wedges 

prograding westward from the margins of the Yilgarn Craton and thickening away from 

the fault zone into central depocentres (Fig. 6.6B). Lower and upper shoreface sandstones 

sharply overlie offshore mudstones depending on the magnitude of relative sea-level fall 

(Fig. 6.5B, 6.5C). Fold growth may be recorded in locally steeply dipping sandstone beds 

encased in marine mudstones (Fig. 6.5D). Much thicker sandstone packages in the central 

NPB (Fig. 6.4A) are presumably related to the amalgamation of several shoreface sand 

bodies during consecutive stages of fold growth, marine erosion, and subsequent flooding
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Figure 6.5: A. High Cliff Sandstone sharply overlies the Holmwood Shale at the type section on 
the Irwin Terrace; B: Sharp contact between offshore mudstones of the Holmwood Shale and 
shoreface sandstones of the High Cliff Sandstone. Two sharp-based sand bodies are seemingly 
separated by a thin mudstone interval. Basal surfaces of shoreface sandstones may be attributed 
to regressive surfaces of marine erosion; C. Three sharp-based shoreface sand bodies separated 
by offshore mudstones and bounded by regressive surfaces of marine erosion (rsme) at the base 
and flooding surfaces (fs) at the top; D. Angularity between sandstone beds potentially recording 
divergence during fold growth. The distal pinch-out of a delta front splay can also be observed. 
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Figure 6.6: Tectonic control on stratigraphic arrangement within the lower Supersequence along 
west-trending cross-sections. A. Southern segment of the Darling Fault reactivated in the 
Sakmarian, creating accommodation for extensive mudstone aggradation against the fault and 
eastward shoreface progradation from an elevated Beagle Ridge; B. Northern segment of the 
Darling Fault remained blind, where growth folding produced sharp-based shoreface sand bodies 
overlying marine erosion surfaces and diverging westward. DF: Darling Fault; UF: Urella Fault; 
MBF: Mountain Bridge Fault; BF: Beagle Fault.  

 

(Fig. 6.5B, 6.5C). This phase recorded deposition of a falling stage systems tract. 

This reconstruction highlights diachronous development of the High Cliff 

Sandstone across the basin. Low rates of subsidence along the northern fault segments 

were susceptible to enhance subaerial erosion and basinward shifts of facies associated 

with the deposition of the IRCM. In contrast, high subsidence rates along the southern 

fault segment appears to have negated sea-level fall, resulting in a conformable 

relationship between the High Cliff Sandstone and the IRCM. The limited thickness of 

the IRCM on the Irwin Terrace compared to the central NPB (Fig. 6.4B) suggests 

continuous extensional activity associated with the Urella Fault, creating a structurally 

high area with low accommodation in the Artinskian. 

1.3. Upper Supersequence (early Artinskian–early Roadian) 

The upper Supersequence corresponds to a ~20 myr period. The Supersequence 

was initiated by reactivation along basin-bounding faults, resulting in uplifted rift 

shoulders and structural valleys in the hanging-walls of en echelon faults (Chapter 4, fig. 

4.16). Braided channel fills and genetically related coarse-grained delta facies of the upper 
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High Cliff Sandstone–basal IRCM transition on the Irwin Terrace are interpreted here as 

am early lowstand systems tract of the upper Supersequence (LST2, fig. 6.1). Coarse delta 

front facies are overlain by fluvial sand bodies indicating progradation (Chapter 4, fig. 

4.18). Abrupt lateral pinchouts of these units suggest that they were left as abandoned 

terraces in a broader valley cut during a period of active fluvial incision associated with 

sea-level fall, as described by Chentnik et al. (2015) for similar deposits in the Upper 

Cretaceous Straight Cliff Formation. Granitic boulders may have originated from valley 

margin failures, potentially enhanced by seismic activity along the Darling Fault. Coal-

bearing floodplain deposits interbedded with anastomosing fluvial sand bodies of the 

lower IRCM are interpreted as continuous delta plain progradation and hence late 

lowstand deposition (Chapter 3, fig. 3.8). On the Irwin Terrace, distributaries were fed by 

river systems draining Archean basement terranes of the Yilgarn Craton (Chapter 5, fig. 

5.13).  

A phase of extensive coal seam deposition is interpreted to mark maximum 

regression. The transgressive systems tract (TST2, fig. 6.1) consists of tide-influenced 

strata with tidal and wave ravinement surfaces associated with important scouring at the 

base of tidal bars and storm deposits, respectively (Chapter 3, fig. 3.8). In the central NPB, 

three lower order, backstepping sequences containing multiple ravinement surfaces are 

nested within TST2 (Chapter 4, fig. 4.15). Individual depositional sequences are inferred 

to be 3rd order, each recording on average ~3 myr of deposition that is consistent with 

cycle duration (1-10 myrs, Vail et al., 1977; 0.5-3 myrs, Mitchum and Van Wagoner, 1991). 

Paralic strata of the IRCM are overlain by offshore mudstones of the Carynginia 

Formation in the late TST2, this transition being likely associated with a change in the 

dominant process regime from a fluvial- to wave/storm-dominated shoreline (Fig. 6.1). 

Maximum flooding in the NPB probably occurred in the latest Artinskian–Kungurian 

according to microfaunal assemblages showing increased diversity (Haig et al., 2017). The 

highstand systems tract was largely eroded during mid-Permian uplift that marked the 

end of the upper Supersequence. 

2. Stratigraphic comparisons with other Gondwanan basins 

Catuneanu (2006) argued that sequences identified in a particular basin are not 

expected to correlate with sequences in other sedimentary basins, insofar as the history 

of formation, evolution, and base level changes are presumably unique for each basin. 

These statements may be requalified when specific climatic and tectonic events are not 
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restricted to a particular sedimentary basin, but are recognised to affect broader areas. 

Biostratigraphic and radiometric dating studies have shown the diachroneity of Late 

Paleozoic glaciations throughout Gondwana, with an alternation of warmer and colder 

periods, and more local tectonic, geographic, and climatic factors have been proposed as 

primary controls on basin filling (e.g. Dickins, 1996; Eyles et al., 2003; Fielding et al., 

2008a; Rygel et al., 2008b; Barbolini et al., 2016). Crustal relaxation following the collision 

between Laurasia and Gondwana at ca. 320 Ma, and crustal loading by ice sheets, would 

have resulted in widespread episodes of sagging and rifting in the Late Carboniferous that 

were partly contemporaneous across Gondwana (Veevers and Powell, 1987; Veevers and 

Tewari, 1995; Veevers, 2004, 2006). For example, lithostratigraphic and biostratigraphic 

studies demonstrated the near-synchronicity of east-west basin rifting and sagging along 

the western Australian margin in the Late Paleozoic, in response to uplift (Alice Spring 

Orogeny) and Mesotethyan rifting of Cimmeria (McLoughlin, 1992, 1993; Archbold, 

1999; Eyles et al., 2002; Haig, 2003; Mory et al., 2008; Haig et al., 2014; Haig et al., 2017). 

Moreover, relationships between Late Paleozoic Gondwanan basins have been 

established by their similar faunal and floral assemblages (e.g. Levipustula, Eurydesma 

faunas, Glossopteris flora, Stage 2 palynoflora) and coal-bearing deposits in coeval Early 

Permian (Artinskian–Kungurian) strata (e.g. Backhouse, 1993; Dickins, 1996; Backhouse, 

1998; Götz and Ruckwied, 2014; Ruckwied et al., 2014; Playford, 2015; Slater et al., 2015; 

Tewari et al., 2015). 

The depositional history of Gondwanan basins generally initiated with glacigene 

units filling the base of graben or glacially modified basement depressions or sags, while 

extensive ice sheets developed on highlands (e.g. Visser, 1997; Eyles et al., 1998; O'Brienn 

et al., 1998; Wopfner, 1999; Eyles et al., 2003; Catuneanu et al., 2005; Dasgupta, 2006; 

Fielding et al., 2006; Fielding et al., 2008b; Rygel et al., 2008a; Fielding et al., 2010; 

Mukhopadhyay et al., 2010; Flaig et al., 2015; Frank et al., 2015; Cornamusini et al., 2017; 

Maravelis et al., 2017). The development of widespread glacial to postglacial successions 

is associated with allogenic controls that may affect areas >1000 km², such as glacio-

eustatism, ice melting or isostatic rebound in source areas, or climatic changes related to 

the migration of continents (Visser, 1996; Gupta, 1999; Wopfner, 1999; Catuneanu et al., 

2005). These factors, when synchronous, are likely to have provided a common thread 

for the sedimentary filling of Gondwana basins (Dickins, 1996; Visser, 1997; Fielding et 

al., 2010; Haig et al., 2017). For example, the onset of deglaciation in the Late 

Pennsylvanian was demonstrated to be almost synchronous across Western Australia and 
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coincided with more regional tectonic events. It is, therefore, proposed in this study that 

Upper Carboniferous–Lower Permian successions across Gondwana exhibit a similar 

high order sequence-stratigraphic framework. For example, glacigene basin fills overlie a 

major 1st order subaerial unconformity, with some diachroneity because of latitudinal and 

structural variations from basin to basin. In the Southern Carnarvon Basin and Canning 

Basin, previous work highlighted distinct tectono-stratigraphic successions separated by 

major unconformities recording uplift and erosion that can be tentatively attributed to 

high order sequences equivalent to the NPB (Kennard et al., 1994; Eyles et al., 2003; 

Mory, 2010).  

The subsequent phase of deposition following the Sakmarian marine 

transgression coincided with the common development of fluvial and shallow marine 

systems in ‘filled’ basins during climatic amelioration. With the exception of numerous 

economic evaluations of coal resources (e.g. Hamilton, 1985; Hunt, 1989; Smyth, 1989; 

Le Blanc Smith, 1993; Le Blanc Smith and Mory, 1995; Holz et al., 2002), 

chronostratigraphic frameworks with sufficient biostratigraphic data similar to those 

presented in chapters 3 and 4, remain scarce. Table 6.1 summarises the record of 

marginal-marine and shallow-marine, coal-bearing successions that developed in 

Gondwanan basins contemporaneously with the IRCM in the late Early Permian (late 

Sakmarian–Kungurian). Two categories of basins can be distinguished. The first category 

of basins initiated in the Late Paleozoic through collision and terrain accretion along the 

southern margin of Gondwana in response to subduction of the paleo-Pacific plate, 

creating the Pan-Gondwanan fold-thrust belt (preserved, for example, in the Cape Fold 

Belt and New England Fold Belt) and a series of back-arc/retroarc basins (Tye et al., 

1996; Catuneanu and Bowker, 2001; Catuneanu et al., 2005). These foreland basins are 

now located in South America, South Africa, Antarctica and Eastern Australia (Fig. 6.7, 

Table 6.1). The second category consists of rift basins connected to the Tethyan Ocean 

such as those in present-day Indian and Pakistan that provide useful analogues for 

Western Australian basins of comparable intracratonic setting (e.g. Gupta, 1999; Kumar 

Ghosh et al., 2004) (Fig. 6.7, Table 6.1). 

The Artinskian fluvio-deltaic Barakar Formation is a significant example that 

abruptly overlies ice-marginal and shallow-marine strata of the Talchir Formation in all 

intracratonic basins of India (Gupta, 1999; Chakraborty et al., 2003). Climatic 

amelioration is recognised throughout deposition of this formation, as well as a generally 

backstepping facies trend associated with decreasing slope gradients through time  
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(Chakraborty et al., 2003; Kumar Ghosh et al., 2004). The Barakar Formation represents 

an array of paralic environments with increasing marine influence. Bhattacharya et al. 

(2012) attributed the abrupt relative sea-level fall separating the Talchir Formation from 

the Barakar Formation to post-glacial isostatic rebound of the Raniganj coal basin 

margins. Mukhopadhyay et al. (2010) distinguished an initial sag phase until the 

Artinskian, after which basins became tectonically controlled in far-field response to 

continuous uplift of the Cape Fold Belt.  

In the Salt Range (Pakistan), Ghazi and Mountney (2009) identified a major 

subaerial unconformity separating shallow-marine strata from the overlying alluvial 

Warchha Sandstone, and associated this surface with a 3rd order sequence boundary 

generated by a combination of allogenic processes, including isostatic rebound in the 

Figure 6.7: Early Permian global paleogeography showing the location of main intracratonic
(orange) and foreland (blue) basins across Gondwana. The latter developed in response to crustal 
relaxation and subduction of the paleo-Pacific (Panthalassa) plate beneath Gondwana creating a
fold-thrust belt (modified from Fielding et al., 2008c). 
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source region. The authors also distinguished 4th and 5th order sequences within the 

exclusively fluvial lowstand systems tract, and interpreted these as autogenic in origin. 

The Rio Bonito Formation in the Parana Basin (Brazil) is an interesting example 

of sequence-stratigraphic framework that is near-synchronous with the NPB. The 

formation records similar depositional environments to the IRCM (Table 6.1), wherein 

Holz (2003) identified seven aggradational to retrogradational parasequences, interrupted 

by a minor phase of structural reorganisation. The development of these sequences was 

caused by the interplay between glacio-eustatism and tectonism, and are nested within a 

late Sakmarian–early Kungurian 2nd order transgressive cycle (Holz, 1999; Holz et al., 

2002).  

 Fielding et al. (2006) proposed a sequence-stratigraphic framework for the late 

Sakmarian–early Artinskian upper Pebbley Beach Formation of the Sydney Basin, and 

identified nine parasequences ranging in thickness from <1 to 10 m and spanning a period 

of ~5 myrs. They attributed each parasequence to 400-kyr orbital Milankovitch cycles 

driving high-frequency, high-magnitude sea-level fluctuations, and emphasized that such 

controls were prominent during icehouse conditions. Although these processes may have 

been synchronous in all Gondwana basins connected to marine water bodies (e.g. in the 

Damodar Valley in India, Gupta, 1999; in the northern hemisphere, Isbell et al., 2003b), 

an orbital control has not been identified in coeval strata of the NPB. The reason for this 

could be continual generation of accommodation in an active rift basin that suppressed 

higher frequency eustatic sea-level fluctuations (e.g. Howell and Flint, 1996). Fielding et 

al. (2006) did not describe the long term evolution and stacking patterns of the upper 

Pebbley Beach Formation, which makes comparison with the NPB difficult, though they 

acknowledged that widespread marine flooding events took place at the time in a late syn-

rift extensional setting similar to the NPB.  

More generally, Artinskian successions in Gondwanan basins exhibit a common 

retrogradational stacking pattern (Table 6.1), suggesting that they formed components of 

high-order transgressive systems tracts that were potentially coeval with the upper 2nd 

order transgressive systems tract identified in the NPB. Examples in intracratonic basins 

invoked isostatic loading and rebound as the main factor that caused uplift and relative 

sea-level fall, and in turn the abrupt superposition of fluvial strata onto marine deposits. 

This process is also proposed for the initiation of the upper Supersequence in the NPB, 

at the High Cliff Sandstone–IRCM transition, and may be a global factor of relative sea-
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level fall in the Artinskian creating a near-synchronous subaerial unconformity at the base 

of a high-order sequence.  

3. Artinskian paleogeography of the Northern Perth Basin 

The compilation of sedimentological, stratigraphic, and sediment provenance 

data from different regions of the NPB is used to establish a broad depositional model 

and a paleogeographic reconstruction. Reduced thickness of Artinskian strata on the 

Irwin Terrace (Fig. 6.4B) is interpreted to reflect growth faulting along the Urella Fault, 

tilting the sub-basin toward the Darling Fault, and resulting in reduced accommodation 

and confinement of the half-graben from a more open marine and subdued ‘Dandaragan 

Trough’ depocentre to the west (Fig. 6.8). Recent geophysical mapping undertaken on 

the Irwin Terrace revealed that a regional north-trending normal fault runs parallel to the 

Urella Fault and bounds the Mullingarra Ridge to the east, and potentially connects with 

the Northampton Complex (Fig. 6.8) (Standen, 2016). It is thus suggested that the 

Mullingarra Ridge constituted an elevated feature in the Early Permian that accentuated 

confinement on the Irwin Terrace, and potentially resulted in the amplification of the 

tidal prism in this area. A northward-prograding tide-dominated embayment developed 

and was fed by a combination of craton-derived fluvial input and strong southward flood-

tidal currents (Fig. 6.8). These transport mechanisms are reflected in the age signature of 

zircons in tide-generated strata showing a mixed Archean-Proterozoic provenance from 

multiple source regions to the east (Yilgarn Craton), north (Gascoyne Complex), and 

south (Albany-Fraser Orogen) (Chapter 5, fig. 5.13). The presence of the Mullingarra 

Ridge and the focusing of drainage systems into the ‘Irwin Terrace’ sub-basin may also 

explain the near-absence of Archean grains in sediments of the central NPB.  

Reduced stratal thickness on the Greenough Shelf suggests that it formed an 

elevated structural feature and potentially a southward extension of the Northampton 

Complex (Thomas, 2014). Detailed facies mapping in this area highlighted that 

multistorey braided and meandering fluvial elements form narrow, elongate north-

trending sand bodies that support deposition in structurally controlled valleys, 

presumably along the nearby Beagle and Beharra Springs faults (Fig. 6.8; Chapter 4, fig. 

4.16). Multiple episodes of valley truncation and transgressive backfilling imply that faults 

were reactivated several times during the Artinskian syn-rift period. The southern 

Dongara Terrace and Beagle Ridge are interpreted as areas of fine-grained, delta plain 

sedimentation consisting of restricted lacustrine and lagoonal water bodies affected by 
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tides, flanked by peat swamps, and crossed by distributary channels (Fig. 6.8). There, the 

predominance of Mesoproterozoic and Neoproterozoic-derived sediment is associated 

with regional north-flowing river systems from the Albany-Fraser Province and Prydz-

Leeuwin Belt, local catchments draining the Northampton Complex, and poor hydraulic 

connections with the eastern basin margin. These drainage systems fed delta front areas 

in the structurally lower central basin (Fig. 6.8). The ubiquity of graded sandstone beds in 

delta front deposits (Chapter 4, fig. 4.10) suggests that hyperpycnal conditions were 

generated by cold, dense freshwater outflows sourced in southern, possibly glaciated 

catchments, entering warmer seawater (e.g. Bhattacharya and MacEachern, 2009). Areas 

surrounding the Beagle Ridge (e.g. the Cliff Head field) were the locus of extensive 

sandstone deposition reflecting higher energy conditions than in the northern sector (Fig. 

6.8). Sandy facies were presumably deposited in wave-dominated shorefaces that 

constituted the updrift flank of asymmetric deltas, or as the transgressive backfill of tide-

dominated estuaries (Fig. 6.8).  

At a larger scale, deltaic systems prograded eastward into the Dandaragan Trough 

across to the Urella and Darling Fault scarps. The absence of Paleoproterozoic zircons in 

early Artinskian facies suggests that northern hydraulic connections were cut off by 

marine retreat, and that the basin became completely filled (Chapter 5, fig. 5.13). 

Continued subsidence and/or growth movements along rift faults in the middle 

Artinskian are reflected in the initial flooding of structural lows (i.e. the Dandaragan 

Trough), prior to complete inundation toward the late Artinskian. Westward-dipping half-

graben revealed in seismic in the western, presently offshore NPB, suggest another 

structural history, hence a different stratigraphic evolution for the IRCM with presumably 

stronger marine connections with the Meso-Tethys. 

 



196 
 

 

Figure 6.8: Paleogeographic reconstruction of the Northern Perth Basin during deposition of 
the Irwin River Coal Measures in the middle Artinskian. The age of potential sediment 
provenance is indicated. Movement along the Urella Fault enhanced confinement of the Irwin 
Terrace to the east, which focused tidal currents in the embayment. Fault reactivation to the west 
created incised valleys later backfilled by estuarine strata. Highlands (e.g. Beagle Ridge) constituted 
catchment areas with river systems flowing into structural lows (e.g. Dongara Terrace). The whole 
system formed an asymmetric delta, with updrift wave-dominated coastlines, that prograded 
eastwards into the Dandaragan Trough. BSF: Beharra Springs Fault; DF: Darling Fault; BF: 
Beagle Fault; EF: Eneabba Fault.  
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Chapter 7: Conclusion 

1. Introduction 

 Early Permian sedimentation in the Perth Basin (Western Australia) coincided 

with continental-wide intracratonic rifting and climate amelioration following the ‘Late 

Paleozoic Ice Age’ in southern Gondwana. These strata also constitute new conventional 

and unconventional hydrocarbon targets in proximity of the Western Australian capital. 

The primary objective of this study was to collect sedimentological data for facies 

analysis and deduce depositional environments of the Early Permian Irwin River Coal 

Measures in the Northern Perth Basin (NPB) (Aim 1). A depositional model was 

developed based of the analysis of process regimes (Aim 2). The analysis of stratal 

stacking patterns, key stratigraphic surfaces, and lateral correlation of depositional units 

by means of electrofacies was used to reconstruct the stratigraphic architecture of the 

formation (Aim 3). Stratal arrangements were interpreted in terms relative sea-level 

history and controls on these changes to establish a sequence-stratigraphic framework for 

the paleogeographic evolution of the system (Aim 4).  

 The second objective was to acquire new U-Pb geochronological data by using 

detrital zircon grains sampled from exposed sandstones from the High Cliff Sandstone 

and Irwin River Coal Measures (Aim 5). Age spectra obtained on a SHRIMP II ion 

microprobe were used to identify age populations linked to potential parent rocks, and 

infer dispersal patterns to the depositional site. The results were combined with the 

interpreted depositional model and petrographic data to consider broader implications 

for the paleogeography of southwestern Australia (Aim 6).  

2. Depositional models 

The present study has shown that the Artinskian Irwin River Coal Measures 

consist of complex stratigraphic arrangements interpreted to record shallow marine 

environments operating under mixed process regimes. On the northeastern Irwin 

Terrace, deposition in a tide-dominated embayment reworked by subordinate fluvial and 

wave processes is proposed. Depositional environments included braided and 

fixed/anastomosing fluvial channels and their associated crevasse channels, overbanks 

and floodplain, tidal channels with flanking sandflats, mudflats, and marshlands, and a 

distal bay affected by storms. Sandflats prograding on muddy distal bay facies suggest that 
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an inactive delta plain partly, reworked by longshore drift, developed away from 

distributaries. The superposition of upper delta plain, lower delta plain, and delta front 

strata indicate progressive drowning of the embayment. 

In the central NPB, relationships between sedimentary environments suggest 

deposition in a fluvial-dominated, wave-influenced, tide-affected delta. Terrestrial 

depositional environments included braided fluvial channels, tide-influenced distributary 

channels, small-scale mouth bars prograding in shallow water bodies, tidal flats, coastal 

lakes and salt marshes. Subaqueous environments included large-scale mouth bars, wave-

dominated shorefaces, delta fronts, and offshore prodelta areas. The distribution of facies 

associations implies that the depositional system was asymmetric, with input-dominated 

river mouth areas developed alongshore of wave-dominated shorelines and tide-

dominated embayments. The formation is generally fining upwards and reflects the 

development and progressive flooding of delta plains and abandonment of their delta 

front counterparts. The Irwin River Coal Measures are subsequently overlain by deeper-

marine mudstones and sandstones of the Carynginia Formation.  

3. Sequence-stratigraphic framework 

Coarse-grained fluvial channel fills abruptly overlying fine-grained nearshore 

facies at the High Cliff Sandstone–Irwin River Coal Measures transition are interpreted 

as a significant basin-wide relative sea-level fall in the early Artinskian. The widespread 

basal subaerial unconformity and retrogradational stacking pattern suggest that the Irwin 

River Coal Measures form part of 2nd order lowstand and transgressive systems tracts. A 

combination of structural reactivation and postglacial isostatic rebound – a common 

factor in coeval Gondwanan basins – may have controlled reorganisation of the basin at 

the time. The succession is subdivided into at least three 3rd order depositional sequences 

in the central NPB, whereas only one depositional sequence was identified on the fault-

bounded Irwin Terrace.  

The Irwin Terrace formed a half-graben between major basin-bounding faults on 

the northeastern side of the NPB. There, fault displacement generated new 

accommodation, and discrete paleovalleys were carved in footwalls and occupied by 

conglomeratic braided channels in the underfilled phase. Valleys were entirely filled with 

subsequent development of an anastomosing river system in the filled phase. In the 

backstepping phase, facies associations are more tide-dominated upwards indicating a 

landward shift of the bayline and development of a coastal plain occupied by tidal 
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channels, tidal flats, and marshlands. The drowning phase coincided with the landward 

migration of subtidal sandbars with a tidal ravinement surface at the base, followed by 

the distal reaches of the bay associated with storm reworking. Limited accommodation 

on the Irwin Terrace compared to other parts of the NPB resulted in a reduced 

stratigraphic succession that records the uninterrupted flooding of the embayed areas. 

High frequency stratigraphic sequences were controlled by the autogenic migration of 

fluvial and tidal channels, and the progradation of the non-deltaic shoreline, wherein coal 

seams were closely linked to ponding and saltwater incursions. The preservation of 

transgressive strata was aided by the structural confinement of the embayment preventing 

transgressive ravinement despite the relatively shallow shelf on the fault bock. The 

proposed syn-rift sequence model developed for a low energy, embayed shoreline on an 

active rift basin margin may be applied in similar tectonic and/or depositional contexts 

worldwide. 

Early Permian fault reactivation in the central NPB resulted in local to regional 

variations in accommodation that are recorded in sedimentary facies and stratal patterns. 

The stratigraphic architecture of the Irwin River Coal Measures reveals that more distal 

depositional environments overlie more proximal facies associations, the overall 

retrogradational trend being punctuated by discrete phases of fluvial incision and shallow 

valley inception parallel to the structural trend of the basin. Higher frequency phases of 

relative sea-level fall were triggered by reactivation along normal faults, whereas 

transgressive periods of valley backfilling were essentially controlled by the autocyclic 

evolution of the deltaic shorelines. Tidal ravinement potentially created additional 

accommodation in incised valleys, whereas ravinement at the base of landward migrating 

tidal inlets and storm-wave base likely removed much of the transgressive strata deposited 

inland. Highstand deposition consisted of the downslope migration of distributary belts, 

where limited accommodation locally promoted channel overspilling, and regionally the 

migration and abandonment of delta lobes. Long-term transgression is supported by 

transgressive systems tracts becoming thicker upwards in response to increasing 

accommodation and limited subaerial incision during lowstand periods. The transition 

into storm-dominated offshore sedimentation in the late Artinskian represented by the 

Carynginia Formation reflects widespread (maximum?) flooding associated with renewed 

subsidence and important shoreline reorganisation. 
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4. Provenance analysis 

New U-Pb geochronological data reveal a dominantly Archean provenance for 

the first time in Early Permian strata of the NPB, indicating that the Yilgarn Craton was 

a major provenance with sediment supplied by perennial river catchments. Archean 

zircons show limited evidence of fine oscillatory zoning and abrasion, which support a 

magmatic origin for the parent rocks and first cycle deposition. Proterozoic grains 

constitute secondary age populations. Important phases of shoreline reorganisation 

and/or tectonic reconfiguration in the late Sakmarian–middle Artinskian strongly 

influenced sediment transport mechanisms and dispersal pathways. Paleoproterozoic 

grains were arguably supplied by a combination of longshore drift and tidal currents when 

durable hydraulic connections between the Capricorn Orogen to the north and the NPB 

were established. Meso- and Neoproterozoic grains likely originated from southern 

sediment sources such as the Albany-Fraser Orogen, the Leeuwin Complex, and terranes 

in East Antarctica, and delivered to the basin by river systems draining a large catchment 

area possibly equivalent to the present-day Mackenzie River in Western Canada.    

5. Recommendations for future work 

In the NPB, knowledge of the late Sakmarian–early Artinskian High Cliff 

Sandstone is essentially limited to a 26 m thick succession at the type section on the Irwin 

Terrace, along with sparse cored sections across the basin, despite being recognised as a 

potential conventional reservoir. The overall lack of biostratigraphic markers in this 

sandstone-dominated formation means that its age is based on stratigraphic relationships. 

The sharp-based, coarsening upward succession composed of planar laminated, cross-

bedded, and bioturbated sandstones has been interpreted as recording nearshore 

depositional settings, which may not be valid in other parts of the basin. The study of 

new cores in areas where the High Cliff Sandstone is particularly thick (e.g. ~120 m in 

Waitsia 1) will shed light on the depositional conditions and stratal organisation of the 

formation. A locally conspicuous sharp surface separates the Sakmarian Holmwood Shale 

from the overlying High Cliff Sandstone and most likely formed by marine erosion. 

Moreover, at the type section, upper shoreface sandstones are capped by tabular pebbly 

sandstone beds likely to reflect a significant phase of shoreline reorganisation prior to, or 

concomitant with, early deposition of the Irwin River Coal Measures. The combination 

of new seismic data with core sedimentology and well log analysis would allow to map 
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the extent of the formation, establish its thickness distribution and relationships with 

faults, and decipher shoreline development and evolution during deposition. 

The Perth Basin forms part of a north-trending belt of intracratonic basins that initiated 

in the Early Permian and encompassed, from north to south, the Southern Carnarvon 

Basin, the Perth Basin, and the Collie Basin. Northerly connections with the Meso-Tethys 

likely resulted in a broadly northward syn-rift depositional trend, and thus an array of 

coeval depositional systems. For example, the Artinskian Moogooloo Sandstone in the 

Southern Carnarvon Basin, interpreted as recording fluvial to delta front sedimentation 

(Mory and Backhouse, 1997), potentially constitutes a more distal counterpart of the 

Irwin River Coal Measures. Stratigraphic relationships between Early Permian 

successions from basin to basin are poorly known, partly because of the absence of 

geological and geophysical datasets in key areas such as basin boundaries (e.g. the 

Coolcalalaya Sub-basin in the Northern Perth Basin; the Mandurah Terrace in the 

Southern Perth Basin). The acquisition of new palynological data would more tightly 

constrain biostratigraphic schemes and the understanding of stratal relationships in coeval 

basins. New facies and paleo-environmental analysis should be carried out in coeval 

Lower Permian formations to refine depositional models. Construction of sequence-

stratigraphic frameworks for these formations would increase knowledge of sea-level 

history, and the type and extent of allogenic factors, such as fault reactivation, that 

controlled deposition in the rift. New seismic mapping in the onshore central Perth Basin 

combined with core studies would aid in deciphering shoreline trajectories between the 

terrestrial Southern Perth Basin and the shallow marine Northern Perth Basin. Dating 

zircons from various stratigraphic intervals in coeval formations and incorporating the 

results with depositional models would ultimately produce a robust picture of sediment 

dispersal patterns and Early Permian paleogeography in southwestern Australia. 
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A1. Outcrop sedimentary logs 
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A2. Core sedimentary logs 
 

 



236 
 

 



237 
 



238 
 



239 
 



240 
 

 



241 
 

 



242 
 

 



243 
 



244 
 



245 
 



246 
 

 



247 
 

 



248 
 

 



249 
 

 

  



250 
 

A3. Photomicrographs 
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A4. SHRIMP data 
 

Spot Name 
ppm 
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ppm  

Th 
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err 
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207*
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err 
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/238 
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err 

err
corr 

204corr
207Pb

/206Pb
Age 

1
err 

204corr
206Pb
/238U

Age 
1
err 

% 
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NB-HCS-10 288 278 91 2.73 1.4 0.122 0.80 6.1 1.6 0.366 1.4 0.87 1979 14 2009 24 -1.51 

NB-HCS-24 339 159 102 2.86 1.3 0.122 0.82 5.9 1.6 0.349 1.3 0.85 1985 15 1932 22 2.67 

NB-HCS-09 253 158 77 2.81 1.4 0.122 0.96 6.0 1.7 0.357 1.4 0.83 1991 17 1966 24 1.30 

NB-HCS-25 398 211 123 2.77 1.2 0.122 0.67 6.1 1.4 0.361 1.2 0.88 1992 12 1986 21 0.31 

NB-HCS-36 972 619 123 6.81 1.0 0.150 3.71 3.0 3.8 0.147 1.0 0.25 2346 63 884 8 62.33 

NB-HCS-46 102 56 46 1.92 2.3 0.175 1.14 12.6 2.6 0.521 2.3 0.89 2602 19 2705 51 -3.93 

NB-HCS-49 170 94 74 1.97 1.8 0.175 0.82 12.2 2.0 0.507 1.8 0.91 2608 14 2642 39 -1.30 

NB-HCS-23 134 118 56 2.08 1.9 0.177 0.93 11.7 2.2 0.481 1.9 0.90 2623 15 2530 41 3.55 

NB-HCS-28 285 356 112 2.19 1.4 0.177 0.75 11.1 1.6 0.456 1.4 0.88 2624 13 2422 28 7.70 

NB-HCS-20 154 78 67 1.98 1.9 0.177 0.84 12.3 2.0 0.505 1.9 0.91 2626 14 2637 40 -0.44 

NB-HCS-47 116 58 50 1.99 2.1 0.179 0.99 12.4 2.4 0.503 2.1 0.91 2641 16 2625 46 0.58 

NB-HCS-18 175 87 75 2.02 1.8 0.179 0.77 12.2 1.9 0.495 1.8 0.92 2643 13 2594 38 1.88 

NB-HCS-21 148 70 61 2.08 1.9 0.180 0.85 12.0 2.1 0.482 1.9 0.91 2657 14 2535 40 4.58 

NB-HCS-48 350 399 155 1.94 1.3 0.181 0.63 12.9 1.5 0.516 1.3 0.90 2662 10 2681 29 -0.71 

NB-HCS-37 308 219 133 1.98 1.4 0.183 0.57 12.7 1.5 0.504 1.4 0.92 2678 9 2632 30 1.73 

NB-HCS-04 174 100 76 1.97 1.7 0.183 0.70 12.8 1.8 0.508 1.7 0.92 2682 12 2648 37 1.28 

NB-HCS-12 175 240 78 1.92 1.7 0.184 0.70 13.2 1.9 0.521 1.7 0.93 2687 12 2701 38 -0.55 

NB-HCS-38 467 375 192 2.09 1.2 0.184 0.46 12.2 1.3 0.479 1.2 0.94 2690 8 2523 25 6.21 

NB-HCS-13 365 151 154 2.04 1.3 0.184 0.48 12.5 1.4 0.491 1.3 0.93 2691 8 2575 27 4.31 

NB-HCS-05 85 63 37 1.98 2.3 0.185 1.23 12.9 2.6 0.505 2.3 0.88 2695 20 2636 50 2.19 

NB-HCS-22 168 249 69 2.09 1.7 0.185 0.75 12.2 1.9 0.478 1.7 0.92 2700 12 2519 36 6.71 

NB-HCS-07 403 431 179 1.93 1.2 0.186 0.44 13.3 1.3 0.518 1.2 0.94 2706 7 2689 26 0.62 

NB-HCS-31 271 221 98 2.38 1.4 0.186 0.69 10.8 1.6 0.421 1.4 0.90 2709 11 2263 28 16.46 
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NB-HCS-51 106 38 46 1.99 2.2 0.186 0.90 12.9 2.4 0.501 2.2 0.92 2711 15 2619 47 3.37 

NB-HCS-32 364 302 139 2.24 1.3 0.187 0.55 11.5 1.4 0.446 1.3 0.92 2718 9 2376 27 12.58 

NB-HCS-03 627 624 269 2.00 1.0 0.188 0.36 13.0 1.1 0.500 1.0 0.95 2724 6 2613 22 4.06 

NB-HCS-08 623 347 117 4.56 1.1 0.189 0.68 5.7 1.3 0.219 1.1 0.84 2731 11 1277 12 53.25 

NB-HCS-27 260 289 106 2.11 1.5 0.189 0.69 12.4 1.6 0.473 1.5 0.90 2738 11 2498 30 8.75 

NB-HCS-50 292 112 131 1.92 1.4 0.190 0.57 13.6 1.5 0.522 1.4 0.93 2738 9 2708 31 1.09 

NB-HCS-33 325 165 121 2.31 1.4 0.190 0.62 11.3 1.5 0.433 1.4 0.91 2739 10 2319 27 15.34 

NB-HCS-26 357 515 164 1.86 1.3 0.190 0.50 14.0 1.4 0.536 1.3 0.93 2741 8 2768 29 -1.00 

NB-HCS-29 780 175 349 1.92 1.0 0.190 0.34 13.7 1.1 0.521 1.0 0.95 2746 6 2703 22 1.57 

NB-HCS-45 242 103 109 1.91 1.5 0.197 0.65 14.2 1.7 0.524 1.5 0.92 2797 11 2716 34 2.92 

NB-HCS-14 664 106 277 2.06 1.2 0.201 0.54 13.5 1.3 0.486 1.2 0.91 2836 9 2555 24 9.92 

NB-HCS-19 628 639 229 2.35 1.1 0.205 0.51 12.0 1.2 0.425 1.1 0.90 2865 8 2285 20 20.25 

NB-HCS-06 227 32 104 1.88 1.5 0.206 0.72 15.1 1.7 0.533 1.5 0.90 2874 12 2753 34 4.19 

NB-HCS-17 632 340 253 2.15 1.2 0.206 0.55 13.2 1.3 0.465 1.2 0.90 2874 9 2463 24 14.32 

NB-HCS-40 97 66 38 2.17 2.2 0.206 1.12 13.1 2.5 0.461 2.2 0.90 2877 18 2446 46 14.99 

NB-HCS-30 308 143 152 1.74 1.4 0.210 0.49 16.6 1.5 0.573 1.4 0.94 2903 8 2921 33 -0.61 

NB-HCS-15 520 176 236 1.89 1.1 0.210 0.39 15.3 1.2 0.529 1.1 0.94 2905 6 2737 25 5.79 

NB-HCS-34 109 38 52 1.79 2.2 0.211 0.82 16.3 2.3 0.558 2.2 0.94 2915 13 2860 50 1.90 

NB-HCS-35 98 34 49 1.73 2.3 0.212 4.38 16.9 4.9 0.579 2.3 0.46 2920 71 2945 54 -0.86 

NB-HCS-11 196 88 97 1.74 1.6 0.215 0.59 17.0 1.7 0.573 1.6 0.94 2947 9 2922 39 0.85 

NB-HCS-39 123 58 59 1.78 2.1 0.215 0.81 16.7 2.2 0.562 2.1 0.93 2947 13 2873 48 2.50 

NB-HCS-42 218 167 105 1.78 1.6 0.215 0.59 16.6 1.7 0.560 1.6 0.94 2947 9 2868 37 2.69 

NB-HCS-43 164 106 73 1.92 1.8 0.216 0.68 15.5 1.9 0.522 1.8 0.94 2949 11 2708 40 8.17 

NB-HCS-41 187 136 91 1.77 1.7 0.216 0.62 16.8 1.8 0.566 1.7 0.94 2950 10 2890 40 2.04 

NB-HCS-02 274 145 131 1.79 1.4 0.216 0.49 16.6 1.5 0.557 1.4 0.94 2953 8 2856 32 3.29 

NB-HCS-16 203 57 102 1.72 1.6 0.217 2.54 17.4 3.0 0.582 1.6 0.54 2960 41 2957 38 0.11 

NB-HCS-44 295 107 145 1.74 1.4 0.224 0.48 17.7 1.5 0.575 1.4 0.95 3008 8 2929 34 2.65 

NB-IRCML-07 118 470 104 9.778 0.7 0.059 0.87 0.8 1.1 0.102 0.7 0.61 579 19 628 4 -8.36 

NB-IRCML-01 762 593 213 3.067 0.7 0.163 0.30 7.4 0.8 0.326 0.7 0.92 2494 5 1819 11 27.06 

NB-IRCML-14 879 345 338 2.231 0.7 0.170 0.22 10.6 0.7 0.448 0.7 0.95 2565 4 2387 14 6.93 

NB-IRCML-08 124 69 54 1.954 1.3 0.174 2.39 12.3 2.7 0.512 1.3 0.48 2600 40 2665 29 -2.48 

NB-IRCML-64 107 39 46 1.99 1.2 0.174 0.50 12.12 1.3 0.503 1.2 0.91 2604 8 2626 25 -0.85 
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NB-IRCML-68 105 60 44 2.05 1.3 0.175 0.57 11.77 1.4 0.488 1.3 0.91 2606 10 2562 27 1.70 

NB-IRCML-22 489 168 209 2.008 0.8 0.175 0.34 12.0 0.9 0.498 0.8 0.92 2606 6 2605 17 0.04 

NB-IRCML-02 378 227 156 2.086 0.9 0.175 0.37 11.6 0.9 0.479 0.9 0.92 2610 6 2525 18 3.26 

NB-IRCML-70 193 83 79 2.11 1.1 0.176 2.44 11.53 2.7 0.475 1.1 0.40 2618 41 2503 23 4.40 

NB-IRCML-53 143 78 57 2.16 1.1 0.176 0.48 11.26 1.2 0.463 1.1 0.91 2619 8 2453 22 6.33 

NB-IRCML-04 484 166 216 1.922 0.8 0.176 0.30 12.7 0.9 0.520 0.8 0.94 2620 5 2700 18 -3.07 

NB-IRCML-69 191 133 80 2.05 1.1 0.176 0.55 11.88 1.3 0.488 1.1 0.90 2622 9 2561 24 2.33 

NB-IRCML-03 78 57 34 1.984 1.6 0.176 0.91 12.3 1.8 0.504 1.6 0.86 2623 15 2631 34 -0.33 

NB-IRCML-12 151 81 67 1.934 1.2 0.177 0.47 12.6 1.3 0.517 1.2 0.93 2625 8 2686 26 -2.32 

NB-IRCML-39 298 177 121 2.12 0.9 0.177 1.39 11.51 1.6 0.471 0.9 0.53 2626 23 2490 18 5.17 

NB-IRCML-62 241 118 99 2.10 0.9 0.177 0.36 11.65 1.0 0.477 0.9 0.93 2626 6 2515 19 4.22 

NB-IRCML-25 97 45 41 2.05 1.4 0.177 0.62 11.94 1.5 0.489 1.4 0.91 2627 10 2564 29 2.39 

NB-IRCML-44 34 37 15 2.00 2.0 0.177 0.96 12.24 2.2 0.500 2.0 0.90 2628 16 2616 43 0.46 

NB-IRCML-63 176 97 76 1.98 1.0 0.177 0.41 12.33 1.1 0.504 1.0 0.92 2629 7 2631 22 -0.06 

NB-IRCML-27 236 114 103 1.97 0.9 0.177 0.35 12.43 1.0 0.508 0.9 0.93 2629 6 2647 20 -0.68 

NB-IRCML-38 183 123 78 2.03 1.0 0.177 0.38 12.08 1.1 0.493 1.0 0.93 2632 6 2583 22 1.84 

NB-IRCML-59 231 151 98 2.03 0.9 0.177 0.35 12.09 1.0 0.493 0.9 0.93 2632 6 2585 20 1.76 

NB-IRCML-28 252 143 108 2.00 0.9 0.177 1.66 12.26 1.9 0.500 0.9 0.47 2633 28 2614 19 0.72 

NB-IRCML-57 94 84 41 1.98 1.3 0.177 0.56 12.38 1.4 0.505 1.3 0.92 2633 9 2634 28 -0.04 

NB-IRCML-52 60 61 26 1.98 1.5 0.177 0.68 12.38 1.7 0.505 1.5 0.91 2633 11 2635 33 -0.07 

NB-IRCML-09 166 118 73 1.955 1.1 0.177 0.43 12.5 1.2 0.512 1.1 0.93 2633 7 2663 24 -1.14 

NB-IRCML-58 43 47 18 2.06 1.8 0.177 0.79 11.92 1.9 0.486 1.8 0.91 2634 13 2552 37 3.10 

NB-IRCML-05 119 61 50 2.033 1.3 0.178 0.60 12.1 1.5 0.492 1.3 0.91 2635 10 2579 28 2.13 

NB-IRCML-67 159 98 67 2.04 1.0 0.178 0.41 12.06 1.1 0.491 1.0 0.93 2635 7 2575 22 2.31 

NB-IRCML-10 204 112 90 1.941 1.0 0.178 0.39 12.7 1.1 0.515 1.0 0.93 2636 6 2679 23 -1.63 

NB-IRCML-45 145 174 62 2.00 1.1 0.178 0.44 12.27 1.2 0.499 1.1 0.92 2638 7 2610 23 1.06 

NB-IRCML-46 140 71 60 2.01 1.1 0.178 0.45 12.23 1.2 0.497 1.1 0.92 2639 7 2601 23 1.43 

NB-IRCML-06 215 139 95 1.943 1.0 0.179 0.39 12.7 1.1 0.515 1.0 0.93 2644 7 2676 22 -1.22 

NB-IRCML-20 122 71 55 1.913 1.3 0.179 0.52 12.9 1.4 0.523 1.3 0.92 2646 9 2710 28 -2.45 

NB-IRCML-23 268 166 118 1.959 1.0 0.180 0.40 12.7 1.0 0.510 1.0 0.92 2653 7 2658 21 -0.21 

NB-IRCML-54 282 25 119 2.03 0.9 0.181 0.32 12.38 0.9 0.493 0.9 0.93 2671 5 2586 19 3.18 

NB-IRCML-48 218 23 94 1.98 0.9 0.183 0.34 12.77 1.0 0.505 0.9 0.93 2686 6 2634 20 1.92 
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NB-IRCML-65 333 389 140 2.04 0.8 0.184 0.29 12.44 0.9 0.490 0.8 0.94 2689 5 2572 17 4.37 

NB-IRCML-49 703 418 283 2.13 0.7 0.184 0.20 11.90 0.7 0.468 0.7 0.96 2692 3 2477 14 7.98 

NB-IRCML-19 492 294 157 2.698 0.8 0.187 0.36 9.6 0.9 0.371 0.8 0.91 2723 6 2032 14 25.37 

NB-IRCML-40 554 32 183 2.60 0.7 0.188 0.28 9.98 0.8 0.384 0.7 0.93 2728 5 2096 13 23.18 

NB-IRCML-32 402 182 155 2.23 0.8 0.188 1.24 11.69 1.5 0.449 0.8 0.54 2733 20 2390 16 12.55 

NB-IRCML-41 354 406 153 1.98 0.8 0.189 0.28 13.19 0.8 0.505 0.8 0.94 2737 5 2636 17 3.70 

NB-IRCML-34 293 82 130 1.94 0.9 0.190 0.30 13.56 0.9 0.517 0.9 0.94 2745 5 2685 19 2.16 

NB-IRCML-11 204 134 90 1.952 1.1 0.195 0.41 13.8 1.1 0.512 1.1 0.93 2787 7 2667 23 4.32 

NB-IRCML-51 199 64 79 2.16 0.9 0.197 0.38 12.59 1.0 0.464 0.9 0.92 2801 6 2455 19 12.35 

NB-IRCML-17 584 316 253 1.983 0.8 0.198 0.24 13.8 0.8 0.504 0.8 0.95 2811 4 2633 16 6.33 

NB-IRCML-16 559 471 255 1.884 0.8 0.201 0.97 14.8 1.2 0.531 0.8 0.62 2840 16 2744 17 3.36 

NB-IRCML-47 200 58 89 1.93 1.0 0.203 1.53 14.51 1.8 0.517 1.0 0.53 2853 25 2688 21 5.78 

NB-IRCML-24 482 139 213 1.939 0.9 0.203 0.28 14.5 1.0 0.516 0.9 0.95 2855 5 2681 20 6.08 

NB-IRCML-31 201 83 86 2.02 1.0 0.206 0.35 14.11 1.0 0.495 1.0 0.93 2880 6 2593 20 9.95 

NB-IRCML-50 355 157 161 1.89 0.8 0.208 0.26 15.20 0.8 0.528 0.8 0.95 2897 4 2732 18 5.68 

NB-IRCML-55 165 47 78 1.82 1.0 0.209 0.36 15.86 1.1 0.550 1.0 0.94 2898 6 2826 23 2.47 

NB-IRCML-36 113 51 53 1.84 1.2 0.211 0.43 15.84 1.2 0.543 1.2 0.93 2917 7 2797 26 4.12 

NB-IRCML-15 271 127 137 1.698 1.0 0.210 0.36 17.2 1.1 0.589 1.0 0.94 2921 6 2985 24 -2.19 

NB-IRCML-30 374 241 171 1.88 0.8 0.210 0.27 15.54 0.9 0.532 0.8 0.95 2921 4 2748 18 5.91 

NB-IRCML-33 222 71 103 1.85 0.9 0.213 0.36 15.96 1.0 0.542 0.9 0.93 2933 6 2791 21 4.81 

NB-IRCML-26 329 45 156 1.81 0.8 0.214 0.27 16.37 0.9 0.553 0.8 0.95 2942 4 2837 19 3.56 

NB-IRCML-61 138 43 67 1.76 1.1 0.215 0.39 16.89 1.2 0.569 1.1 0.94 2947 6 2902 26 1.53 

NB-IRCML-60 307 172 148 1.78 1.1 0.216 1.09 16.77 1.5 0.563 1.1 0.71 2951 18 2879 25 2.44 

NB-IRCML-66 259 121 126 1.77 0.9 0.216 0.30 16.88 0.9 0.565 0.9 0.94 2955 5 2888 21 2.28 

NB-IRCML-35 151 108 74 1.75 1.0 0.216 0.37 17.04 1.1 0.571 1.0 0.94 2956 6 2911 24 1.51 

NB-IRCML-56 247 97 122 1.74 0.9 0.217 0.27 17.16 0.9 0.573 0.9 0.95 2959 4 2920 21 1.31 

NB-IRCMU-10 109 302 8 11.41 1.6 0.058 3.76 0.7 4.1 0.09 1.6 0.40 542 82 542 8 0.07 

NB-IRCMU-09 124 316 9 11.24 1.5 0.062 4.27 0.8 4.5 0.09 1.5 0.34 690 91 549 8 20.43 

NB-IRCMU-12 104 27 15 5.84 1.7 0.069 2.52 1.6 3.0 0.17 1.7 0.55 900 52 1019 16 -13.22 

NB-IRCMU-43 189 49 26 6.18 1.6 0.069 2.30 1.5 2.8 0.16 1.6 0.56 913 47 967 14 -5.92 

NB-IRCMU-17 307 347 45 5.81 1.1 0.074 1.33 1.7 1.7 0.17 1.1 0.63 1035 27 1024 10 1.06 

NB-IRCMU-42 184 113 26 6.15 1.3 0.074 1.53 1.7 2.0 0.16 1.3 0.65 1036 31 972 12 6.22 
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NB-IRCMU-18 280 130 40 6.08 1.1 0.074 1.29 1.7 1.7 0.16 1.1 0.65 1039 26 981 10 5.54 

NB-IRCMU-16 220 208 31 6.00 1.2 0.075 1.37 1.7 1.8 0.17 1.2 0.67 1062 28 993 11 6.46 

NB-IRCMU-30 78 119 13 4.99 1.9 0.078 3.01 2.2 3.6 0.20 1.9 0.53 1158 60 1177 20 -1.69 

NB-IRCMU-40 268 189 45 5.07 1.1 0.079 1.45 2.1 1.8 0.20 1.1 0.62 1169 29 1161 12 0.65 

NB-IRCMU-29 98 217 17 5.04 1.7 0.080 1.85 2.2 2.5 0.20 1.7 0.67 1193 36 1166 18 2.26 

NB-IRCMU-41 145 97 24 5.29 1.7 0.080 1.50 2.1 2.3 0.19 1.7 0.75 1199 30 1116 17 6.90 

NB-IRCMU-36 89 56 15 5.17 1.7 0.081 1.95 2.2 2.6 0.19 1.7 0.67 1226 38 1139 18 7.10 

NB-IRCMU-35 114 60 19 5.09 1.6 0.082 1.80 2.2 2.4 0.20 1.6 0.66 1244 35 1157 17 6.99 

NB-IRCMU-26 151 98 30 4.36 1.4 0.085 1.37 2.7 1.9 0.23 1.4 0.71 1315 27 1332 17 -1.32 

NB-IRCMU-07 509 96 149 2.94 0.9 0.115 0.47 5.4 1.0 0.34 0.9 0.89 1879 8 1889 15 -0.55 

NB-IRCMU-06 291 211 81 3.08 1.1 0.115 0.67 5.1 1.3 0.32 1.1 0.85 1881 12 1811 17 3.73 

NB-IRCMU-23 438 720 112 3.35 1.0 0.118 0.76 4.8 1.2 0.30 1.0 0.79 1919 14 1685 15 12.18 

NB-IRCMU-34 329 152 104 2.72 1.0 0.124 0.54 6.3 1.2 0.37 1.0 0.89 2010 10 2015 18 -0.25 

NB-IRCMU-13 328 161 102 2.75 1.0 0.125 0.58 6.2 1.2 0.36 1.0 0.87 2025 10 1998 18 1.32 

NB-IRCMU-14 448 234 161 2.39 0.9 0.143 0.39 8.3 1.0 0.42 0.9 0.92 2265 7 2254 18 0.49 

NB-IRCMU-03 206 62 73 2.44 1.2 0.170 0.68 9.6 1.4 0.41 1.2 0.88 2556 11 2216 23 13.29 

NB-IRCMU-11 346 172 142 2.09 1.0 0.171 0.39 11.3 1.1 0.48 1.0 0.93 2571 7 2522 21 1.89 

NB-IRCMU-39 157 71 68 1.99 1.4 0.176 0.58 12.3 1.5 0.50 1.4 0.92 2620 10 2630 30 -0.38 

NB-IRCMU-19 344 136 144 2.06 1.0 0.177 0.39 11.8 1.1 0.49 1.0 0.94 2621 7 2551 22 2.65 

NB-IRCMU-46 129 63 56 2.00 1.5 0.177 0.65 12.2 1.6 0.50 1.5 0.92 2622 11 2615 32 0.26 

NB-IRCMU-32 192 115 79 2.08 1.3 0.177 0.62 11.7 1.4 0.48 1.3 0.90 2622 10 2532 27 3.47 

NB-IRCMU-15 207 133 88 2.03 1.3 0.177 0.50 12.0 1.4 0.49 1.3 0.93 2622 8 2582 27 1.56 

NB-IRCMU-45 127 67 54 2.02 1.5 0.177 0.62 12.0 1.6 0.49 1.5 0.92 2624 10 2588 32 1.36 

NB-IRCMU-47 242 103 104 2.01 1.2 0.177 0.46 12.2 1.3 0.50 1.2 0.93 2626 8 2608 25 0.68 

NB-IRCMU-20 411 225 173 2.04 1.0 0.177 0.35 12.0 1.0 0.49 1.0 0.94 2628 6 2572 21 2.13 

NB-IRCMU-31 196 122 84 2.00 1.3 0.179 0.52 12.3 1.4 0.50 1.3 0.93 2641 9 2609 27 1.21 

NB-IRCMU-28 141 120 61 1.99 1.5 0.179 0.64 12.4 1.6 0.50 1.5 0.92 2641 11 2629 32 0.46 

NB-IRCMU-27 168 89 72 2.00 1.3 0.179 0.57 12.3 1.4 0.50 1.3 0.92 2641 9 2611 28 1.14 

NB-IRCMU-44 246 137 109 1.94 1.2 0.179 0.46 12.7 1.3 0.51 1.2 0.93 2642 8 2677 26 -1.32 

NB-IRCMU-25 144 58 62 2.01 1.4 0.179 0.57 12.3 1.5 0.50 1.4 0.93 2645 9 2602 31 1.61 

NB-IRCMU-24 208 49 91 1.97 1.2 0.180 0.58 12.6 1.3 0.51 1.2 0.90 2654 10 2651 26 0.11 

NB-IRCMU-48 130 53 55 2.01 1.5 0.181 0.64 12.4 1.6 0.50 1.5 0.92 2660 11 2603 31 2.14 
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NB-IRCMU-33 92 37 40 1.98 1.7 0.181 0.76 12.6 1.9 0.50 1.7 0.92 2663 13 2632 37 1.17 

NB-IRCMU-38 25 1 11 2.01 3.3 0.184 2.15 12.6 4.0 0.50 3.3 0.84 2685 36 2600 71 3.19 

NB-IRCMU-08 213 77 103 1.78 1.2 0.218 0.41 16.9 1.3 0.56 1.2 0.95 2969 7 2871 28 3.31 

NB-IRCMU-02 191 92 84 1.96 1.3 0.219 0.42 15.5 1.3 0.51 1.3 0.95 2976 7 2663 27 10.52 

NB-IRCMU-04 266 102 123 1.85 1.2 0.232 0.39 17.3 1.2 0.54 1.2 0.95 3064 6 2787 26 9.04 

NB-IRCMU-05 175 67 88 1.70 1.3 0.235 0.42 19.0 1.3 0.59 1.3 0.95 3086 7 2978 30 3.52 

 

     Age  Age 
Grain U Th 4f206 207Pb ±1s 208Pb ±1s 206Pb ±1s 207Pb ±1s %conc 206Pb ±1s 207Pb ±1s 
  (ppm) (ppm)   206Pb   206Pb   238U   235U     238U   206Pb   
pb9-1 184 85 0.004 0.287 0.002 0.119 0.002 0.679 0.013 26.852 0.556 98 3342 50 3400 9 

pb9-2 92 84 0.017 0.049 0.006 0.247 0.016 0.092 0.002 0.620 0.083 391 567 10 145 212 

pb9-3 700 435 0.002 0.122 0.001 0.170 0.002 0.319 0.006 5.355 0.106 90 1786 28 1980 10 

pb9-4 377 85 0.004 0.075 0.001 0.064 0.003 0.178 0.003 1.845 0.048 99 1058 18 1069 33 

pb9-5 305 159 0.003 0.080 0.001 0.130 0.003 0.195 0.004 2.159 0.054 96 1150 19 1202 29 

pb9-6 283 117 0.006 0.062 0.003 0.121 0.006 0.094 0.002 0.806 0.038 85 579 10 684 87 

pb9-7 95 146 0.023 0.072 0.007 0.254 0.017 0.161 0.003 1.613 0.152 97 965 18 998 183 

pb9-8 229 96 0.008 0.061 0.003 0.140 0.006 0.085 0.002 0.722 0.034 81 528 9 650 90 

pb9-9 404 71 0.008 0.057 0.002 0.051 0.004 0.087 0.002 0.680 0.028 112 538 9 480 77 

pb9-10 74 151 0.009 0.079 0.004 0.598 0.014 0.194 0.004 2.123 0.124 96 1142 21 1184 104 

pb9-11 86 68 0.011 0.084 0.005 0.280 0.013 0.092 0.002 1.068 0.065 44 567 10 1297 108 

pb9-12 50 55 0.024 0.071 0.006 0.322 0.017 0.184 0.004 1.813 0.171 113 1090 21 968 183 

pb9-13 154 73 0.008 0.133 0.002 0.144 0.005 0.315 0.006 5.773 0.157 83 1766 30 2136 30 

pb9-14 129 63 0.008 0.104 0.002 0.142 0.005 0.305 0.006 4.384 0.142 101 1716 30 1701 43 

pb9-15 49 22 0.036 0.051 0.012 0.112 0.027 0.109 0.002 0.768 0.176 272 667 14 246 348 

pb9-16 83 25 0.017 0.067 0.005 0.102 0.013 0.141 0.003 1.305 0.112 101 850 16 844 169 

pb9-17 376 97 0.004 0.122 0.001 0.069 0.002 0.340 0.006 5.704 0.121 95 1886 30 1982 15 

pb9-18 1464 60 0.002 0.060 0.001 0.004 0.001 0.096 0.002 0.793 0.018 100 593 10 592 24 

pb9-19 710 259 0.004 0.068 0.001 0.103 0.002 0.156 0.003 1.470 0.036 106 935 16 879 30 

pb9-20 98 85 0.009 0.081 0.003 0.262 0.009 0.200 0.004 2.241 0.110 96 1175 21 1230 84 

pb9-21 128 76 0.008 0.079 0.003 0.185 0.007 0.191 0.004 2.088 0.090 96 1129 20 1174 72 
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pb9-22 135 127 0.014 0.073 0.003 0.271 0.009 0.194 0.004 1.941 0.101 114 1143 20 1002 94 

pb9-23 109 267 0.019 0.073 0.005 0.686 0.015 0.187 0.004 1.882 0.131 109 1104 20 1016 131 

pb9-24 51 39 0.030 0.064 0.010 0.264 0.025 0.140 0.003 1.233 0.194 114 845 17 738 329 

pb9-25 32 42 0.034 0.089 0.014 0.417 0.036 0.187 0.005 2.283 0.378 79 1104 26 1396 312 

pb9-26 283 295 0.004 0.118 0.002 0.296 0.005 0.318 0.006 5.177 0.139 92 1779 29 1929 30 

pb9-27 105 107 0.019 0.072 0.004 0.273 0.011 0.198 0.004 1.967 0.125 118 1166 21 985 118 

pb9-28 17 25 0.120 0.029 0.027 0.314 0.066 0.179 0.006 0.702 0.665 0 1059 35 0 213 

pb9-29 62 141 0.055 0.036 0.012 0.676 0.035 0.095 0.002 0.479 0.162 0 587 12 0 64 

pb9-30 311 193 0.007 0.078 0.002 0.181 0.005 0.195 0.004 2.107 0.074 100 1149 20 1154 54 

pb9-31 23 119 0.035 0.075 0.015 1.575 0.057 0.192 0.005 1.976 0.400 107 1132 28 1058 406 

pb9-32 124 102 0.563 0.101 0.028 0.509 0.068 0.239 0.008 3.326 0.950 84 1381 42 1642 539 

pb9-33 528 386 0.005 0.064 0.001 0.186 0.004 0.149 0.003 1.307 0.038 122 893 15 734 44 

pb9-34 162 156 0.003 0.078 0.002 0.290 0.006 0.197 0.004 2.120 0.068 101 1161 20 1145 47 

pb9-35 246 220 0.007 0.081 0.002 0.274 0.006 0.180 0.003 2.023 0.068 87 1068 18 1231 51 

pb9-36 92 10 0.013 0.061 0.005 0.043 0.012 0.090 0.002 0.758 0.069 85 553 10 653 186 

pb9-37 308 286 0.001 0.253 0.001 0.243 0.002 0.507 0.009 17.665 0.347 83 2644 40 3202 7 

pb9-38 396 28 0.006 0.061 0.002 0.021 0.003 0.109 0.002 0.910 0.032 107 666 11 624 60 

pb9-39\ 77 55 0.021 0.074 0.005 0.199 0.012 0.185 0.004 1.897 0.136 104 1093 20 1054 134 

pb9-40 950 92 0.002 0.060 0.001 0.028 0.002 0.094 0.002 0.777 0.019 95 577 10 609 33 

pb9-41 90 73 0.010 0.077 0.003 0.227 0.008 0.192 0.004 2.050 0.098 100 1131 20 1134 83 

pb9-42 195 71 0.002 0.267 0.001 0.093 0.002 0.636 0.012 23.404 0.476 96 3172 48 3289 8 

pb9-43 75 48 0.017 0.077 0.005 0.184 0.011 0.193 0.004 2.053 0.133 101 1138 21 1124 118 

pb9-44 421 240 0.004 0.078 0.001 0.169 0.003 0.195 0.004 2.111 0.051 100 1151 19 1155 28 

pb9-45 80 52 0.008 0.080 0.005 0.206 0.011 0.199 0.004 2.196 0.136 97 1167 21 1202 111 

pb9-46 176 115 0.009 0.078 0.002 0.178 0.005 0.223 0.004 2.394 0.084 114 1298 22 1143 55 

pb9-47 120 83 0.015 0.076 0.004 0.192 0.011 0.200 0.004 2.103 0.132 107 1176 21 1101 115 

pb9-48 87 64 0.021 0.074 0.005 0.201 0.012 0.194 0.004 1.983 0.140 109 1143 21 1046 133 

pb9-49 256 211 0.003 0.288 0.001 0.208 0.002 0.681 0.013 27.094 0.538 98 3349 49 3409 7 

pb9-50 106 139 0.004 0.086 0.002 0.387 0.008 0.204 0.004 2.420 0.082 89 1195 21 1343 50 

pb9-51 733 380 0.004 0.059 0.001 0.153 0.003 0.103 0.002 0.835 0.024 113 632 11 559 44 

pb9-52 84 196 0.111 0.041 0.021 0.807 0.059 0.050 0.001 0.284 0.148 0 316 9 0 340 

pb9-53 74 105 0.011 0.082 0.004 0.379 0.012 0.195 0.004 2.198 0.125 92 1146 21 1243 99 
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pb9-54 92 191 0.024 0.052 0.007 0.673 0.023 0.092 0.002 0.660 0.086 201 568 11 283 274 

pb9-55 1230 132 0.004 0.061 0.001 0.019 0.002 0.085 0.002 0.707 0.019 84 524 9 623 39 

pb9-57 179 129 0.019 0.058 0.005 0.224 0.013 0.092 0.002 0.735 0.068 105 565 10 537 194 

pb9-58 230 176 0.004 0.177 0.002 0.207 0.003 0.430 0.008 10.489 0.231 88 2304 37 2625 15 

pb9-59 477 45 0.011 0.073 0.002 0.027 0.004 0.116 0.002 1.166 0.039 70 709 12 1008 52 

pb9-60 186 134 0.004 0.082 0.002 0.222 0.006 0.198 0.004 2.229 0.075 94 1163 20 1240 51 

pb9-61 53 37 0.069 0.060 0.015 0.225 0.037 0.090 0.002 0.752 0.195 90 557 13 620 546 

pb9-62 1032 95 0.001 0.081 0.001 0.024 0.001 0.200 0.004 2.231 0.045 96 1173 19 1223 13 

pb9-63 93 82 0.009 0.252 0.003 0.238 0.005 0.543 0.011 18.878 0.443 87 2797 45 3197 16 

pb9-64 27 26 0.038 0.079 0.010 0.255 0.025 0.203 0.005 2.219 0.294 101 1190 26 1181 254 

pb9-65 168 103 0.001 0.083 0.001 0.210 0.004 0.194 0.004 2.209 0.058 91 1144 19 1258 32 

 




