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Abstract 
The western coast of Australia is characterised by a north-south trending continental 
margin, extending from 35° S to 13.5° S and spanning a temperate regime in the 
south to a tropical regime in the north. The mainland coastline and offshore islands 
have a total length of over 20,000 kilometres. This geographic extent has resulted in 
a range of climatic, oceanographic, environmental and geological regimes that have 
greatly influenced the geomorphic and sedimentological evolution of the continental 
shelves and coastlines during the Quaternary.  

This thesis aimed to provide a comprehensive investigation of the sedimentary and 
geomorphic development and evolution of the Western Australia (WA) coastline and 
inner continental shelf, during the Late Quaternary. This period experienced major 
fluctuations in global climate and sea level, with continental shelves becoming 
exposed during glacial periods and then flooded, as the Earth warmed and ice 
sheets collapsed. The most recent deglaciation (18,000 to 8,000 years Before 
Present, BP) saw sea levels rise ~120 m, flooding the shelf with coastlines 
retreating tens to hundreds of km to their present positions.  

Four important but under-investigated settings, encompassing a range of 
depositional environments, were selected for this study, including (1) the tropical 
Southern Kimberley coast, (2) the subtropical meta/hypersaline Shark Bay, (3) the 
Swan River estuary and (4) the temperate Geographe Bay. Whilst a multidisciplinary 
approach to data collection and analysis was taken in each area, geophysical 
(shallow seismic) techniques were the fundamental method of data gathering, as 
they represent an excellent tool to map surficial geomorphological and sub-surficial 
geological and sedimentary features. The choice of the investigation methods was 
usually site specific. In Shark Bay, a parametric sub-bottom profiler was the most 
appropriate technique for penetrating a 10 m-section of moderately soft sediments, 
within very shallow-water settings. A more powerful seismic source (boomer sub-
bottom profiler) was needed in order to penetrate and analyse the carbonate 
platform and coral reef systems in the Kimberley region, the estuarine environment 
of the Swan River and the indurated limestone shelf in Geographe Bay. In these 
cases, the goal was to acquire relatively deep sedimentary horizons and hence a 
stronger vertical penetration was required. 

Generally, in each sedimentary system considered, seismic profiles were combined 
with high-resolution remote sensing imagery (Light Detection and Ranging – LiDAR 
bathymetry and high-resolution satellite and aerial photos) and sedimentological 
information (where available), in order to correlate surficial sediment bodies, internal 
architecture and lithofacies. By integrating these data with age information (such as 
radiocarbon dating), models of system evolution have been then proposed for each 
of these logistically and scientifically challenging locations. 

The following section summarises the key findings achieved for the investigated 
environments, which can be considered geographic and scientific frontiers. 
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Kimberley 

The inner shelf Kimberley Bioregion (northwest Australia) is characterised by a 
macrotidal setting where prolific coral reef growth has developed around a complex 
drowned landscape. High-resolution shallow seismic studies were conducted across 
various reef settings in the Buccaneer Archipelago, Montgomery and Molema 
Islands to evaluate stratigraphic evolution, morphological patterns and reef 
distribution. Reef sites were chosen to assess most of the reef types present, 
particularly high intertidal planar reefs and fringing reefs. The internal acoustic 
reflectors of the reefs were identified according to their shape, stratigraphic position 
and characteristics. Two main seismic horizons were identified marking the 
boundaries between Holocene reef (Marine Isotope Stage 1, MIS 1, last 12 ky), 
commonly 10-20 m thick, and MIS 5e (Last Interglacial, LIG, ~125 ky, up to 12 m 
thick) and Proterozoic rock foundation over which Quaternary reef growth occurred. 

This research achieved the first regional geophysical study of the Kimberley reefs. 
Sub-bottom profiles demonstrated that the surveyed reefs are characterised by a 
multiple reef build-up, indicating that coral reef growth occurred in the Kimberley 
during previous sea level highstands. The data also showed that antecedent 
substrates and regional subsidence have influenced and controlled the amount of 
accommodation available for reef growth and control the morphology of the 
successive reef building stages. In addition, the study showed that in spite of 
macrotidal conditions, high-turbidity and frequent high-energy cyclonic events, 
corals have exhibited prolific reef growth during the Holocene, developing significant 
reef accretionary structures.  

Shark Bay 

The analysis of seismic stratigraphy and remote sensing analysis, combined with 
core sampling and radiocarbon dating, has demonstrated the interconnection 
between sediment body morphologies, seagrass related substrates and pre-existing 
topography within the Faure Sill channel-bank complex (Shark Bay). Sea-level 
fluctuations appear to have largely controlled the evolution of the bank and can be 
summarised in the following three main stages. 1) After 8.5 – 8 ky BP, when sea 
level was ~11 m below the present, in a transgressive setting, seagrass 
establishment progressively contributed to initiating bank growth, by binding and 
trapping sediments and producing muddy carbonate deposits. 2) Around 6800 years 
BP, the bank elevation reached its apex, in conjunction with a +2 m highstand of sea 
level. 3) During the Late Holocene, following a decline of sea level to present, the 
bank vertical growth slowed down but the sedimentation continued filling channels 
and topographic lows. Average accumulation rates of the bank (1.3 m/ky) conform to 
previous estimates derived for seagrass banks but rates are strongly facies 
dependent, attesting to the dynamic nature of this channel-bank complex. The 
extensive seagrass meadows have been and remain essential for the Shark Bay 
area. For instance, not only are seagrasses particularly important for the entire 
shallow benthic ecosystem (by providing shelter and food for numerous species), 
but they also had a major role in determining the development of oolitic shoals, 
stromatolites and microbial mats in Hamelin Pool and L’Haridon Bight, by limiting the 
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water exchange between the southern basins and the open ocean and hence 
contributing to the onset of hypersaline conditions, associated with these facies.  

Swan River 

High-resolution seismic profiles were conducted across the metropolitan area of the 
Swan River estuary (Perth, Western Australia) to explore the sub-surficial 
stratigraphic architecture, down to a depth of about 40 m below the river bed. The 
acoustic profiles revealed a complex system of palaeochannels where three main 
unconformities bound as many seismic units over the acoustic basement. 
Integrating these data with sediment borehole analysis, LiDAR data and the 
available literature of the geology and stratigraphy of the area, it was possible to 
determine the development of these stratigraphic units, in response to Late 
Pleistocene and Holocene sea-level fluctuations and conditioned by pre-existing 
topography and depositional palaeoenvironments during the last ~130,000 years.  

The deepest unit is interpreted as the Perth Formation, which consists of 
interbedded sediments that were deposited in a large palaeo-valley that incised into 
the underlying acoustic basement (bedrock: Tamala Limestone and Kings Park 
Formation), under a fluvial to estuarine setting, existing between ~130 and 80 ky BP 
(in the Last Interglacial). The middle unit, composed of heterogenic fluvial (possibly 
lacustrine) and estuarine sediments, represents the Swan River Formation. Similarly 
to the Perth Formation, the formation infills channels incised in older formations and 
reflects the hydrogeological conditions linked with sea-level fluctuation changes 
during the Last Glacial low-stand. Holocene (last ~10 ky) fluvial and estuarine 
deposits form the shallowest unit. These sediments have a highly variable internal 
structure, ranging from stratified deposits to hard and chaotic units, atop pre-existing 
topographic highs.  

This research represents the first environmental high-resolution acoustic 
investigation in the middle reach of the Swan River estuary. The data indicated that, 
like several other examples around the world, for instance Burrill Lake (NSW, 
Australia) and Arcachon Lagoon (Aquitaine, France), the geomorphic record of Late 
Pleistocene and Holocene sea-level fluctuations in the metropolitan area of the 
Swan River is characterised by a series of palaeochannels, which developed during 
glacial lowstands of sea level, and related channel-fill deposits which formed during 
interglacial highstands. 

Geographe Bay 

High-resolution shallow seismic profiles collected along the inner shelf in Geographe 
Bay (south-west Australia) exposed a highly-variable buried sedimentary 
architecture. Three main acoustic units have been inferred, corresponding to 
different geological facies, deposited under various sea level conditions. The 
acoustic basement (Unit B) belongs to the Early Cretaceous Leederville Formation; 
the middle unit is attributable to Tamala Limestone (Unit P, Late-Mid Pleistocene) 
and the top unit (Unit H) is Holocene in age. Combining the seismic data with high-
resolution bathymetry and sediment grabs, several surficial and buried 
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morphological features are revealed, including sandbars, palaeochannels and 
ridges.  

The shore-oblique sandbars have been directly influenced by local hydrodynamics 
including wave direction and currents, seagrass and sediment size. The 
palaeochannels (buried and surficial) are the expression of previous sea level 
lowstands. Two sets of shore-parallel, low-relief ridges, located at a depth of ~7 m 
and ~20 m, are relict landforms that are most likely regressive beach ridges and 
sub-littoral deposits (paleo-dunes), belonging to the Tamala Limestone formation. 
These geomorphological structures were formed during Late Pleistocene relatively 
high sea level stages (late Marine Isotope Stage 5e and 5c, respectively), cemented 
when the sea level was lower and subsequently subject to transgressive erosion.  

The newly acquired seismic datasets established that the inner shelf is mainly 
covered by a thin veneer of sediments, above the Pleistocene hard surface, with the 
exception of the sandbars, where the sediment build-up can be up to 6 m in 
thickness. 

Summary 

Together these regional studies highlight that the WA coast and shelf has significant 
morphological complexity with clear regional patterns controlled by:  

1) Late Pleistocene and Holocene sea-level fluctuations (two marine 
transgressions and a major regression) which are recorded in multiple 
stages of reef build-up in the Kimberley and various seabed features, such 
as palaeochannels, submerged ridges and several distinct erosional and 
depositional features.  

2) Pre-existing topography (weathered substrates, terranes and various 
stratigraphic and geological structures) that shaped the initial sedimentation, 
with highs and channels, and provided relict sediments, especially 
siliciclastic, that have been reworked into the systems today. 

3) The local physical characteristics and processes that influenced the 
sediment production and distribution, in particular seagrass, local tides and 
currents.  

 
Each of the regions studied during this thesis represents an iconic and geologically 
unique environment, with little published data describing the submerged landscapes, 
seascapes and sedimentary environments. None of these logistically and scientific 
challenging sites have been previously investigated using seismic equipment. 
Therefore, this study can be regarded as guidance for fieldwork and seismic 
acquisition strategies in analogous scenarios. The research provides a variety of 
pioneering datasets which can be considered as analogues for sedimentological and 
stratigraphic analysis of carbonate-siliciclastic settings, in WA and internationally. In 
addition, the knowledge gained from this project can assist in the formulation or 
enhancement of geological modelling for depositional settings, sequence 
stratigraphy and characteristics of potential or discovered hydrocarbon reservoirs, 
having comparable depositional, palaeogeographic and diagenetic histories.  
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 Chapter 1 1.
 

Introduction 
“We are all visitors to this time, this 

place. We are just passing through. Our 
purpose here is to observe, to learn, to grow, to 

love, and then we return home” 
(Aboriginal proverb) 

 
 

1. Rationale 
Continental shelves are defined as “flat or gently sloping regions adjacent to a 
continent or around an island that extend from the low water line to a depth, 
generally about 200 m, where there is a marked increase in downward slope” (IHO, 
2013. Page 26). Their width and depth can vary considerably according to their 
processes of origin (Figure 1.1), but generally they extend from the shoreline, gently 
dipping to the edge of the outer margin, marked by the shelf break (continental 
slope. Niedoroda, 2005; Larcombe, 2007). Plate tectonics and geodynamics are the 
fundamental processes (called endogenous) that controls the mean continental shelf 
width and slope, with the passive margins (like the Western Australian one) being 
the most extensive shelves, where thick sediment accumulations, supplied by broad 
drainage systems, are developed seaward (Larcombe, 2007). Shelf geomorphology 
is also influenced by exogenous processes including glaciations and related glacio-
eustatic sea level changes (also comprising glacial erosion and glacio-isostatic 
processes), fluvial and biogenic sediment supplies (including coral reef growth) and 
hydrodynamic processes influencing the erosion and transport of sediments (Harris 
and Macmillan-Lawler, 2016).  

Australia's Indian Ocean continental shelf and coast, from Geographe Bay to the 
Southern Kimberley, are located along a passive margin (Falvey and Mutter, 1981). 
Due to this position, away from the Indian Ocean’s spreading centre, Western 
Australia (WA) can be considered relatively tectonically relatively stable since 
marine isotope stage (MIS) 5e (~1.0 m of tectonic uplift around Cape Cuvier and 
~15 m of subsidence in the Southern Kimberley. Szabo, 1979; Baker et al., 2005, 
Collins et al., 2006; O’Leary et al., 2008; Solihuddin et al., 2015). In addition, since 
Australia’s western border is located far enough from the former glacial maximum 
ice sheets, the vertical displacement as a result of glacio-isostatic processes can 
also be considered small (~1.0 m. Stirling et al., 1995; O’Leary et al., 2013, Murray-
Wallace and Woodroffe, 2014; Lambeck et al., 2014). 

Inland WA is occupied by hot and arid deserts and the West Coast covers several 
climatic regimes, including tropical, grassland and temperate (BoM, 2005). This 
variety of climatic conditions greatly impacts the types of rivers and waterways along 
the coast. Whilst in the tropical Kimberley, relatively large rivers (such as the Fitzroy 
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River) have a reasonable annual discharge (up to 9,000 gigalitres. DoE-WA, 2004) 
and represent a significant source of terrigenous sedimentation into the ocean, the 
majority of the WA coast lacks major drainage systems (i.e. average annual flows: 
Blackwood River, 740 gigalitres; Gascoyne River, 766 gigalitres; Swan River, 506 
gigalitres. DoE-WA, 2004), and hence the shelf can be considered sediment-
starved, in terms of allochthonous terrigenous sediment supply (McMahon and 
Finlayson, 2003; Brooke et al., 2017). In contrast, WA continental shelf has an 
extensive carbonate production, dominated by coralline algae, bryozoans, molluscs 
and foraminifers, in mid-latitude, cool waters, and coral reefs in high-latitude, warm 
waters, resulting in a carbonate-dominated shelf (James and Bone, 2011; Brooke et 
al., 2017). 

The WA continental shelf is very broad and relatively shallow (up to 250 m of depth), 
with a width ranging from several hundred kilometres in the North West to less than 
10 km off Ningaloo Reef (Brooke et al., 2017). 

In this context of tectonic stability, scarcity of terrigenous input and low-gradient 
morphology, the shoreline and shelf morphology have been preserved and 
represent potential archives of Late Quaternary sea level changes and seascape 
evolution (Brooke et al., 2017). Thus, the study of these elements, by employing 
high-resolution remote sensing and seismic imaging and sediment analysis, will help 
to better understand the mechanisms governing deposition along the western 
margin of Australia and evaluate the impacts that sea level rise and fall had on the 
coast and inner shelf (from the shore-line to about ~10 km seaward), since MIS 5e.  

 

Figure 1.1. Global topography (land elevation and ocean depths, in metres) with modern 
continental shelves marked in pink (from 0 to -200 m below mean sea level). Modified after 
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Smith and Sandwell, 1997 and https://www.ceoe.udel.edu/research/affiliated-programs/wind-
power-program/mapping-resources/world, 30 October 2017. 

2. Aims and research objectives  
The main research objective of this doctorate was to investigate how the sea level 
and climate changes over a single glacial cycle (from ~130 thousand years ago to 
present) have controlled the evolution of Australia's Indian Ocean continental shelf 
into its modern form.  

The research thesis is divided into four sub-projects, focusing on the following 
contrasting marine environments: the coral reefs of the Southern Kimberley coast, 
the mixed carbonate-clastic system of the Faure Sill (Shark Bay), the Swan River 
estuary and the inner continental shelf in Geographe Bay. Each of these regions 
represents a geologically unique environment; with little published data describing 
the submerged landscape, the buried architecture and depositional history of these 
sedimentary settings, the outcomes of this research have generated a better 
knowledge of the local sedimentological and sequence stratigraphy. 

This investigation takes a multidisciplinary approach that required the collection, 
analysis and combination of a varied range of datasets: 

1. Remote sensing images, to establish the regional surficial geomorphology 
and substrate distribution patterns; 

2. High-resolution seismic imaging, using different sub-bottom profiling 
systems, to determine the seabed architecture below the seafloor; 

3. Sediment sampling and analysis, including dating, to obtain the chronology 
and climate history of the studied sedimentary systems. 
 

This approach first required the interpretation and reconstruction of the antecedent 
shelf substrate, which includes the landforms existing prior to post-glacial flooding, 
such as ancient river valleys, plateaus, estuaries and coastal ridges. The second 
step was to characterise the marine landforms and habitats that have developed 
over this topography, like coral reefs, sand shoals, seagrass banks, channels, etc. 
Lastly, it was possible to examine, in coral reefs for instance, the timing of reef 
initiation, grow rates and style and how this related back to changes in climate and 
sea level which followed the flooding of the shelf. 

3. Thesis structure 
This dissertation comprises 8 main chapters, including: 

Chapter 1: Introduction. This chapter introduces the aims and the research 
objectives for the study and provides a brief literature review of the state-wide 
coastal settings, including geology, climate and marine ecosystems. In each of the 
following chapters, more detailed local aspects are included. 

Chapters 2 to 5: Body of the thesis. Each chapter is a stand-alone manuscript and 
includes aspects of the regional setting, methods, discussions of new findings, 
conclusion and cited references. The chapters are presented in geographic order, 
from tropical North to temperate South, and copies of the published papers can be 
found in the Appendix A at the end of the thesis manuscript, together with their 

https://www.ceoe.udel.edu/research/affiliated-programs/wind-power-program/mapping-resources/world
https://www.ceoe.udel.edu/research/affiliated-programs/wind-power-program/mapping-resources/world
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Copyright Clearance. The Kimberley study (Chapter 2. 
http://www.sciencedirect.com/science/article/pii/S0278434316301893) is published 
in Continental Shelf Research; the Shark Bay research (Chapter 3. 
http://www.sciencedirect.com/science/article/pii/S0025322714003557) is published 
in Marine Geology; Swan River investigation (Chapter 4. 
http://www.sciencedirect.com/science/article/pii/S0341816217300607) is published 
in CATENA.  

Chapter 6: Methods. This chapter reviews and explains with a more technical 
approach the methods used during the data acquisition and post-processing, in 
particular the geophysical methodologies as they represent the primary data 
collection method used.  

Chapter 7: Discussion. The purpose of this chapter is to put the Australia's Indian 
Ocean continental margin into an international context, critically acknowledge gaps 
in the data and understanding, and describe how the work has advanced the field. In 
addition, the analysis and the outcomes of the results obtained (Ch. 2 to 5) were 
compared to find common controlling parameters and draw conclusions about the 
Late Pleistocene and Holocene development of the continental shelf.  

Chapter 8: Conclusion. This conclusive chapter summarises the major 
achievements of this thesis investigation and the new outcomes about the Late 
Quaternary evolution of each marine (or estuarine) area reported. 

4. WA coastal setting 
Following, there is a summary of the WA geological and climatic evolution and the 
metocean and biological conditions, in order to put each studied environment in a 
state-wide context. 

4.1. Geology  
The geological evolution of WA has a long history, spanning more than 4200 million 
years (Ma. GSWA, 1990). Archean and Proterozoic rocks dominate the mainland 
geology, with the Yilgarn Craton ranging from 3000 to 2500 Ma (Sircombe and 
Freeman, 1999) and the Pilbara Craton older than 3500 Ma (Buick at al., 1995). 
During this extensive period of time, long episodes of relative tectonic stability were 
interrupted by relatively short episodes of intense crustal growth (GSWA, 1990), 
including extensive eruption of basaltic volcanics, collisions forming orogenic belts 
and intense tectonic and magmatic activity. The intense weathering and erosion of 
the Kings Leopold and Halls Creek Orogens, which occurred between 2000 and 400 
Ma, formed the sandstones that, with shales and basalts, infilled the Kimberley 
Basin (Short, 2005). Since the beginning of the Phanerozoic, nine more main basins 
have been established: Perth, Carnarvon, Canning, Browse, Bonaparte, Ord, 
Officer, Eucla and Bremer Basins, with the first three covering much of the western 
border of Australia (and the study areas considered in this thesis. Veevers, 1971. 
Figure 1.2).  

The Perth, Carnarvon, Canning basins become progressively younger southward 
and go from entirely marine deposits in the north (Canning Basin), through the 

http://www.sciencedirect.com/science/article/pii/S0278434316301893
http://www.sciencedirect.com/science/article/pii/S0025322714003557
http://www.sciencedirect.com/science/article/pii/S0341816217300607
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mixed Carnarvon Basin to non-marine in the south (Perth Basin). The divergence in 
age and sedimentary facies reflects different positions of the basins in 
Gondwanaland (Figure 1.2 and Figure 1.3. Veevers, 1971; GSWA, 1974). 

In the Early Jurassic, the Gondwanan supercontinent developed grabens and faults, 
separating India from WA and opening up the Indian Ocean (GSWA, 1990). The 
rifting initiated in the north western corner of the modern WA and progressed 
anticlockwise during the entire Cretaceous, forming proto- western (140-65 Ma) and 
southern coastlines of Australia (from 120 Ma. Short and Woodroffe, 2009). While 
drifting and moving northward, the WA climate changed significantly, going from 
mainly moist in the Late Cretaceous – Paleogene (temperate to tropical) to arid 
during the Neogene, alternating arid and humid during the Plio-Pleistocene (due to 
the glacial and interglacial cycles), to the modern relatively dry conditions (GSWA, 
1990).  
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Figure 1.2 (previous page). Distribution of cratons, main orogens and principal coastal and 
offshore basins of Western Australia. Note, names of inland basins are not shown (modified 
after GSWA, 1990. Metadata are from http://www.ga.gov.au/metadata-
gateway/metadata/record/74371/). Red dots indicate the locations of the environmental systems 
studied. From north to south: 1 Southern Kimberley, 2 Shark Bay, 3 Swan River, 4 Geographe 
Bay. NWS: North West Shelf; SWS: South West Shelf. 

 

Figure 1.3. Breakup and evolution of Gondwanaland to the modern settings. Arrows indicate the 
main movement direction of the continents; blue lines show active marine spreading (dashed 
lines: inactive); red lines represent the subduction zones; black lines mark the edge of the 
continental shelves and plates (Short and Woodroffe, 2009).  

4.2. Quaternary climate and sea-level fluctuations  
The Quaternary has been characterised by several orbitally-induced variations of 
the global climate, at different latitudes, that affected the temperature and, 
consequently, the growth or melting of ice sheets. During glacial periods, a transfer 
of water mass from oceans to high latitude ice sheets (in addition to the permanent 
Antarctica and Greenland ice sheets. Pirazzoli, 1997) caused a relative fall in global 
sea level and a shoreline transgression outward across the continental shelf (Woolfe 
et al., 1998; Lambeck et al., 2002). The dry conditions associated with the glacial 
periods corresponded also to a dryer and windier global climate (Short, 2009). 
Aeolian processes became gradually more important, leading to the formation of 

http://www.ga.gov.au/metadata-gateway/metadata/record/74371/
http://www.ga.gov.au/metadata-gateway/metadata/record/74371/


Chapter 1    Introduction 

7 

 

extensive aeolian dunes and silt and dust transport (Collins, 1987; Blewett et al., 
2012). Conversely, during interglacial periods (as at present), the global climate was 
wetter and warmer, leading to a partial melting of the ice sheets. As the water 
returned to the oceans, the sea level progressively started rising, inundating the 
continental shelves (Pirazzoli, 1997).  

The Quaternary climate and the induced sea level fluctuations (Figure 1.4), together 
with the modern climatic settings have contributed to the formation of the present 
near-shore environments.  

 

Figure 1.4. Global changes in sea level height (based on the oxygen isotope index) for the last 
900 ky. LG: Last Glacial, LIG: Last Interglacial. The numbers represent different Marine Isotope 
Stages (MIS). Modified after Saqab and Bourget (2015) and Blewett et al. (2012). 

4.3. Modern climate and metocean conditions 
The wide latitudinal range of the western continental margin of Australia strongly 
influences the climatic conditions across the state; as a result, the latitudes indirectly 
control some of the factors that help influencing the coastal shape, such as wind and 
wave regimes, weathering processes and vegetation onset (like seagrasses, etc. 
Bird, 2011). The latitude 21° marks the boundaries between two distinct regions: the 
North West Shelf (NWS) and the South West Shelf (SWS or South West. Figure 
1.2). These two distinct sections are reflection of major climatic and geological 
conditions. The climatic regimes span from tropical in NWS (including the entire 
Kimberley region), characterised by summer monsoons, to temperate in the South 
West, with Mediterranean-type seasonal cycles (Figure 1.5, based on the Köppen 
classification system. BoM, 2005).  

The average rainfall and temperature patterns vary considerably, in relation to the 
climatic regimes and latitudinal gradation (Short, 2005). The tropical northwest and 
the temperate southwest are humid, with annual rainfall up to 600 mm; in contrast, 
the central area (from Shark Bay to the southern border of the Kimberley) is largely 
arid and dry, receiving between 25 and 200 mm of rain, per annum. There is also a 
marked contrast of wet/dry seasons, between north and south. In the Kimberley, the 
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summer months (from December to February) are considerably wet, associated with 
the cyclone season. From Ningaloo Reef, southward, the rainy season spans 
instead from June to August (BoM, 2005; Short, 2005; BoM, 2010; Bird, 2011. 
Figure 1.6).  

 

Figure 1.5. Climate classification map of the Australian mainland based on the Köppen 
classification scheme (according to the native vegetation that characterises each zone. From 
BoM, 2005).  

 

Figure 1.6. WA rainfall patterns (from BoM, 2010). 

The annual and seasonal temperature patterns are illustrated in Figure 1.7. Similarly 
to the rainfall and climatic conditions, the temperatures also change with the latitude. 
On average, the Kimberley is 9 to 12 degrees warmer than the South West, 
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throughout the year. The temperatures are quite high in summer and mild to 
relatively cool in winter (above 10° C state-wide. Short, 2005). 

 

Figure 1.7. Australian temperature variability (from BoM, 2008). 

The great climatic variability also controls the variations in water temperature, 
currents and winds (Evans et al., 2017).  

The South-West and central regions, up to Shark Bay, are significantly influenced by 
the warm, low-density Leeuwin Current that flows southward on the ocean surface 
(Figure 1.8). The Leeuwin Current has an impact on the average sea surface 
temperature, resulting in relatively warm waters (20.8°C on average. Feng et al., 
2003). The nutrient-depleted waters of the Leeuwin Current result in higher levels of 
light penetration, leading to high diversity of algal and seagrass species and benthic 
communities (Evans et al., 2017). 

From Shark Bay to the Northern Kimberley, the coastal environments are instead 
greatly affected by the Indonesian Throughflow, a warm, low-nutrient, low-salinity 
oceanic current that originates along the Indonesian archipelago (Figure 1.8). The 
Indonesian Throughflow has a seasonal regime, flowing weaker during the 
Australian summer, contributing to the formation of cyclones (Evans et al., 2017). 
The central-northern section of WA coast is characterised by warmer waters 
(ranging from 22 to 28°C nearshore. Pearce and Griffiths, 1991). 

Local winds and sea breezes have a significant influence on the local 
hydrodynamics of the inner continental shelf (usually on the order of ~15 km 
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seaward. Niedoroda, 2005; Larcombe, 2007), such as velocity and direction of 
coastal waves and currents, and these physical effects have impacts also on coastal 
sediment budget and nutrient transfer (Gallop et al., 2012). South-south westerly 
sea breezes are predominant in summer (Gallop et al., 2012); in winter, winds are 
generally northerly in the South-West and easterly in the North-West, producing a 
weaker sea breeze (Short, 2005; Gallop et al., 2012). 

 

Figure 1.8. Major currents surrounding Australian oceans (James and Bone, 2011).  

The tidal ranges also vary considerably from north and south WA (Figure 1.9). 
Ningaloo Reef and the Exmouth Gulf mark the separation between micro-tidal 
ranges (< 2 m) at higher latitudes, and mid- to macro-tidal ranges (2-4 m and > 6 m, 
respectively) in the tropics. The South-West is characterised by very low tidal 
ranges, with spring tides that varies between 0.6 and 1.4 m (Short, 2005). The tidal 
range increases northward, culminating in the Kimberley, in particular in King 
Sound, where with a maximum spring tide of 12.5 m, the tidal ranges are the highest 
in Australia and amongst the highest ocean tides in the world (Wolanski and 
Spagnol, 2003; Purcell, 2002). 
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Figure 1.9. Map of maximum tidal range around the WA coast. The legend colours show the 
tidal ranges. The data were obtained from CSIRO (2015). 

4.4. Marine sedimentation regime and ecosystems 
The variety of climate and metocean conditions also influences the coastal and inner 
shelf development and sediment production and distribution regime.  

In the Kimberley and NWS, inner and mid-shelf sediments are mainly a mixture of 
Holocene bioclasts (including coral fragments) and foraminifera, fine lithoclastics 
and laterite (primarily found nearshore), post-Last Glacial Maximum ooids and 
peloids, and relicts (Collins, 2011). In the South West inner shelf zone, bryozoans, 
encrusting coralline algae and benthic foraminifers and molluscs become more 
dominant at increasingly higher latitudes, with abundant ubiquitous relict material 
(skeletal and lithic intraclasts). Deep-water sediments (> 200 m below sea-level 
BSL) are mostly pelagic, with limited phosphate accumulations (Collins, 2011). 
Localised reefal carbonates can be found offshore the Kimberley coast, bordering 
the continental shelf. This zone includes a number of isolated reef platforms, islands 
and submerged banks (i.e. Rowley Shoals, Scott Reef, Seringapatam Reef, Oceanic 
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Shoals, Ashmore and Cartier Reefs), formed during past stages of lower sea-levels, 
in overall subsiding conditions (Collins, 2011). 

Influenced by the wide latitudinal range and particularly relevant to the 
sedimentation are the subtidal and intertidal marine ecosystems, such as seagrass 
meadows, reefs, mangroves and salt marshes (Short, 2005). 

Western Australia has the largest and the most diverse seagrass beds in the world 
(Kirkman, 1997). Seagrass meadows provide a wide range of services, including 
protection and control of coastal erosion, by stabilising the sediments and producing 
in situ bioclasts (like coralline algae, foraminifera and molluscs), that can be 
reworked and contribute to beach sediments (Short, 2005; Barbier et al., 2011).  

Similarly to seagrasses, reef systems also act as coastal protection by attenuating 
waves and assisting beach and shoreline preservation (Barbier et al., 2011). 

The coral communities of coastal WA include four main reef systems:  

1) Houtman Abrolhos Islands (28°-29°S, one of the highest latitude coral reefs 
in the world, often referred as the Abrolhos. Abdo et al., 2012), 

2) Ningaloo Reef (21°-23°S), 
3) Dampier Archipelago (20°S), 
4) Kimberley coast and neighbouring islands (10°-18°S).  

Mangroves and salt marshes are more extensive in tropical and sub-tropical WA, 
but also occur along the south-west estuaries (Short and Woodroffe, 2009). These 
intertidal ecosystems are able to reduce the impacts of incoming waves and storms, 
and hence have a key role in coastal protection (Wolanski, 2007; Barbier et al., 
2011). In addition, they are able to stabilise sediments, reducing shoreline erosion 
(Wolanski, 2007; Barbier et al., 2011). 

Moreover, it must be noted that in terms of coastal and beach nourishment, the 
contribution given by a number of hard-bodied organisms, including molluscs, red 
algae, encrusting bryozoans, that live along the shelf and after their death, provide 
bioclasts that can be reworked and washed onto beaches by waves (Short, 2005). 
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Abstract 
The inner shelf Kimberley Bioregion of northwest Australia is characterised by a 
macrotidal setting where prolific coral reefs growth has developed around a complex 
drowned landscape and is considered a biodiversity “hotspot”. High-resolution 
shallow seismic studies were conducted across various reef settings in the 
Kimberley (Buccaneer Archipelago, north of Dampier Peninsula, latitude: between 
16° 40’ S and 16° 40’ S) to evaluate stratigraphic evolution, interaction with different 
substrates, morphological patterns and distribution. Reef sites were chosen to 
assess most of the reef types present, particularly high intertidal planar reefs and 
fringing reefs. Reef internal acoustic reflectors were identified according to their 
shape, stratigraphic position and characteristics. Two main seismic horizons were 
identified marking the boundaries between Holocene reef (Marine Isotope Stage 1, 
MIS 1, last 12 ky), commonly 10 – 20 m thick, and MIS 5 (Last Interglacial, LIG, 
~120 ky, up to 12 m thick) and Proterozoic rock foundation over which Quaternary 
reef growth occurred. Within the Holocene Reef unit, at least three minor internal 
reflectors, generally discontinuous, subparallel to the reef flat were recognised and 
interpreted as either growth hiatuses or a change of the coral framework or 
sediment matrix. The LIG reefs represent a new northernmost occurrence along the 
Western Australian coast. 

The research presented here achieved the first regional geophysical study of the 
Kimberley reefs. Sub-bottom profiles demonstrated that the surveyed reefs are 
characterised by a multi-stage reef build-up, indicating that coral growth occurred in 
the Kimberley during previous sea level highstands. The data show also that 
antecedent substrate and regional subsidence have contributed, too, in determining 
the amount of accommodation available for reef growth and controlling the 
morphology of the successive reef building stages. Moreover, the study showed that 
in spite of macrotidal conditions, high-turbidity and frequent high-energy cyclonic 
events, corals have exhibited prolific reef growth during the Holocene developing 
significant reef accretionary structures. As a result coral reefs have generating 
habitat complexity and species diversity in what is a biodiversity hotspot. 

1. Introduction 
The Kimberley is located in the Australia’s northwest continental margin and, 
primarily due to its remote geographical location, published scientific investigations 
of the region are scarce compared to other marine and coastal ecosystems in 
Australia (Wilkinson, 2008; McKenzie et al., 2009; Wilson, 2013). A recent remote 
sensing study by Moataz et al. (2016) recognised the Kimberley has hosting a major 
reef system, the largest in Western Australia, and second only to the Great Barrier 
Reef in terms of total reefal area and number of reef islands. Despite been 
recognised as a major biodiversity hotspot of international significance (Chin et al., 
2008; Wilkinson, 2008; Department of the Environment, 2014; Pepper and Scott 
Keogh, 2014), the coral reefs of the Kimberley coast remain relatively understudied 
when compared with other relatively well-known a reef systems along the Western 
Australian coast, such as the Houtman Abrolhos islands, Ningaloo fringing reef and 
some isolated oceanic atoll-like reefs (e.g., Scott Reef, Rowley Shoals. Eisenhauer 
et al., 1993; Collins et al., 2003; Collins et al., 2006; Collins et al., 2011. See reviews 
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in Montaggioni, 2005 and Collins, 2011). In particular, Collins (2011) and Wilson 
(2013) noted a significant information gap on the geomorphology, evolution and 
development of reefs of the Kimberley Bioregion. Until recently, when Solihuddin et 
al. (2015) accomplished the first detailed geological account of Holocene reef 
growth in Cockatoo Island (Kimberley Bioregion), it was not known whether reefs 
are thin veneers over rock platforms or significant long-lived accretionary structures. 
The paper showed in fact that, at least at this one location, the Holocene reef 
consists of a thick reef framework, up to 15 m thick. The Cockatoo study also 
showed that the initiation of Holocene reef occurred soon after flooding of the 
continental shelf over older Pleistocene reef surface, which was found between 20 
and 30 m below sea level, with reefs growing in catch-up mode reaching base level 
around 3000 years ago. This is a significant finding as it suggests corals are able to 
persist and grow significant accretionary structured in what might be considered 
challenging or extreme environmental conditions, including extreme macrotidal 
range (Wilson, 2013), high-turbidity (Brooke, 1997; Wilson et al., 2011; Solihuddin et 
al., 2015), frequent cyclones (Wilson, 2013). The Solihuddin et al. (2015) study now 
raises a series of further questions about the reefs in the Buccaneer Archipelago: 

• Is the reef morphology of Cockatoo Island a result of a unique local 
oceanographic effect or do most Kimberley reef exhibit a similar morphology 
and growth history? 

• The northernmost occurrence of Last Interglacial (LIG) reef along the 
Western Australian coast is found at Cape Range (Ningaloo Reef. O’Leary et 
al., 2008); does the discovery of LIG reef within the open cut mine Cockatoo 
represent a broader occurrence of LIG reefs throughout the Kimberley? 

• What role has the antecedent topography in terms of structural control of on 
reef growth during the Holocene? 

This project presents the first detailed seismic study across a range of reef 
morphotypes in order to (1) provide insights into the internal reef architecture and 
structures, (2) determine the thickness of the Holocene reef and pre-existing reef 
build-ups, and (3) establish the growth-controlling factors and their role on the 
Quaternary reef evolution. This paper presents a detailed description of reef 
morphologies and provides a better understanding of the past reef growth history of 
inner reefs of the Kimberley (Buccaneer Archipelago. Figure 2.1). 

2. Environmental setting and geology  
The Kimberley region occupies a land area of about 424,000 km2 (O'Faircheallaigh, 
2013) and extends from Cape Keraudren (southern end of Eighty Mile Beach) to the 
border of Western Australia / Northern Territory, for a length exceeding 5000 km 
(Brocx and Semeniuk, 2011; Kordi et al., 2016. Figure 2.1). The Kimberley south of 
Cape Leveque (Dampier Peninsula) is situated within the Phanerozoic Canning 
sedimentary Basin and is characterised by a simple relatively straight coastline, 
however the Kimberley north of Cape Leveque is situated within the Proterozoic 
Kimberley block and is characterised by complex coastal highly indented coastline 
(Chin et al., 2008; Collins, 2011; Tyler et al., 2012). The coastal and marine habitats 
include extensive archipelagos, with more than 2400 islands, bays, capes, tidal 
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plains, mangroves and a broad variety of coral reefs rich in diversity (at least 850 
where mapped by Kordi et al., 2016).  

 

Figure 2.1. Map of the reef in the Buccaneer Archipelago, Kimberley, showing the geology of 
the region (after Tyler et al., 2012) and the marine bioregions (Integrated Marine and Coastal 
Regionalisation of Australia, IMCRA, v4.0. Commonwealth of Australia, 2006). The reefs 
seismically surveyed in this study are labelled. 

These complex environments are strongly influenced by macrotidal conditions, high-
turbidity, tropical monsoonal climate and proximity to the Indo – Pacific Throughflow 
(ITF) and the Leeuwin Current (e.g., Wolanski and Spagnol, 2003; Condie and 
Andrewartha, 2008; Collins and Testa, 2010; Brocx and Semeniuk, 2011; Wilson, 
2013).  

Situated in a semi-arid to sub-humid climate zone, the Kimberley experiences 
seasonal rainfall (between November and March) that influences local freshwater 
and sediment drainage from the hinterland to the coast (Parkinson, 1986; Brocx and 
Semeniuk, 2011). A tidal range of 12 m during springs and less than 3 m during 
some neaps has resulted in an extensive intertidal zone (Cresswell and Badcock, 
2000). These tidal motions can result in tidal currents of 2 m/s, which can remobilise 
and resuspend fine particles with the result being coral reefs can become invisible 
from the surface at high tide and at low tide, the reefs appear partially covered by 
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mud (Wilson et al., 2011). The turbidity increases in wet season when the rates of 
river runoff are higher (Wolanski and Spagnol, 2003).  

The Kimberley marine environment is strongly influenced by an ancient geological 
history and it is characterised by complex structural and tectonic settings. The 
intricate coastal geomorphology is structurally controlled by ancient folded and 
faulted Proterozoic metasedimets and volcanics (Figure 2.1. Tyler et al., 2012). Since 
the Miocene tectonic subsidence (Sandiford, 2007), has resulted in a drowned ria-
style coast which has likely influenced the style and development of coral reef 
growth on the North West Shelf. During the last glacial, the inner shelf reefs 
experienced subsidence of around 0.11 m/ky (Solihuddin et al., 2015). 

2.1. Geomorphic Classification of Reefs in the Kimberley 
Bioregion  

Due to the macrotidal conditions, most reef flats in the Kimberley are exposed 
during low tide and are, therefore, intertidal in character (Figure 2.2). Reefs which 
have not yet grown to sea level are permanently subtidal, and many small patch 
reefs and most shoals are of this type. A specialised type of high intertidal reef 
recognised by Wilson et al. (2011) and Wilson (2013) is characterised by a high, flat 
topped surface that may be several metres above mean low water springs (MLWS) 
tide level, and experiences significant subaerial exposure during the tidal cycle. 
These reefs have unique surface characteristics, including lithified algal ridges, 
terraced reef platforms, and coralline algae (rhodolith banks), as well as Porites 
microatolls. In order to capture a range of reef typologies this study utilised a revised 
reef geomorphic classification scheme developed by Collins et al. (2015) and Kordi 
et al. (2016) for the Kimberley Bioregion, which was adapted from the Great Barrier 
Reef Geomorphic classification scheme by Hopley et al. (2007).  

Fringing reefs are widespread in the Kimberley (Kordi et al., 2016) with 
morphologies influenced by the complex embayment and island coastal 
morphology, both as mainland and island associated features. In this study of the 
Kimberley, five main types of fringing reefs were essentially described: Bay Head, 
Inter-island, Circum-island, Headland and Narrow-beach Base.  

Planar reefs are large isolated features characterised by flat topped platforms that 
are usually emergent only at low tide. Examples are Montgomery Reef, the Adele 
group of reefs (Adele and Churchill) and Brue Reef (see Figure 2.1 for location).  

There are many patch reefs and shoals scattered throughout the Kimberley 
Bioregion (see Wilson, 2013 for examples). These reefs usually grow on isolated 
topographic highs suitable for colonisation by coral growth and are common on 
exposed margins of fringing reefs. They are usually intertidal to subtidal features 
and are often small. These features were not studied in detail in this project which 
focused on the larger and more diverse reefs.  
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Figure 2.2. Geomorphic classification scheme for the Kimberley reefs, based on adaptation of 
Hopley (2007) Collins (2015), Kordi et al., 2016 and data from this study. 

3. Methods 
The surveyed reef sites (Figure 2.1) were chosen in order to capture a broad range of 
reef morphotypes (Figure 2.2) and included almost 300 km of sub-bottom profiler 
(SBP) lines. The geophysical survey was limited to the Buccaneer Archipelago and 
Montgomery Island and designed to target the orientation, internal architecture and 
morphology of the reefs. Profiles perpendicular to the reef allowed capture of the 
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reef growth axis, transects parallel to the reef crest and crossing tie lines permitted a 
correlation during the interpretation and creation a three-dimensional perspective of 
the acoustic units’ framework. 

The surveys were conducted using an AA201 boomer system (Applied Acoustic 
Engineering Limited, Great Yarmouth, UK). Accurate positioning was obtained with 
a dual frequency Differential Global Positioning System (DGPS). Data were digitally 
recorded using SonarWiz 5 (Chesapeake Technology Inc., Mountain View, CA) as 
acquisition and post‐processing software. The seismic profiles were postprocessed 
to improve the signal to noise ratio by tracking the bottom and applying standard 
signal processing procedures such as bandpass filter and user defined 
gain/attenuation.  

Sub-bottom profiling survey provided information on reef architecture, Holocene 
thickness and foundation, as well as earlier Pleistocene reef growth events. 
Stratigraphy and geochronology of Holocene, Pleistocene Reef and Proterozoic 
basement exposed in the Cockatoo mine pit (Solihuddin et al., 2015) were used to 
interpret and ground truth the major seismic horizons recorded over the modern 
Cockatoo reef flat (see Solihuddin et al., 2015; Collins et al., 2015 and in the further 
sections). The reliability of this correlation was verified by laterally tracing the key 
seismic surfaces onto the neighbouring reefs, demonstrating a regional consistency 
of the stratigraphic pattern of two stages of reef growth (Holocene and Pleistocene). 

4. Results and discussion 

4.1. Seismic facies analysis 
Two significant seismic reflectors R1 and RF were identified and defined on the 
basis of their (1) relative position, (2) acoustic reflection and (3) architectural 
characters (Table 2.1 and seismic profiles). Between R1 and the seabed, many 
profiles also exhibit minor acoustic horizons, named H1, H2 and H3. 

R1 Reflector. R1 is a high-energy reflector, which represents the top of the 
Pleistocene calcretised reef limestone unit recognised by Solihuddin et al. (2015. 
Table 2.1 and depicted in green colour in the seismic profiles). Occasionally R1 is 
masked by seabed multiple echoes or by a thick and hard overlying substrate. The 
R1 follows a similar topographic profile to the modern reef flat seabed in exhibiting a 
quasi-horizontal reef flat that steeply dips at the forereef slope matching the modern 
forereef slope. The seismic unit bounded by the sea floor/modern reef flat and R1 
represents the Holocene reef/sediment build-up.  
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Table 2.1. Characteristics and acoustic features of seismic units identified in the profiles. 

 

H Reflectors. The Holocene unit is characterised by a series of internal 
discontinuous, subparallel reflectors of moderate to low amplitude (H1, H2 and H3, 
represented in shades of orange colour in the seismic profiles). H1 is the shallowest 
reflector, found in the first 5 metres from the seafloor surface. In some profiles, it is 
not recognisable, due to very high impedance of the seafloor reflector masking the 
first few metres of substrate. H2 can be usually found between 5 and 8 metres from 
the seabed and H3, where identified, is generally 3 to 7 metres above the R1. These 
reflectors could be interpreted as hiatuses or a change of the coral framework 
(possibly from muddy to sandy matrix), according to the observation of Solihuddin et 
al. (2015).  

RF Reflector. The post-processing and interpretation of the acoustic profiles across 
the area define the RF reflector as the deepest seismic horizon identified in the 
surveyed reefs and locally forms deep valley-like depressions and ridges (Table 2.1 
and depicted in blue colour in the seismic profiles). The RF caps a chaotic, low 
amplitude unit that can be considered on the basis of the profile analysis and 
correlation with the data derived from a mine pit in Cockatoo Island as the 
Proterozoic rock foundation, and represents the acoustic basement of the reefs in 
the Buccaneer Archipelago. The terrestrial expression of this unit is represented by 
folded metamorphics, conglomerates and sandstones of the Kimberley Group. The 
seismic unit bounded by the R1 and RF represents an older, Pleistocene reef unit, 
which belongs to the Last Interglacial (LIG) sea level highstand. The LIG section has 
been diagenetically altered and consists of calcretised, muddy branching coral 
framestone containing recrystallised corals (Solihuddin et al., 2015). 
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4.2. Internal architecture of Southern Kimberley Reefs 
A number of reef typologies have been identified in the Kimberley (see Figure 2.2). 
These include a range of fringing reef morphologies, with reef flat elevations that fall 
within two primary categories, high inertial and intertidal. The internal architecture of 
a variety of reef types were investigated and compared, through the analysis of 
seismic profiles. 

4.2.1. Fringing reefs 
Circum-island reef: Cockatoo Island 

The Buccaneer Archipelago (see Figure 2.1 for location) is characterised by a highly 
discordant coastline resulting from the partial submergence of a structurally 
controlled geological landscape with anticlinal features forming the region’s islands 
and coastal headlands. 

Cockatoo Island is located less than 6 km from the mainland coastline and consists 
of strongly folded and trending NW – SE Palaeoproterozoic metamorphic and 
igneous rocks of the King Leopold Orogen (Wright, 1964). The Cockatoo Island reef 
is a high intertidal, circum-island fringing reef, species-rich, with branching corals 
that dominate the modern forereef slope and persist to depths of 10 m below mean 
sea level (Solihuddin et al., 2015). Tides of up to 12 m provide the main physical 
energy.  

The seismic profiles were mainly confined to the reef flat and forereef slope in front 
of the mine pits (insert in Figure 2.3. Survey lines marked in red). The profiles on the 
southern-eastern margin of the reef flat reveal the structure of the reef overlying 
Proterozoic rocks (below RF horizon, in blue colour) and confirm the stratigraphy 
mapped by Solihuddin et al., 2015 in the mine pits. An initial reef building phase of 
LIG reefs (below R1 horizon, in green colour) of 5 – 10 m thickness overlies the 
Proterozoic substrate. Thereafter Holocene reef comprises the reef flat and is 15 – 
20 m thick. Up to 25 m of well-laminated fine sediment mound is located in front of 
the reef flat (Figure 2.3B). This massive sediment body is about 2.5 km long and 
directly overlies the LIG reef building phase.  

Inter-island reefs: Bathurst Island – Irvine Island 

Interisland reefs are defined by joining two separate islands, and are commonly 
found in the Buccaneer Archipelago and some appear to coalesce to form inter-
island reefs where two islands are located in close proximity. One such inter-island 
reef is located between Bathurst and Irvine Islands (Figure 2.1).  

This inter-island fringing reef is characterised by a deep elongate depression, 30 to 
35 m deep, which cuts across the platform (Figure 2.4), and it has been suggested 
by Wilson (2013) that this indicates the partial coalescence of two fringing reefs, 
which left a residual gap in the platform as a function of incomplete reef growth, as 
opposed to a single platform with an elongate karst depression. The platform 
surface is frequently emergent, with a transverse sand sheet, shallow reef flat pools 
containing corals and fields of Porites microatolls present, features in common with 
other high intertidal reefs. 
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Figure 2.3. A) Cockatoo mine pit section (Photo credit: Solihuddin T., 2013). Insert: Landgate 
aerial photography provided by the Department of Parks and Wildlife (DPaW); SBP lines are 
marked in red. SOL: start of line; EOL: end of line. B) Cross-section of a seismic profile 
collected adjacent to mapped mine pit sections of Solihuddin et al. (2015) established position 
of Proterozoic foundation (RF, blue), Last Interglacial reef (R1, green) and overlying Holocene 
reef across the fringing reef. Note the sediment mound in front of the reef flat. Modified after 
Collins et al., 2015. 

The internal structure of the Bathurst – Irvine reef in west – east section (Figure 2.4) 
reveals its growth that occurred on relatively flat Proterozoic bedrock 30 – 40 m 
below mean sea level (MSL). Within the reef platform, the reflector R1 is 
approximately horizontal and the LIG sequence is around 10 – 12 m thick. Within 
the 15 m of Holocene reef build-up, there are 3 minor acoustic reflectors H1, H2, 
and H3, which are interpreted as either hiatuses or temporary pauses in reef growth, 
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changes in the type of sediment matric (sand vs mud) or change in coral facies 
(branching to massive).  

Seismic traverses across the pool in the middle of the Bathurst-Irvine interisland reef 
reveal a thin (5 m thick) LIG reef unit present close to the modern sea bed, overlying 
the Proterozoic substrate. Within the pool Holocene pinnacle reefs up to 10 m high 
grow from the base of the pool (Figure 2.4B).  

 

Figure 2.4. A) W – E section of the Bathurst – Irvine high intertidal fringing reef (width 7 km), 
showing two stages of platform growth, marginal sediment bodies, drowned reefs (insert, B) in 
the central elongate pool and basement topography. 

Both margins of the reef flat have well-developed bedded sediment lobes, up to 20 
m thick. Longitudinal and transversal seismic profiles have shown that the bodies 
have a complex internal architecture (Figure 2.4 and Figure 2.5), composed of 
surficial seaward prograding layers, in discordant relationship with the deeper and 
more horizontal ones. Similarly for the Holocene discontinuities (H1, H2, and H3), 
the internal beds could also be linked to possible non-deposition. Based on a 
qualitative interpretation of the seismic data, the drapes are composed by fine to 
medium grained sediments and, according to the local geomorphology and the 
collected samples, the sediment supply could be a combination of clastic influx 
coming from the surrounding islands and from suspension (from the mainland), and 
bioclastic carbonate deposits derived from the reefs. The western sediment mound 
Figure 2.4A) is likely a result of ebb tides flowing off the reef platforms and bottom 
current dynamics, resulting in filling of pre-existing accommodation space.  

A north – south profile (Figure 2.5) of the platform shows a similar stratigraphy for 
the reef platform, with 25 m of Holocene sediment infilling the adjacent small lagoon 
to the south of the platform. Holocene and LIG thicknesses are similar to those 
already recorded in the W – E profile of the platform. Topographic changes in the 
Proterozoic surface, as it rises to the north, have influenced the position of the 
platform by providing suitable elevated substrate which was colonised by LIG reef 
growth. Within the sediment body, the internal geological pattern is almost 
completely obscured by an acoustic turbidity anomaly. This seismic signature, 
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named curtain, is associated with fluid escape through the sediment (Baltzer et al., 
2005). It is noteworthy that Traditional Owners have reported freshwater springs in 
the general area. The presence of the two shallow pools along north east Irvine 
Island could be linked to upward migration of fresh water into the seawater. The 
mixed brackish waters could have been a significant control on reef growing 
processes, limiting the Holocene (and possibly LIG) build-up in the area. 

 

Figure 2.5. N – S section of Bathurst – Irvine Reef and adjacent embayment substrate. Note 
influence of platform elevation in the location of platform building; 2 stages (LIG and Holocene) 
of reef growth, and the 25 m thick bedded sediment pile filling the embayment to the S, with an 
internal signal probably representing fluid escape. 

Bay head reefs: South Sunday Island 

Fringing bay head reefs are mainly developed in the southern and south-eastern 
sectors of the Sunday Islands (Figure 2.6). The reef flats are sheltered and elongate 
along the coastline, with an approximate width between 500 m and 1500 m. The 
acoustic profiles cover only the external edges of the platform, due to the tidal 
conditions during the survey. The data available reveal that the pre-existing 
Proterozoic topography (RF) rises from 30 m to 10 – 15 m below the seafloor, 
significantly attenuating the reef development. Both the Last Interglacial and the 
Holocene reefs are relatively thin, with a similar internal architecture. Whereas the 
Proterozoic rock foundation presents irregularities, such as channels or 
depressions, the LIG reef growth tends to level the topography (see Figure 2.6B). 
For this reason, it is problematic to establish an average thickness of this unit. The 
overlying Holocene reef build-up is about 7 m thick on a mostly flat pre-existing LIG 
surface.  
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Figure 2.6. Sunday Islands. A) Landgate aerial photography provided by DPaW; track plot of 
seismic profiles are marked with thin red lines. B) Seismic profile. These Proterozoic islands 
are separated by deep depressions (probably structurally controlled), with both Holocene and 
LIG reef growth as fringing reefs. Irregular topography of Kimberley Group is partially blanketed 
by 2 stages of reef growth. 

4.2.2. Planar, coralgal reefs  
Montgomery Island 

Montgomery Island is located approximately 23 km west of the coastline (Figure 2.1). 
It is bordered by a large high intertidal reef which is a planar coralgal reef, and 
contains a central Proterozoic island (Wilson, 2013). Montgomery Reef is known to 
have a unique set of reef substrates on the platform, in particular rhodolith 
dominated substrates and associated crustose coralline algae forming a distinctive 
reef crest, and at least 2 terraces described by Wilson (2013) as upper and lower 
lagoons. Shallow pools with internal coral growth characterise parts of the reef flat. 
The well-developed Proterozoic central island is surrounded by sand cays and 
vegetated by mangroves and grasses (Wilson, 2013). Reef flats are dominated by 
sand and coral rubble with small living corals in shallow pools. The platform is very 
shallow and emergent at low tide with distinctive waterfall cascades across the reef 
crest. Spring tidal range is 12 m, and the platform margin is exposed by a few 
metres at low tide. A prominent north – south trending spine protruding from the 
main platform on its western side is called “The Breakwater”. 

Due to the extreme shallowness of water on the platform in all parts of the tidal 
cycle, except during high water spring tides, seismic transects could only be 
obtained at the platform margins. Good quality profiles were collected on east and 
west sides of the Breakwater.  

The Breakwater appears to have developed as a northward prograding feature, with 
seismic data showing a distinct pattern of development. There are many pinnacle 
reefs and significant sediment cover in places along with occasional 
palaeochannels. Two stages of pinnacle growth can be frequently recognised, with a 
thicker LIG build-up under a thin Holocene reef substrate. In some cases, pinnacle 
reefs occur above a deep basal unconformity, interpreted as the Proterozoic 
surface, capped by sediment cover terminating at 10 m MSL on the eastern side of 
the Breakwater (Figure 2.7). Three stages of reef development are present, with 
different level of maturity going from juvenile in the north and mature in the south. 
An axial section across the northern tip of the Breakwater (profile 1, Figure 2.7A) 
confirms an initial ridge of LIG coalescent pinnacle reefs that was followed by 
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sediment cover during the Holocene. The N – S axis of the Breakwater apparently 
follows a bathymetric ridge with the same trend which controlled the reef initiation 
and provided a favourable template for an initial reef growth. A similar west – east 
profile, situated just to the north eastern extremity of the Breakwater (profile 2, 
Figure 2.7B) endorses the pattern of LIG coalescent pinnacle growth on the 
Proterozoic, then pinnacle reef recolonization during the Holocene accompanied by 
infill of depressions by active sedimentation. On the south-western margin of the 
Breakwater, in a N – S section, a series of pinnacle reefs occurs above the basal 
unconformity with a sediment blanket between pinnacles. The pinnacles are buried 
by the sediment and, in some cases, protrude through the sediment cover 
demonstrating contemporaneous infill and active Holocene reef building. These 
pinnacles usually colonised an earlier (probably LIG) stage of pinnacle growth (see 
profile 3, Figure 2.7C). 

Together these profiles show a different level of maturity, establishing the current 
surface morphology as a spine-like protuberance northward from the Montgomery 
platform. First (south), a mature stage is characterised by a ridge of LIG coalescent 
pinnacles, overlain by Holocene reef. In the central region, an intermediate phase is 
constituted by an incipient regrowth on LIG pinnacles by Holocene reefs. And finally, 
in the relatively young reef sequence (north), a continuous reef flat is near 
emergent. 

At its south western corner, the Montgomery Reef platform margin has distinctive 
morphology of a subtidal reef terrace with a near-vertical fore reef slope (Figure 2.8). 
The littoral terrace is characterised by a barren zone lacking spur and groove 
morphology, with occasional sand sheets; a lower littoral reef front ramp, with slope 
5 – 10 degrees, high-energy tidal flow, encrusted by coralline algal ridges; a mid-
littoral reef crest with 100 m wide rhodolith banks and lacking a boulder zone; and 
finally a lower and upper reef flat dominated by rhodoliths and small pools 
containing corals. Two reef build-ups are present overlying Proterozoic basement; a 
10 m thick LIG reef and a 22 m thick Holocene reef, immediately underlying the 
platform margin (Figure 2.8). The distinctive terracing of the steep forereef is 
controlled by the boundary between these two reef building events. 

Reef building processes in and around Montgomery platform include both phases of 
reef building and buried sedimentary sequences, however it is clear that the 
Holocene build-up phase of the main platform is significant. In shallow platform 
conditions, the internal structure of the platform is difficult to determine due to 
prominent ringing in the profiles and lack of penetration. It is likely that reef thickness 
declines toward the central island as the Proterozoic topography rises. 



Chapter 2    Southern Kimberley 

30 

 

 

Figure 2.7. History of reef growth for the Breakwater from seismic profiles. A) Profile 1. Cross 
section of the Breakwater along its distal submerged northern margin reveals an initial LIG 
ridge composed of marginal pinnacles and central coalescent pinnacle architecture, overlain by 
Holocene coral reef with small surficial pinnacle reefs; note thickening of sediment drapes at 
margins of the ridge structure. B) Profile 2. A similar history is shown by this profile of the east 
margin of the Breakwater at its northern extremity. Note incipient colonisation of LIG pinnacle 
reefs by Holocene reefs, and influx of Holocene sediments. C) Profile 3. N – S view of the south 
western seaward margin of the Breakwater. Proterozoic surface (RF, blue) with two stacked 
generations of pinnacle reef development (LIG and Holocene), with bedded sediment infilling 
the reef terrain and overwhelming reef growth, proximal to and near the point of attachment to 
the Montgomery platform. 



Chapter 2    Southern Kimberley 

31 

 

 

Figure 2.8. Seismic sections showing structure of the SW margin of Montgomery Reef. Note 
terraced morphology of forereef is controlled by the boundary of LIG and Holocene reef build-
up events. The lower level of basement substrate (RF, blue) under the crest of Montgomery 
Reef allowed for 2 stages of reef growth, LIG, and Holocene separated by an unconformity (R1, 
green). 

5. Conclusion  
The study presented here has achieved the first regional geophysical study of the 
Kimberley reefs. By developing an understanding of seismostratigraphic events, it 
has been possible to document the subsurface evolution and growth history of 
diverse reef systems for a range of reef types mapped in the Buccaneer 
Archipelago. The seismic data demonstrate the long term resilience of the Kimberley 
reefs, their capacity to thrive in challenging environmental circumstances, including 
high-turbidity and other high-energy events throughout the Holocene. Evidences of 
Last Interglacial reefs also suggest that reef growth was not an opportunistic event 
during the Holocene but reef growth has occurred in the region during earlier 
highstand events.  

High-resolution seismic data demonstrated that: 

• The surveyed reefs in the Buccaneer Archipelago have a similar reef 
morphology and growth history as in Cockatoo Island. Seismically, all reefs 
exhibit a multistage reef build-up, correlated to late Pleistocene sea level 
highstand events. Inter-island fringing reefs appear to have formed by 
progradation and coalescence of fringing reefs attached to adjacent islands. 
Where coalescence has not gone to completion, deep inter-reef channels or 
elongate depressions still remain between adjacent fringing reefs or within 
intertidal platform reefs (e.g. Bathurst and Irvine reef). Within few reef 
systems, linked pinnacle reefs up to 15 m thick, are present. 
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• The study also documented the first widespread occurrence of last 
interglacial coral reefs north of Cape Range (Exmouth latitude: 21° 55’ S). 
However unlike the emergent reef terraces which intermittently outcrop 
along the coast between Dongara (latitude: 29° 15’ S) and Exmouth, LIG 
reefs occur at depth of between 20 and 35 m would suggest that the coastal 
Kimberley region has undergone or is still undergoing subsidence at least 
since the Last Interglacial. A subsiding coast can explain the complex ria 
coastline and numerous islands which is s characteristic of the Northern 
Kimberley coast. 

• Pre-existing topography and substrate depth control the amount of 
accommodation available for reef growth and stacking of reef building 
events. From the seismic profiles, it appears evident that the elevation of the 
Proterozoic rock foundation represents a major factor in determining the 
thickness and location of the reefs and controlling their vertical accretion. 
Pre-existing topographic highs, like hills or ridges were possibly inundated 
several hundred years later than the adjacent valleys or palaeochannels. 
Also the substrate represents a controlling factor in reef development. Corals 
are not able to grow on mobile unconsolidated sediments, hence where 
there is this kind of foundation, no reefs build-up is present. Subsidence of 
the LIG substrates must also be taken into consideration. The Kimberley 
coast is considered to represent a subsiding landscape. This hypothesis is 
supported by the seismic data obtained during this study. As a consequence, 
a greater accommodation space has become available, being an important 
control factor of the overall Holocene morphology.  

Combining this information with reef chronology and measurements of accretion 
rates (from Solihuddin et al., 2015), the data indicate that the interaction between 
Quaternary global sea-level fluctuations and the complex, subsiding Kimberley 
landscape has been of primary importance in controlling the longer term 
evolutionary patterns of coral reef development and growth, the available 
accommodation for and timing of multiple events of reef growth over geological 
timescales.  
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Abstract 
Within the Faure Sill complex (Shark Bay, Western Australia), a combination of 
remote sensing analysis, seismic stratigraphy and cores to ground truth, together 
with radiocarbon dating, demonstrate the interconnection between sediment body 
morphologies, seagrass related substrates and pre-existing topography and reveal 
the system as a channel – bank complex. Sea-level fluctuations appear to have 
largely controlled the hydrodynamic conditions of the bank, contributing to each 
stage of its evolution. 1) Not earlier than 8.5 – 8.0 ky BP, in a lowstand period, after 
an erosive event of underlying palaeosurfaces, seagrass establishment 
progressively contributed to initiating bank growth. 2) Around 6800 years BP, bank 
accumulation reached its apex, in conjunction with a rapid sea transgression. 3) 
During the Late Holocene, succeeding a slow decline to present sea level, bank 
growth continued to fill available accommodation space and a number of hiatuses, 
indicating temporal and spatial discontinuities within the process of bank building, 
are recognised. Average depositional rates of bank building (1.3 m/ky) conform to 
previous estimates derived for seagrass banks but rates are strongly facies 
dependent, attesting to the dynamic nature of this channel – bank complex. The 
extensive seagrass meadows are essential for a wide range of aspects of the 
environment of the Shark Bay area. Not only are they particularly important for the 
entire shallow benthic ecosystem, but they also had a major role in the partial 
closure of the southern basins and hence determining the development of 
hypersaline conditions and associated oolitic microbial and evaporitic facies in 
Hamelin Pool and L’Haridon Bight. Moreover, this system has a critical role in 
producing, sequestering and storing organic carbon. 

1. Introduction 
Registered as a World Heritage Property in 1991 on the basis of its "natural 
heritage" values (Hancock et al., 2000), Shark Bay is located approximately 800 km 
north of Perth on the west coast of Australia (Figure 3.1). It has a “W” shape, open 
to the Indian Ocean to the north and divided by the Peron Peninsula into two narrow 
gulfs: Freycinet Basin on the western side and L'Haridon Bight and Hamelin Pool, to 
the east (Figure 3.1B). Faure Sill, a seagrass bank, is one of Shark Bay’s most 
notable structures, lying approximately between 25° 45’ S and 26°30’ S and 113° 
40’ E and 114° 15’ E (Figure 3.2), orientated east – west across the axis of the 
Hamelin and L’Haridon hypersaline basins and covering an area of around 1000 
km2 (Davies, 1970a). The bank extends from Kopke Point (Gladstone Embayment / 
Wooramel Complex) to Faure Island, Petit Point (Nanga Peninsula) and to Dubaut 
Point (southern part of Peron Peninsula); it is nearly emergent at Faure and Pelican 
Islands and it is characterised by shallow water and relatively deep and broad 
channels, mainly north – south oriented (Figure 3.2).  
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The two most prominent natural assets of Shark Bay are stromatolites and 
seagrass. Stromatolites are common in fossil sequences, widely recorded back to 
the Precambrian (Schopf, 1993; Allwood et al., 2006), but rare in modern waters, 
where their occurrence is limited to some locations in Western Australia, in the 
Bahamas and in a few other places elsewhere (e.g. Cohen et al, 1993; Dravis, 1983; 
Moore and Burne, 1994; Jahnert and Collins, 2013). 

 

Figure 3.1. A) Aerial view of the area from Geoscience Australia. B) Simplified map of Shark 
Bay, with seagrass distribution. The two most notable banks are the Faure and Wooramel 
seagrass banks, adjacent to the Wooramel and Gascoyne Deltas (modified from Walker et al., 
1988; Jahnert and Collins, 2013; Playford et al., 2013 and www.sharkbay.org). 

It is well known that seagrass communities provide a wide range of services 
(Duarte, 2002; Gibb et al., 2014). They are fundamental in controlling fluid dynamics 
across the bank where they reside (Fonseca et al., 1982; Belperio et al., 1984; 
Verduin and Backhaus, 2000; Koch et al., 2006). The extensive seagrass meadows 
at Shark Bay, the largest reported assemblage in the world (Walker, 1990), has had 
a significant control during Holocene time on the sedimentary regime and the growth 
of the bank, leading to major environment changes, which have caused a partial 
closure of the southern basins of Hamelin Pool and L’Haridon Bight (Davies, 1970b; 
Logan et al., 1970a; Logan et al., 1970b; Hagan and Logan, 1974; Read, 1974; 
Walker, 1985; Walker et al., 1988a; Walker et al., 1988b; Jahnert and Collins, 2013; 
Collins and Jahnert, 2014). Its role in reducing the rate of water flowing through the 
sill has resulted in a decrease or loss of sediment movement, which is trapped and 
bound by the roots and rhizomes, stabilising and enhancing the accretion of the 
seabed (Walker et al., 1999). The thick meadow acts as protection from cyclones 
and other severe conditions and, as well, prevents erosion of the seafloor (Walker, 
1990; Duarte, 2002). Moreover, epiphytes and other organisms (such as molluscs 
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and foraminifera), which live in their rhizomes, produce a significant amount of 
calcium carbonate and play an important role in the deposition and accumulation of 
sediment (Logan and Hagan, 1974; Walker and Woelkerling, 1988). Barrier banks, 
climatic conditions and restricted tidal exchange control the salinity of the enclosed 
waters (Logan and Cebulski, 1970), creating unique environments with metahaline 
to hypersaline conditions, which provide a basis for the development of a variety of 
biogenic and physical structures such as microbial communities (stromatolites) and 
oolitic shoals (Jahnert and Collins, 2013). Thus, explaining the evolution of the 
seagrass banks is crucial to understanding the development of the hypersaline 
facies association in basins to the south.  

 

Figure 3.2. Locality map showing the study area and the locations mentioned in sections 4 and 
5. Locality names are from Hagan and Logan, 1974. Simplify bathymetric contours are shown. 
Aerial view of the Faure Sill is a mosaic of photos from Landgate (Western Australia). Insert 
image from Geoscience Australia. 

During the 1970’s, pioneering research was described in two American Association 
of Petroleum Geologists Memoirs (Logan et al., 1970b; Logan et al., 1974) and 
subsequent work undertaken by Playford and Cockbain, 1976; Playford, 1990; 
Chivas et al., 1990. Recent research has provided the first detailed regional 
evaluation of the subtidal microbial system and tidal flat evolution (Jahnert and 
Collins, 2011; 2012; 2013; Collins and Jahnert, 2014). 

Besides these local values, seagrass banks provide global ecosystem services. For 
instance, seagrass meadows are involved in producing, sequestering and storing 
organic carbon (Duarte, 2002; Grimsditch et al., 2012; Lavery et al., 2013; Duarte et 
al, 2013) and significantly contributing to carbon, nitrogen and phosphorus cycles in 
the ocean (Fourqurean et al., 2012). Moreover, the wider Gascoyne Delta – 
Wooramel Bank – Wooramel Delta – Faure Sill system (Figure 3.1B) has potential 



Chapter 3    Shark Bay 

40 

 

as an analogue for some Browse Basin hydrocarbon reservoirs in the North West 
Shelf, Western Australia (Barber et al., 2003; Tovaglieri and George, 2014).  

To investigate the Holocene development of the Faure channel – bank complex, 
remote sensing imagery analysis, acoustic profiles and sedimentological information 
were combined, in order to correlate internal architecture, sediment bodies and 
lithofacies. Integrating these data with radiocarbon dating, information about the 
accumulation rates was obtained, together with an estimated age of bank onset. 
This paper reports the analyses conducted on the Faure Sill and new insights and 
understanding of its evolution, growth and chronology, by considering 
morphostratigraphic elements, channel architecture and geometry, and linking 
traditional research with newly developed facies associations and stratigraphic 
relationships. 

2. Geology and environmental setting 
The landscape of Shark Bay has been significantly controlled by tectonism (Butcher 
et al., 1984). Fold and fault systems have been shaping the geography of the area 
since the Palaeozoic (Van de Graaff et al., 1976, Hocking et al., 1987). Anticlinal 
folds, oriented NNW – SSE, are responsible for the formation of peninsulas and 
islands and synclines are associated with the gulfs and bays (Butcher et al., 1984, 
Playford et al., 2013). A regional normal fault system oriented N – S has operated in 
the region and some reverse faults are associated with the anticlines (Butcher et al., 
1984; Playford et al., 2013).  

The Shark Bay region can be divided into four main physiographic provinces (Figure 
3.1; Logan et al., 1970a; Hancock et al., 2000): 

1) At the eastern margin of inland Shark Bay, Neogene and Cretaceous limestone 
units compose the Yaringa Province (Playford et al., 2013). 

2) The Gascoyne – Wooramel Province is the wide alluvial coastal plain that 
stretches between the Gascoyne and Wooramel Rivers (Logan et al., 1970a).  

3) The Peron Province is located in the central part of Shark Bay. During the latter 
part of the Quaternary, Shark Bay was characterised by three distinct marine 
transgressions (Logan at al., 1974; O’Leary at al., 2008; Jahnert and Collins, 2011). 
The first phase led to the formation of the Peron Sandstone (Logan, 1968; Logan et 
al., 1970a), a red, quartz rich sandstone, exposed on the Peron and Nanga 
Peninsulas and in Faure and Pelican Islands (Table 3.1).  

4) The western Edel Province comprises Edel Land, Dirk Hartog Island and the 
Bernier – Dorre Islands. The main formation exposed in the area is the Tamala 
Limestone (Logan, 1968; Logan et al., 1970a; Playford et al., 1976), a pale, off white 
calcarenite (cemented calcareous dune sand) which developed as a result of a 
second phase of coastal dune formation (Logan et al., 1970a).  

The Faure bank complex sits at a focal point between the coastal strip along the 
western margin of the Gascoyne – Wooramel Province and the eastern shores and 
hinterland of the Yaringa Province and Peron Provinces (Peron and Nanga 
Peninsulas and Faure Island; Hancock et al., 2000). 
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Although the principal Pleistocene units in the area are the eolianites of the Tamala 
Limestone and Peron Sandstone, there are also a few outcrops of Pleistocene 
marine formations: Dampier Limestone (and its member the Carbla Oolite), Bibra 
Limestone and Depuch Sandstone (Playford et al., 2013).  

The Dampier Limestone (Logan et al., 1970a; van de Graaff et al., 1983) is the 
oldest marine dominated unit recognised in the Shark Bay area (Table 3.1). Dated 
as Middle Pleistocene, it was deposited in shallow marine (less than 3 m) tidal 
channel flats, storm beaches, and beach ridge environments (Hocking. et al., 1987). 
It outcrops in the coastal areas of the Edel and Peron Provinces. In east Hamelin 
Pool, the marine carbonate rocks of the Carbla Oolite member of the Dampier 
Limestone are exposed (Logan et al., 1970a; Playford et al., 2013). 

Table 3.1. Stratigraphic nomenclature for Shark Bay (modified from O’Leary at al., 2008). Note 
the position of acoustic reflectors HR1 and HR2 within the stratigraphy (top Bibra and top 
Dampier Limestones respectively, further discussed in later in the text). Tamala Limestone 
(Middle – Lower Pleistocene) and Depuch Limestone (Late Pleistocene) are also present in 
Shark Bay, but they have been excluded from the table since there is no evidence of their 
occurrence in the study area. 

 

The Bibra Limestone (Logan et al., 1970a; van de Graaff et al., 1983) is a thin 
intertidal deposit of bioclasts and corals, widespread in outcrops in Shark Bay 
(Logan et al., 1970a; Playford et al., 2013). It is estimated to have been deposited 
during the marine phase of the late Pleistocene interglacial (Marine Isotope Stage 5) 
high sea level stand (van de Graaff et al, 1983; Hocking et al., 1987; O’Leary et al., 
2008). The last marine transgression (MIS 1) is referred to as the Holocene marine 
phase (Table 3.1).  
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The Depuch Limestone (Logan et al., 1970a) is a red brown, strongly cemented 
calcarenite and calcirudite derived by erosion and reworking of the Tamala 
Limestone (Playford et al., 2013) and can be found in Edel Province. 

The presence of well-developed barrier banks associated with a semiarid to arid 
climate (1:10 ratio of rainfall / evaporation) and a restricted tidal exchange produced 
and preserves the hypersaline (56 – 70) conditions in the Hamelin Pool and 
L’Haridon Bight embayments (Logan and Cebulski, 1970; Logan et al., 1974; Walker 
et al., 1988; CALM, 1996, Hancock et al., 2000). Predominant southerly winds, 1 – 2 
metre tidal range and large salinity and temperature gradients also strongly control 
the dynamics of the entire bay (Logan et al., 1974; Nahas et al, 2005). 

3. Materials and methods  
Initially, Faure Sill was mapped by delineating geomorphic and habitat boundaries. 
GIS Software (Geographic Information System; ArcGIS® by Esri) and datasets 
formed the basis of the descriptive analysis of seafloor features. High resolution (50 
cm/pixel) orthophotos and aerial photos (1:25,000 scale) provided by the 
Department of Parks and Wildlife (DPaW) and sourced from Landgate (Western 
Australia), combined with ground truth data were used in order to draft detailed 2 
maps (sediments and benthic substrates map and morphological elements map). 
Ground truth information was drawn from existing literature, particularly from Logan 
(1970) and Logan et al. (1974), from information collected as part of the Curtin 
Shark Bay Project (Jahnert and Collins, 2011, 2012 and 2013) and from the present 
project (32 cores and surficial sediment samples along the seismic lines). Two full 
coverage GIS based maps were created for Faure Sill. 

A follow up shallow geophysical survey provided useful information on the thickness 
and seismic characteristics of the sediment packages and geometry of the seismic 
reflectors, giving good quality data on the Holocene and Pleistocene stratigraphic 
features of bank growth, down to a depth of about 15 m below the seafloor. The 
survey was carried out using a nonlinear (parametric) sub-bottom profiler (SBP) 
SES2000 Compact System (Innomar Technologie GmbH; Rostock, Germany), 
mounted vertically on the port side of the survey vessel. A Sokkia GSR2650 LB 
Differential Global Position System (DGPS) antenna was mounted on the top of the 
pole supporting the SBP, to provide an accurate position. During the survey, about 
270 km of tracks were acquired, mainly oriented east – west and north – south. The 
penetration of the SBP varied across the survey area depending on the subsurface 
conditions. The processing software used was Innomar ISE version 2.9 (Interactive 
Sediment layer Editor) and SonarWiz 5 (Chesapeake Technology Inc.); the 
interpretation of the seismic sections has been performed based on a velocity of 
sound in sediments of 1600 m/s. Seismic velocity was chosen in accordance with 
the lithology of the area, which can be generalised as loose sand, very soft clay and 
medium dense to dense sand and gravel (see Hamilton, 1970; Leighton and Robb, 
2008).  

Lastly, during the stratigraphic survey, a vibracorer was used (from Quaternary 
Resources, Australia). To integrate and assess the results obtained with the seismic 
survey, 32 sediment cores were collected. A Sokkia GSR2650 LB DGPS, interfaced 
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with a laptop computer running OpenCPN 2.5.0 (open source navigation software), 
was used to position the vessel on the pre-established core location coordinates. 
Later, each core was cut into 1 metre sections of and relocated to the 
Sedimentology Laboratory in the Department of Applied Geology, at Curtin 
University (Western Australia). Then, after splitting each section, cores were 
photographed and studied. Core logging included an evaluation of colour (using the 
Munsell Soil Chart – Munsell, 1954), bioturbation, texture and lithology and a record 
of any major stratigraphic changes. Finally, samples were collected for further 
analyses, such as X-Ray diffraction (XRD), foraminiferal identification (Parker, 2009) 
and radiocarbon AMS 14C dating.  

Dating values derived from four cores were used to assess the age of reflectors and 
facies and to calculate accumulation rates in the bank and delta areas. The dating 
was conducted by the Radiocarbon Dating Centre (Australian National University, 
ACT), using the accelerator mass spectrometer method (AMS). One species of 
foraminifera (Amphisorus hemprichii, Ehrenberg, 1839) was targeted and picked for 
dating. 20 mg of sample was the minimum weight required for dating (Fallon et al., 
2010). Reworked, abraded or micritised specimens were excluded, since they could 
lead to unreliable dates and outliers in data. The quantity of Amphisorus in some 
intervals was scarce, limiting the choice of specimens. The conventional ages and 
their error, rounded to the nearest year (Fallon et al., 2010), are expressed in 
radiocarbon years using the Libby half-life of 5568 years and following the 
conventions of Stuiver and Polach (1977). The curve Marine09 was used as a 
calibration dataset to convert conventional ages into calibrated years, assuming a 
delta R of 70 ± 50. The marine calibration incorporates a time dependent global 
ocean reservoir correction of about 400 years (Stuiver and Reimer, 1993; Stuiver et 
al., 2005).  

4. Results  

4.1. Morphology and substrate mapping 
A sediments and benthic substrates map and a morphological elements map were 
derived through an initial remote sensing analysis of the Sill. Superficial sediment 
facies, geomorphic features and bedforms reveal the composite nature of the 
complex.  

4.1.1. Sediments and benthic substrates of the Faure Sill System 
Sediments and benthic substrates were grouped according to their tidal zone 
position: hinterland, supratidal, intertidal and subtidal (Figure 3.3). The hinterland is 
dominated by eolian Pliocene and Pleistocene deposits of the Peron Sandstone 
(quartz sandstone) and “birridas”, which are interdune depositional basins of 
granular gypsum and quartz sediment fills (Jahnert and Collins, 2012) to the west, 
while to the east, Cretaceous Limestone (Toolonga Calcilutite), Quaternary alluvial 
and colluvial deposits of the Wooramel Delta and quartz sand dominate (Jahnert 
and Collins, 2012). Supratidal and intertidal facies include evaporites, hypersaline 
coquinas, microbial mats, stromatolites and sandy sediments. Nearshore, subtidal 
substrates are mainly microbial deposits (stromatolite and cryptomicrobial 
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structures, also lithified microbial pavement and bivalve coquinas). The Faure Bank 
consists of mobile mixed bioclastic quartz sands at surface.  

 

Figure 3.3. Sediments and benthic substrates of the Faure Sill System. Note the preponderance 
of light and dark green, associated with substrates related to the presence of seagrass. PP= 
Peron Peninsula; NG= Nanga Peninsula; FI= Faure Island; P= Pelican Island; WD= Wooramel 
Delta; G= Gladstone Embayment. 

In the south, the embayment plain of Hamelin Pool comprises bivalve coquina, 
serpulids and algae with a superficial veneer of microbial organic material (Jahnert 
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and Collins, 2012); while in L’Haridon Bight the basin is mainly composed of 
bioclastic, silty sand (Collins and Jahnert, 2014). Bioclastic and lithoclastic sand, 
covered by a muddy layer, occupies the northern side of Faure Bank. Bioclastic 
particles are mainly seagrass epiphytes, including coralline algae, foraminifera and 
other constituents, together with small bivalves. Seagrass is sparse over the bank 
surface but relatively dense on channel margins, and is mainly Amphibolis antarctica 
(Labillardière) Sonder & Ascherson ex Ascherson 1868 (Walker, 1990). 

4.1.2. Morphological elements of the Faure Sill System 
The morphological elements of the Faure Sill System (Figure 3.4) consist of channel 
and tidal fan associated features (longitudinal and lateral bars, flood and ebb tide 
fans and levees) and bank elements, including patch, fringing and barrier banks, 
with surficial sand sheets, usually with ripples or megaripples.  

L’Haridon, Hamelin and Gladstone basins enclose the southern side of the bank and 
an embayment plain flanks the northern border. In the hinterland of the delta 
complex, numerous abandoned channels are present, evidence that the Wooramel 
River has switched its path during Pleistocene and Holocene time. The sublittoral 
platform which fringes the southern coast of Faure Sill includes oolite shoals and 
lithified pavement.  

4.2. Acoustic classification of sediment bodies 
Post processing and interpretation of SBP data provided useful information on the 
thickness, lateral distribution and internal architecture of sediments, up to 15 m 
below the seafloor. 

A number of significant acoustic reflectors were identified and considered on the 
basis of their position and acoustic impedance. From top to bottom the identified 
horizons are Seafloor, HR1, HR2, HR3 and HR4 (Table 3.1). Age data is based 
upon the work of Logan et al. (1970) and O’Leary et al. (2008). The profiles show 
further minor discontinuities, located in the Holocene sediment package, between 
Seafloor and HR1.  

Seismic reflectors from HR1 to HR4 are acoustically quite similar and sometimes 
can be discerned only by analysing their stratigraphic position and horizontal 
distribution. They mainly appear as irregular surfaces, generally flat and not always 
well defined, due to signal penetration or amplitude anomalies; these are primarily 
located where the seagrass is particularly dense. Air bubbles, originating from the 
plants’ photosynthetic activity, can have a strong impact on the propagation of 
sound in water, causing a stronger scattering and reflection (Wilson et al., 2012). In 
some areas, generally where the water was very shallow, the acoustic penetration 
was very limited due to harder bottom or seabed multiple echoes which masked the 
data.  

HR4 is the deepest horizon found in the profiles acquired and can be considered the 
acoustic basement of the area. It has been detected only close to the Wooramel 
Delta and at the eastern side of Monkey Mia, where it deepens to 8.5 m below the 
seabed (12.1 m below sea level). HR4 caps Unit 5 (Peron Sandstone, see Table 
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3.1) whose base has not been recorded, either on seismic data or in any core 
sample. 

 

Figure 3.4. Morphological Elements of the Faure Sill System. Note the well-developed channels 
(in red). Fringing and barrier banks are colour coded in dark greens. Ebb tidal fans are mainly 
located in the north – western side of the Faure Sill, but at smaller scale they are present also 
along the margins of the Wooramel Delta. Flood tidal fans (light green) are along the southern 
bank margin. PP= Peron Peninsula; NG= Nanga Peninsula; FI= Faure Island; P= Pelican Island; 
WD= Wooramel Delta; G= Gladstone Embayment. 

More continuous and observable in Dubaut and Wooramel banks is the horizon 
HR3, which, from the profiles, has a depth that ranges from 1.4 to 11.4 m below the 
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seafloor (5.0 to 13.3 below sea level). Unit 4 (identified as Carbla Oolite) is below 
the discontinuity HR3 and above the acoustic basement HR4. From a stratigraphic 
point, the deepest reflector that can be followed beneath almost all the bank is HR2 
(top Dampier Limestone, Unit 3). In the middle of the central bank, it can be 
detected as deep as 9.3 m below the seafloor (approximately 12.7 m below sea 
level). Where top and base reflectors are resolved, it is possible to calculate the 
thickness, which ranges from a few centimetres to a maximum of more than 4.7 m 
between Herald Loop and Gladstone Channel (refer to Figure 3.2 for location), 
averaging 1 m. A clear and marked acoustic response derives from HR1 (top Bibra 
Limestone), which can be considered the main acoustic reflector in the area. This 
horizon occurs at a depth that ranges between 1.9 and 11.5 m below sea level and 
can be interpreted as an erosional surface that separates Bibra Limestone (Unit 2) 
and the Holocene sequence (Unit 1). Unit 2 is bounded by HR1 and HR2 and its 
thickness can reach up to 4 m, but more commonly it is around 1 m. 

Above the reflector HR1, the Holocene sedimentary package is well represented 
(Unit 1). Its thickness ranges between 0.10 m and about 8 m and SBP profiles 
reveal a complex internal structure within this unit, with many relict features, such as 
numerous oblique to sigmoid prograding acoustic reflectors, often truncated. An 
intra-Holocene horizon is identifiable in the whole bank. It is a probable palaeo-
topographic surface, often expressed as buried channels, later infilled with softer 
sediments and it may indicate lowstand erosion within the Holocene sequence of 
generally rising sea levels and vertical bank growth.  

A classification system for sediment bodies based on acoustic characteristics and 
distribution and the morphological features of the bank was developed and includes 
five main types: 1. Bank top sediment bodies; 2.Channel associated sediment 
bodies; 3. Tidal fan associated sediment bodies; 4. Shoreline attached sediment 
lobes; 5. Patch banks, Fringing Banks and Barrier Banks. Characteristics of these 
sand bodies are summarised in Table 3.2. 

The internal architecture of selected Holocene sediment bodies is illustrated in 
Figure 3.5. 

1a) Bank Top – Linear Ridges: the central and shallowest areas of the Faure Sill are 
characterised by elongate seagrass ridges, having an east – west linear trend. They 
are well stabilised, mainly composed of Amphibolis, and represent an important 
surface aspect of the bank where seagrass has vegetated and stabilised tidally 
generated linear bedforms. In Figure 3.5A, the high rate of deposition is clearly 
evident. The first metre of sediment is characterised by intense progradation, with a 
north – south direction. The surficial sediment is sandy, allowing a penetration of the 
signal to 4 – 6 m below the seafloor (cf Figure 3.3). At this depth a strong and 
continuous reflector (HR1), harder than the overlying sediment, is recorded. A 
second weaker and more discontinuous reflector (HR2) is documented between 6 m 
and 7 m below the seabed.  
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Table 3.2. Sediment body types of the Faure Sill, based on shallow geology investigation. 

 

1b) Bank Top – Flat Topped Sand Sheets: sand flats and sand sheets border Faure 
Island and the northern part of the Nanga Peninsula with their maximum extent 
found in the south and south – east parts of the island. They are sparsely populated 
by seagrass and are morphologically flat.  
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Figure 3.5. Examples of stratigraphic profiles of sediment bodies. Main acoustic reflectors have 
been illustrated to highlight their occurrence. In green: reflector HR2; in yellow: reflector HR1; 
in blue and orange: palaeosurfaces in Late Holocene sedimentary package; in red: seafloor. 
Vertical axes represent the depth below sea level (every profile starts at 0 m). A) 1a: Bank top – 
elongate linear ridges vegetated by seagrass. The first metres of sediment are characterised by 
intense progradation of bank sediments, with a south – north direction and a high rate of 
deposition. The surficial sediment is sandy. B) 2a: Channel associated – longitudinal channel 
bars (orange) are homogeneous and without internal structure. The underlying sediments (blue) 
are about 1 – 2 m thick, with a wedge shape and bar like morphology.  
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Figure 3.5 (continued). C) 2c: Channel associated – interdistributary channels. Some profiles 
reveal distinct sets of palaeodistributary channels that characterise a buried morphology within 
the tidal fan areas. D) 3a: Tidal fan associated – distributary mouth bars. The lateral accretion 
pattern within coalescing distributary mouth bar lobes characterises the flood tidal complex 
along the southern bank margin. E) 4: Shoreline attached sand lobes. Note progradation 
towards Hamelin Pool to the south. Megaripples are several hundred metres long, with a 
wavelength about 25 – 35 m, east – west oriented. 

2a) Channel Associated – Longitudinal Channel Bars: longitudinal channel bars are 
present in every major channel. They are morphologically elongate north – south 
and mainly channel parallel. In Figure 3.5B, longitudinal channel bars are 
highlighted in orange; they do not have any particular internal architecture, which 
indicates the material is homogeneous. The underlying sediments (in blue) are 
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about 1 – 2 m thick, with a wedge shape. Both the top and the bottom (HR1) are 
good reflectors, but there are numerous, weaker and very irregular internal reflectors 
within this earlier generation of a bar complex. Between HR1 and the sediment 
highlighted there is an earlier package of sediments, where very little internal 
reflection is recognisable. 

2b) Channel Associated – Lateral Spillover Sheets: spillover packages involve 
lateral accretion near channel margins and upward bank growth. This sand body 
type is associated with all major channels and tidal fans and they are often 
associated with small buried channels, filled with 1 – 2 m of sediments, usually 
parallel to the modern channel, but significantly narrower.  

2c) Channel Associated – Interdistributary Channels: besides the main tidal 
channels, which permit an exchange of water between Hamelin Pool and L’Haridon 
Bight and the rest of the bay, there are several drainage channels, variably 
distributed along the southern part of the bank. Some profiles reveal distinct sets of 
palaeodistributary channels that characterise a buried morphology within the tidal 
fan areas (Figure 3.5C). 

3a) Tidal Fan Associated – Distributary Mouth Bars: east – west profiles show well-
defined accreting lobes within distributary mouth bars, between the embayment 
plain of Hamelin Basin and the Faure bank. These features are about 2 – 5 m thick 
and are interrupted by occasional buried channels. North – south seismic lines 
confirm the oblique reflection configuration that occurs with the progradation pattern 
on the bank margin. The lateral accretion pattern within coalescing distributary 
mouth bar lobes is clearly shown in Figure 3.5D in a flood tidal complex along the 
southern bank margin. The horizon HR1 is not recognisable throughout due to 
seabed multiple echoes which are particularly strong in these profiles. Where visible, 
it is flat and about 5 m below the seafloor. 

3b) Tidal Fan Associated – Ebb tidal fans: mainly situated in the North West bank, 
close to Monkey Mia, well-developed ebb tidal fans consist of bare thin Holocene 
sediments, terminating with a seaward sloping lobe. Although the major terminal 
fans can be found at the end of Herald Gut and Petit Channels, minor fans occur 
also along the margins of the Wooramel Delta, at the mouths of Wooramel active 
channels (mapped in yellow in Figure 3.4). 

3c) Tidal Fan Associated – Levees: the area between Dubaut Bank and the Herald 
Gut ebb tide fan is characterised by the presence of subtidal shallow levees and 
channel margin spill over sheets. They are well developed structures, stabilised by 
thick seagrass on top. The internal architecture is poorly defined and almost 
reflector free, probably due to seagrass cover impeding penetration. The surface 
morphology is essentially flat. 

4) Shoreline – Attached Sand Lobes: between Gladstone Basin and Hamelin Pool 
(Kopke Point), a shallow sand lobe complex is present. Bare sand flats and 
megaripples cover the surface. The seismic profiles reveal a distinct progradation 
throughout the margins of the complex. In the south, a flood tide progradation 
prevails, and in the northern margin ebb tide progradation is present. The lobes are 
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characterised by a complex reflector configuration, with numerous oblique to 
sigmoid reflectors in N – S section. Progradation is controlled by tidal currents with 
lesser wind driven circulation. Megaripples (i.e.: subaqueous dunes according to 
Ashley, 1990) are several hundred metres long, with a wavelength about 25 – 35 m 
(Figure 3.5E). 

5) Patch Banks, Fringing Banks, Barrier Banks: some banks present difficulties for 
profiling due to extremely shallow water over bank surface. Turtle and Pelican patch 
banks border the Faure Channel, and the topographic highs of the Peron Sandstone 
control the bank thickness. Based on the position of the HR2 reflector, Faure 
Channel was likely formed in the lowstand following Dampier time, and this has also 
determined its position during Bibra and Holocene time. 

4.2. Composition and mineralogy of bank lithofacies 
The nature and occurrence of the acoustic reflectors and units recognised in the 
seismic analysis were ground truthed with a follow up core study (Figure 3.6). Core 
logging and successive analyses have assisted with the interpretation of the results 
obtained with the seismic, allowing a lithological understanding of particular 
sediment packages. Although minor differences in terms of position and frequency 
occur, seismic reflectors correspond well to actual changes in facies and lithology in 
the cores.  

The Faure Sill is composed of three different types of sediment: sand, mud and clay 
(Figure 3.3 and Figure 3.6). Bioclastic muddy sediments are by far the most 
common bank lithofacies. Bioclastic, quartzose, sandy facies are associated with 
terminal ebb tidal fans, in the north – western area of the Faure Sill (Figure 3.4 and 
Figure 3.6). Bioclastic, sandy facies are also common in the upper part of terminal 
prograding flood tidal fans, located in the southern portion of the bank, bordering the 
northern Hamelin Pool basin (Figure 3.4 and Figure 3.6). The sand size ranges from 
coarse (generally cross bedded) to fine (frequently thinly laminated). Seagrass peats 
and skeletal particles are also a significant component. Shelly facies are typically 
associated with buried palaeochannels. Bioclastic, muddy facies are associated with 
lower terminal prograding flood tidal fans and carbonate bank and with delta related 
sediments Figure 3.4 and Figure 3.6). Kaolinite clays are found in the channel base 
unit of the Wooramel Delta area (Figure 3.6). In general, coarsening upward 
sequences characterise cores of bank build-up. Whereas muddy bioclastic facies 
are found in lower parts of the bank, likely reflecting dense seagrass cover of 
Posidonia spp, an efficient trapping of fine sediment, more sandy bioclastic 
sediments are found in upper parts of the bank and its terminal fans, where 
seagrass cover is sparse Amphibolis and tidal and wave reworking increases with 
bank shoaling (see Figure 3.6). 

In a previous work, Hagan and Logan (1974, p. 73) have found that the dominant 
skeletal constituents of the bank are coralline algal particles and whole and 
fragmented foraminifers and molluscs. Nonskeletal sediment components are 
commonly quartz, lithoclasts and ooids. 
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Figure 3.6. Core interpretation with sub-bottom profiler track plot lines. Lithofacies are colour 
coded and grouped into major facies units in the legend. The cores sampled for dating and 
further analyses are highlighted in pink. 

Three cores were subsampled for XRD analysis. Core FPC1 was collected in the 
middle of the bank and cores FWD2s and FWD7s are from the Wooramel Delta 
area (refer to Figure 3.6 for their location).  

Bank sediments are strongly bioclastic (from 42.7% to 75.15%), and are mainly 
composed of calcareous seagrass epiphytes. With the exception of sandy, 
bioclastic, bank top sediments, muddy carbonates in the lower and middle part of 
the sequence make up most of the package. Quartz content is locally significant 
where the underlying Peron Sandstone experienced channel erosion or where 
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topographic highs of Peron Sandstone shed quartz to the surrounding seagrass 
banks as erosion proceeded. The “amorphous” group in Figure 3.7 is a mixture of 
poorly ordered terrigenous clay minerals representing about 20 – 40% of the 
sediment in each sample, rising to 54% near the Wooramel Delta. 

 

Figure 3.7. Results of XRD analysis, expressed in % of weight. Triangular diagram summarises 
the XRD results for the cores. In green = delta muds (FWD2s and FWD7s); yellow = bank sands 
(FPC1); orange = bank muds (FPC1) and red = clay (FWD2s). The “amorphous” group 
represents mixed disordered terrigenous clays. The value indicated by the “a” arrow 
corresponds to the base of the palaeochannel in FPC1 (2.75 m from TOC). The “b” arrow shows 
the Wooramel channel base unit. 

4.3. Age model and sediment accumulation rates 
Radiocarbon dating was used to assess the age of reflectors and facies and to 
calculate accumulation rates in the bank and delta areas, in particular the timing of 
channel infill and abandonment.  

Four cores (FSB1, FSB2s, FWD2s, FPC1, refer to Figure 3.6 for location) were 
chosen for Radiocarbon AMS 14C dating, based on morphological elements and 
facies association in the bank. The samples were selected assuming that intervals 
close to a contact between sedimentary units may represent an erosional event, a 
change in depositional energy or the dominant process, or in sediment supply. 

Moreover, samples between sedimentary contacts give information about long term 
sediment accumulation rates. In Table 3.3 the age results and their error, rounded to 
the nearest year (Fallon et al., 2010), are presented, together with the depths of the 
samples below sea level and seafloor. Accumulation rates derived from radiocarbon 
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ages combined with sediment thicknesses obtained through seismic data were used 
to estimate the age of Faure Sill onset and other bank events. 

Table 3.3. Depths for each sample (from seafloor and from sea level, in metres) and the 
conventional and calibrated ages, obtained with 14C AMS dating. Column 9: Dh (m) = length in 
metres of the interval. Colum 10: Dt (y) = difference between the highest and lowest age in the 
corresponding interval. Last column reports the growth rates for different sections in the cores. 
Apparent growth rates were calculated from the difference between the highest and the lowest 
age of the corresponding section. The gaps in the cores indicate erosional intervals and are 
highlighted in the table in red.1) Gap = 2445 ± 59 y (transition mud to sand). 2) Gap = 1878 ± 53 y 
(transition weakly bioclastic mottled mud to moderate bioclastic clayey mud). 3) Transition 
Pleistocene to Holocene sediments, 4) Gap = 658 ± 50 y (base buried channel). 5) Gap = 3319 ± 
60 y (transition strongly to moderately bioclastic clayey carbonate mud). 6) Gap = 2307 ± 68 y 
(transition weakly to strongly bioclastic mud). 7) Gap = 1737 ± 59 y (transition sandy mud to 
clayey mud). 8) Gap = 1102 ± 71 y (transition clayey mud to sandy mud). Note that gaps 1 and 7 
are overlain by sandy (rather than muddy) bank sediments which become dominant. Further 
discussion is in this section. 

 

In Figure 3.8, the Holocene ages for all the four cores are plotted against depth 
(below sea level, in metres). The regional Holocene sea level curve has been 
compiled from coral reef data derived from Collins et al, 2006; Twiggs and Collins, 
2010 and coquina ridge data from Jahnert and Collins, 2013. Based on inspection of 
Figure 3.8 and Table 3.3 every core sampled has its own peculiar accumulation 
pattern, with different rates within the same core, as shown in the last four columns 
of Table 3.3. The sedimentation record consists of both depositional and hiatal 
intervals. 
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Figure 3.8. Bank accumulation curves plotted with Holocene sea level curve. The numbers 
indicate sections described in this paper and time gaps (in red) are missing (erosional?) 
intervals. In the graph, pre-Holocene samples have been omitted. Note onset and continuation 
of sandy sediments in last 2000 years BP. The sea level curve is based mainly on coral reef 
records and sediment from Collins et al., 2006; Twiggs and Collins, 2010; Jahnert and Collins, 
2013. Bank ages are based on AMS 14C dating (this study). 

Core FSB2s (Figure 3.9A), located in the eastern part of the complex, is the only 
core sample where pre-Holocene sediments were reached and dated, below 3 m. 
FSB2s can be subdivided into two sections. Section 1 (see Figure 3.8), 
corresponding to the surficial sand body, has a very slow rate of accumulation 
(averaging 0.59 m of deposition in 1000 years), if compared with the deeper and 
older muddy sediments (Section 2), where the accumulation rate surpasses 1.80 
m/ky. In Section 2 and elsewhere age inversions are present, the oldest date of the 
section has been considered, in order to reduce errors caused by the inverse 
correlation between estimated accumulation rate and duration (cf. Sadler, 1981 and 
Cohen et al, 1993). The foraminiferal sample collected at 1.05 m (from the top of the 
core and 3.27 m BSL) is between two consecutive time gaps of sediments, 
respectively of 2445 years from the upper sampling point (at 0.63 m) and 1878 
years from the lower sample (at 2.00 m). Channel migration and erosion are likely 
within this area, resulting in hiatuses in the accumulation record. The change in 
accumulation rates from the shallower sandy portion of the core to the deeper 
section can be plausibly linked with the density of seagrass. Depositional rates for 
muddy sediments associated with seagrass are significantly greater than for quartz 
sands, commonly derived from erosion of the Peron Sandstone.  
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Core FPC1 (Figure 3.9B) is situated between a terminal prograding flood tidal fan 
and the carbonate bank. The core intersects an abandoned distributary channel of 
the Faure Channel, indicated by the dating combined with the seismic dataset. 
Similarly to FSB2s, the growth rates of FPC1 can be divided into sections. Section 1 
(Figure 3.8), corresponding to the first 2.75 m of the core (from the top of the core 
and 5.95 m below sea level), represents infill of a palaeochannel, recognisable from 
the seismic profile. It has some inversions of ages, with older foraminiferal samples 
situated above younger ones, interpreted as resulting from reworking of multiple 
sediment sources or downward mixing and activities of burrowing organisms. The 
oldest age of this section (390 years BP) has been used when calculating the 
accumulation rate. During the last 390 years BP, a significant amount of sediment 
was deposited in this location, with an accumulation rate of about 6.93 m/ky. The 
high rate represents very rapid deposition of prograding sandy and laminated infill in 
the most recent part of bank growth. Between 2.75 and 3.75 m of depth below the 
seafloor (5.95 and 6.95 m BSL), in Section 2, the rate drops to 1.52 m/ky. 
Radiocarbon dating has revealed two hiatuses between two consecutive depths of 
sampling. Between 3.75 and 3.90 m (6.95 and 7.10 m BSL), more than 3300 years 
of sediment is absent and between 3.90 and 4.15 m of depth (7.10 and 7.35 BSL), 
there is a second hiatus of approximately 2300 years. The hiatuses are recognisable 
also in the core logging and most likely characterise erosional phases in bank 
development, during active channel migration in a distributary region. Section 3, 
representing the last two samples dated, at the bottom of the core, has an 
accumulation rate slightly higher than Section 2, corresponding to 2.07 m/ky. 
Sections 2 and 3 are similar to the rate found in the other central bank core FSB1.  

Core FSB1 (Figure 3.9C) is located in the middle of the Faure Sill, in the north 
central part of the carbonate bank. Its accumulation trend is very regular, with a 
constant depositional rate from the top to the bottom of the core. The total recovery 
for this core sample was 4.01 m and it covers a time span of 1686 ± 53 years, 
equivalent to a mean accumulation rate of ~2.25 m/ky. The radiocarbon dating 
indicates that the sedimentation is mainly confined to the late Holocene. 

Core FWD2s (Figure 3.9D) is located in the eastern part of the complex, in the 
carbonate bank associated with the Wooramel Delta. The first dating sample, taken 
at 0.05 m of depth, is 1285 years BP. The core was taken on the edge of a channel, 
marking an erosive event or a subsidence of sediment to the bottom of the channel, 
a possible cause of the lack of sediment near the top of the core. The accumulation 
rate of the core has three distinct intervals with different slopes. In Section 1, till 0.60 
m of depth (4.15 m BSL), the surficial sediment has a rate of growth of 0.78 m/ky. 
Similarly to FSB2s, a time gap also occurs in this location; between 0.60 and 0.90 m 
of depth, there is a hiatus of almost 1740 years. It follows a period of deposition 
(0.82 m/ky in Section 2) and another gap of more than 1100 years between Section 
2 and Section 3, the last portion of the muddy carbonate sediment, which has an 
accumulation rate of approximately 0.44 m/ky. Although the recovered core is 2.47 
m long, it has not been possible to date the deeper grey green and red clayey 
sediment (about 0.6 m thick), found near the base of the core, due to an absence of 
Amphisorus for dating. 
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Accumulation rates varied in time and magnitude during the Holocene, suggesting 
that bank growth fluctuated in different settings, in accordance with organism 
productivity in seagrass, local tidal conditions, water depth and facies. When the 
conditions changed, bank growth rate responded. In the case of the cut-and-fill 
channel in core FPC1 (Figure 3.9B), the growth was significantly accelerated. In 
other circumstances, a limitation or interruption to growth resulted. However, with a 
switch in conditions these areas reactivated. Such changes are reflected in cores 
FPC1, FSB2s and FWD2s, where there are more “breaks” than “beds” represented 
in the cores in chronological terms. 

 

Figure 3.9 Seismic profiles (see Figure 3.5 for colour code of depicted reflectors and Figure 3.6 
for locations and colour scheme) and relative photos of the cores chosen for dating. Each 
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number on top of a red bar represents the position and the age (cf. Table 3.3) of the sample. The 
red triangles mark hiatus boundaries. A) FSB2s: shallow fringing bank (NW Nanga Peninsula). 
The first metre of core is mainly sandy. Then, the percentage of mud increases till 2.6 m (from 
TOC) where it becomes clayey mud, with only a small fraction of sand. Note that about 1.7 m of 
Pleistocene sediment has been collected, starting at 3.3 m. B) FPC1: rapid infill of eroded bank 
topography (palaeochannel). From TOC to 2.90 m, the core intersected a palaeochannel. The 
sediments are intensely layered, where seagrass peats alternate with fine bioclastic sand. 
Below the palaeochannel boundary, the sediment transits to interbedded grey muds and silty 
sand with dark grey mud beds. C) FSB1: channel dissected, seagrass vegetated, shallow 
carbonate bank. Located in the middle of the Faure complex, it is dominated by muddy 
carbonate and weakly bioclastic muds. D) FWD2s: fringing bank and channel, delta associated. 
Situated in the subtidal portion of the Wooramel Delta, the core is characterised by the 
presence of a goethite and kaolinite clay interval at the base. 

5. Discussion  

5.1. Shallow stratigraphy  
Generally, the main acoustic reflectors in the seismic profiles coincide with an abrupt 
variation of sediment types, which is evident from the sediment core analyses. 
Based on stratigraphic position, lithology and radiocarbon age, the seismic reflector 
HR1 can be confidently identified as the top of pre-Holocene Bibra Limestone. The 
underlying seismic reflector HR2 has been intersected by only one core (FED3, 
Figure 3.6) and no dating has been performed, but, on the basis of its stratigraphic 
position and lithological information, including calcrete clasts at the contact, it is 
considered to be the top of the Dampier Limestone. Both the pre-Holocene units 
have generally similar subsurface expression and lithology (with calcarenite 
concretions at contacts) and the seismic reflectors represent surfaces of impedance 
contrast beneath the Holocene bank build-up. No core reached the horizons HR3 
and HR4; consequently their identification is on the basis of their stratigraphic 
position and the available literature (Logan et al., 1970a; Kendrick et al., 1991; 
O’Leary et al., 2008). Found only close to Wooramel Delta and around the 
topographic highs (Peron Peninsula, Faure Island, Nanga Peninsula), the reflectors 
could indicate two pre-Dampier (Middle and Lower Pleistocene) units. HR3 could 
represent the top of an earlier pre-Dampier marine phase or could be a marine 
equivalent of the Carbla Oolite member (MIS Stage 9/11, but poorly dated, O’Leary 
et al., 2008). Consequently, the identification of HR4 and its underlying unit is 
uncertain. Based on its geometry and stratigraphic position it could be part of the 
Peron Sandstone. Discontinuities seen in outcropping Peron Sandstone could be 
expressed as HR3 and HR4. These surfaces may have provided a template for later 
deposition, including location of channels over pre-existing topographic lows, control 
of the depositional topography of the Bibra and Dampier Limestones, determination 
of Holocene build-up patterns, distribution and thickness, and nucleation of bank 
growth around topographic highs.  

The Holocene stratigraphic sequence within the Faure Sill has a thickness that 
ranges from a few centimetres to about 8 metres. With the exception of the areas 
close to topographic highs and the main channels, the Holocene sediments in the 
central area of the bank are 4 – 7 m thick. In the eastern and western regions 
(respectively Petit and Dubaut Banks and Wooramel Bank), the base of the 
Holocene is more surficial, deepening, on average, from 2 to 4 m from the seafloor. 
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The Holocene stratigraphic sequence not only presents a broad variety of internal 
geometries, but also has different sedimentological characteristics.  

5.2. Morphostratigraphic elements and facies associations 
The Faure channel – bank complex can be broadly subdivided into 5 regions (Figure 
3.10). Each shares similar morphological elements, lithology and stratigraphy, as 
follows: 1) Terminal ebb tidal fans, 2) Fringing bank and flood tidal channels, 3) 
Carbonate bank, 4) Terminal prograding flood tidal fans, with shoreline attached 
sandflat, 5) Delta associated fringing bank (Wooramel Delta). 

 

Figure 3.10. Faure channel – bank complex can be subdivided into five regions (see 1 to 5 in 
legend) based on morphological elements, lithology and stratigraphy. In the figure, basins and 
embayment plain, land and tidal channels are also marked. 

1) Terminal ebb tidal fans occur in the north western area of the bank, 
approximately between Monkey Mia and Faure Island (Figure 3.2). Morphologically, 
they can be compared with the ebb delta model described by Hayes (1980), where a 
main ebb channel, flanked on either side by channel margin linear bars, terminates 
with a seaward sloping terminal lobe of sand. In Dubaut Bank (Figure 3.2), the main 
associated channel is Petit Channel. It is expressed in the northernmost portion as 
several minor channels, separated by levee deposits and broad sheets of sand 
(Figure 3.4). In the southern part, it coalesces with Herald Gut Channel. Within the 
channel complex, longitudinal channel bars run parallel to the main stream Figure 
3.5B). At least four terminal lobes, prograding seaward, produce a large scale 
coalescent ebb tidal fan (Figure 3.4).  

An idealised facies association for this subcomplex has been developed, based on 
the core data (Figure 3.6). The basal unit, above the pre-Holocene basement, is fine 
grained, silty quartzose sand, with bivalves and small foraminifera. The quartz 
component of the sediments is likely derived from the underlying Peron Sandstone. 
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The unit is overlain by silty sand with fine to medium, well-rounded quartz. In 
contrast to the basal unit, the middle unit lacks bivalves and is coarser. The 
uppermost unit is composed of weakly bioclastic cross bedded quartzose sand. The 
idealised vertical stratigraphic sequence describes the growth and development of 
this area of the bank in terms of energy conditions, fluctuation in accommodation 
and source material. In the lower part of the unit, clustered bivalve beds were most 
likely deposited by tidal currents. The bivalves are in a horizontal position, with the 
concavity downward and in a coarser grained mix, likely indicating a strong 
directional current flow. The lithology of the channel bars differ from the idealised 
facies association for the terminal ebb tidal complex. They are predominantly quartz 
dominated, with a minor bioclastic component, displaying an upward coarsening and 
an increase in quartzose material (cf. Figure 3.5B). 

2) Fringing bank and flood tidal channels have their best expression in the 
western side of the bank, between the south western edge of Faure Island and the 
north eastern edge of the Nanga Peninsula (Figure 3.2). The main channels are 
Petit Channel and Herald Gut Channel, which are two of the deepest exchange 
channels in the bank, also branching into many minor drainage channels. Herald 
Gut Channel is the only connection that L’Haridon Bight has with the open ocean 
while Petit Channel flows into Hamelin Pool. In terms of facies assemblage, this 
sub-complex is mostly composed of bioclastic carbonate mud with mottled burrow 
traces, transitioning to sandy bioclastic mud and topped by medium grained muddy 
bioclastic sand (as in core FSB2s, Figure 3.9A). The channel sediments are 
predominantly composed of quartzose sand, with well-rounded to sub-rounded 
grains and occasional darker pigmented particles. They are generally weakly 
bioclastic and foraminifera and calcareous algae are present. The channels have a 
critical role in controlling the depositional patterns in the terminal ebb and flood part 
of the western lobe of the bank. During the growth of the bank, material from the 
surrounding Plio-Pleistocene highs has been eroded, deposited into the channels 
and distributed at either ends of the ebb and flood tidal fans. Evidence of Holocene 
channel migration between Faure Island and Nanga Peninsula is discernible within 
the seismic profiles and core collected in Petit Channel (see Figure 3.5C and Figure 
3.9B). The presence of levees and longitudinal channel bars confirms this migration.  

3) Carbonate bank morphologies can be found over the entire central complex. 
Small to medium scale ripples cover the entire bank and run subparallel to seagrass 
stabilised ridges, with an east – west direction (Figure 3.3). All around the southern 
side of the topographic highs of Turtle and Pelican Banks, linear ridges represent an 
important surface aspect of the bank where seagrass has vegetated and stabilised 
tidally generated linear bedforms (Figure 3.5A). Besides the main tidal channels, 
which cut the bank and permit an exchange of water between Hamelin Pool and the 
open ocean, there are several drainage channels, variably distributed along the 
southern part of the bank. Some profiles reveal distinct sets of palaeodistributary 
channels recognisable in both seismic and sedimentological data (cf. Figure 3.5C 
and Figure 3.9B core FPC1). It does appear therefore, that during the Holocene, the 
channels most likely experienced periods of migration and abandonment through 
the bank, with different palaeocurrent directions and several phases of erosional and 
depositional events (cut and fill). From the top to the bottom of the bank the 
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following facies are found: 1) weakly bioclastic sandy carbonate mud, clayey, 2) 
moderately bioclastic, sandy, carbonate mud, clayey and 3) strongly bioclastic 
carbonate mud. The facies’ occurrence is mainly linked with the presence of 
seagrass but is also related to the pre-Holocene topographic highs, which the 
carbonate bank facies have grown around. Data from core logging have shown also 
that the central eastern carbonate bank experienced the influx of some terrigenous 
derived material and clays. These deposits could be related to storm or cyclone 
events which caused flooding of the Wooramel River. 

4) Terminal prograding flood tidal fans, with shoreline attached sandflat form a 
well-defined subcomplex situated in the southern edge of the Faure Sill, between 
Nanga Peninsula and Gladstone Embayment. Morphologically, it displays a 
continuous belt of coalescent flood tidal fan lobes (terminal submarine fans of 
Davies, 1970b), up to 2.5 km long, running parallel to the entire slope length 
between the bank and Hamelin Basin. Faure Channel and Herald Loop Channel 
break the continuity of the belt with numerous bifurcated minor channels. 
Longitudinal seismic profiles show that the lobes have a complex internal structure, 
composed of surficial cross bedded or prograding layers, becoming more horizontal 
with deepening in the sequence (Figure 3.5D). Transverse seismic lines confirm the 
oblique configuration that occurs with the basinward progradation pattern on the 
bank margin. In a few areas of the subcomplex, Holocene carbonate sand lobes 
have a flat topped geometry in a discordant relationship with the underlying inclined 
beds, possibly as a consequence of non-deposition (with minor erosion) linked to 
sea level height. In very shallow water conditions, the updip deposition is obstructed 
resulting in successive beds built out and prograding basinward. Linear ridges of 
seagrass, running in an east – west direction, characterise the northern portion of 
the fan (cf. Figure 3.5A). The deposits are characterised by coarsening upward 
sandy units, generally cross bedded, up to 2 metre thick, overlaying a fine grained 
sandy unit, with thin seagrass peats and a minor muddy component. The deepest 
units have the typical facies association found in the bank; carbonate mud with 
variable fractions of sand and bioclasts. The development of fan lobes is indicative 
of a prevalent basinward flow. 

Close to Gladstone Embayment (Kopke Point), there is a prominent shoreline 
attached sandflat, where the water shallows (to < 3 m) and stronger currents 
develop, generating ripples and megaripples (Figure 3.5E). These tidally – produced 
features can be up to 1.5 m high and several hundred metres long, with a 
wavelength of 25 – 35 m. The seismic profiles reveal a distinct progradation 
throughout the margins of the complex. In the south, a flood tide progradation 
prevails, and in the northern margin ebb tide progradation is present. Progradation is 
controlled by tidal currents with lesser wind driven circulation. In the deepest areas 
of the channels (> 4.5 m), lenticular to elongate sets of sand bars are bounded by 
flood oriented cross bedding. Facies analysis showed that the composition of the 
sediments collected along the terminal bars and lobes varies from coarse to medium 
grained bioclastic sands (top of the cores) to silty fine grained laminated sands and 
to carbonate muddy apron facies (bottom of the cores). In the cores, evidence of an 
internal architecture is clear, with overall excellently preserved cross bedding. Dark 
pigmented grains emphasise these features. The transitional contact between the 
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surficial carbonate sands and the underlying sediment occasionally lacks 
distinctness, due to a strong bioturbation.  

5) Delta associated fringing bank (Wooramel Delta) occupies the easternmost 
part of the Faure Sill and is strongly influenced by the Wooramel River and the 
Wooramel seagrass bank (Figure 3.4. Logan et al., 1970a). The semiarid Wooramel 
River has a limited influence on sedimentation, with sandy fluvial sediments 
confined to the deltaic wedge. Terrigenous clay periodically spread across the bank 
following discharge events associated with occasional (usually cyclone associated) 
runoff activity (Davies, 1970a). The delta progrades southward into Gladstone 
Embayment and seaward over Holocene carbonate sediments of the intertidal and 
subtidal zones (Davies, 1970a). North – west longshore currents created by tidal 
and wind regimes, redistribute the sediment in subparallel longshore sand bars and 
sand ridges. Numerous tidal channels, linked to the Wooramel River, cut the 
intertidal and subtidal zones of the delta. The delta front, which in the southern part 
is more than 10 km from the hinterland, has a steep slope before flattening offshore, 
at depths greater than 5 m.  

Four cores were collected and logged in the delta region (Figure 3.6). The units and 
facies in these cores show a clear terrigenous influence (Figure 3.6 and Figure 
3.9D). The sediments are mainly clay rich carbonate mud. The upper section, which 
is up to 2 metres thick, consists of clayey, weakly bioclastic sandy carbonate mud. 
Deepening, the sediment becomes slightly more bioclastic, with bioturbation and 
burrow mottled mud (Figure 3.6). In core FWD2s, the lower section abruptly 
changes from dark brown clay rich mud to green grey kaolinite clay (layer thickness 
of 15 cm) and then, at the base of the core, sharply becomes orange dark red clay, 
with an organic component and no texture or colour variations over the interval. The 
middle clayey layer could indicate that a rapid terrigenous input into the delta 
occurred as pulses into the bank, forced by possible storm surges and flooding 
(Figure 3.9D). Davies (1970a, p.148) described a similar submarine core, collected 
a few kilometres north, in a submarine levee. He considered that the red alluvium at 
the base of the section grading upward into reduced green clayey sand, marks the 
transgressive Holocene unconformity between Holocene bank sediments and Plio-
Pleistocene alluvium. The sequence seen near the Wooramel Delta can be 
considered as a possible result of events that influenced the amount of terrigenous 
material in the bank. Terrigenous sediments are concentrated in the vicinity of the 
Wooramel River (Logan et al., 1970a, and this study); therefore bank cores, located 
close to the delta appear to be more affected by major storm events and run-off from 
flooding. 

5.3. Holocene bank growth and accumulation 
Radiocarbon dating assisted linking the sedimentological data to the Holocene event 
chronology and calculating the bank accumulation rate. This new information has 
revealed a highly dynamic geological record and appears to be broadly consistent 
with previous onset and evolution data (Davies, 1970a; Logan et al, 1970a, 1974; 
Hagan and Logan, 1974; Walker and Woelkerling, 1988), whilst adding significantly 
to seismic, facies and geological understanding. 
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The Holocene bank accumulation rates vary by more than an order of magnitude, 
ranging from 0.44 m/ky in the lowest Holocene section in the Wooramel Delta to 
6.93 m/ky in the upper section of core FPC1, where a rapid deposition of prograding 
and laminated sand filled a palaeochannel (Table 3.3). Table 3.4 summarises the 
average accumulation rates for each facies considered. These values are 
comparable with the rates of vertical accretion estimated by Davies (1970a, p. 161). 
Rao (1996) stated that in Australian carbonate environments, the maximum 
accumulation rates are from about 1.5 m/ky in tropical waters to 1.0 m/ky in cold 
water. In general terms, the Faure Sill is 7 m thick and has a basal age of close to 7 
ky, giving an approximate accumulation rate of 1 m/ky. Excluding the “outlier” filled 
channel rate (see Table 3.4) the average accumulation rate for all dated cores was 
1.3 m/ky. However, rates obtained are facies dependent (see Table 3.4). 

Table 3.4. Range and average accumulation rate in the analysed facies, based on four dated 
cores. 

 

Considering the Holocene accumulation curves plotted in the context of the regional 
Holocene sea level trend (Figure 3.8), the cores in the central area of the bank 
(FPC1 and FSB1) have a similar trend and the two marginal cores (FSB2s and 
FWD2s) are comparable with each other. After the end of the Last Ice Age, in Late 
Pleistocene – Early Holocene time, under the input of water derived by the melting 
of ice sheets, sea level rose about 130 m from ~18000 to ~6800 years BP, 
culminating in a highstand of 2.5 m above the present level (Lambeck, 1990; 
Lambeck and Nakada, 1990). An initial post drowning erosional phase of pre-
Holocene substrates would have accumulated before establishment of pioneer 
seagrass and epiphyte communities became significant, possibly over several 
hundred years duration. Within the bank, this date approximately coincides with the 
oldest determined Holocene date (6708 ± 58 years, in FPC1) but because the core 
didn’t reach the pre-Holocene surface (HR1; see Figure 3.9), bank initiation could be 
significantly older than this date. Based on seismic profiles, the most recent pre-
Holocene reflector HR1 (interpreted as top of the Bibra Limestone) can be found at 
depths of at least 11.5 m below the present sea level, and would have been 
submerged by 8500 years BP (Figure 3.8 and Figure 3.11.1). Initial erosion of 
topographic highs of the Peron Sandstone is likely to have shed quartz dominated 
sand sheets over the drowning substrate.  

The first seagrass communities started their colonisation and contribution at the 
onset of a protobank, trapping and binding sediments (cf. Scoffin, 1970) and 
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producing in situ sediments, such as coralline algal fragments, other calcareous 
epiphytes (Walker and Woelkerling, 1988) and bioclastic remains. During the 
transgressive period, until the highstand at ~2.5 m above the present sea level, the 
bank continued to develop. By 6800 years BP, bank build-up had advanced but 
lagged significantly behind sea level (Figure 3.11.2). Thereafter declining sea level 
is likely to have caused a base level fall of 2 m (Figure 3.8) with possible bank 
erosion (expressed as hiatuses in 14C dating). 

 

Figure 3.11. Reconstruction of the Holocene chronology of the Faure Sill, based on the data 
from this study. Dashed lines represent isochrones. The colours are a generalisation of the 
lithology: orange = pre-Holocene substrate, green = bioclastic carbonate mud, yellow = 
bioclastic sand. The arrows refer to the trend of the sea level (fall or rise). FSB1, FPC1 and 
FSB2s are three cores described in the text. Heights of sediments on cores are based on 
radiocarbon dating levels obtained (Table 3.3); uncertainty exists on height of bank growth 
(panel 2) prior to erosional events (panel 3). The profile is not to scale, but is a simplification of 
the main topography. The transect length is about 35 km, W – E oriented. On the vertical axis, 
the scale is in metres, 0 corresponds to the present sea level. Sea level data are based on the 
composite sea level curve in Figure 3.8. 1) Early Holocene. The pre-Holocene substrate was 
largely exposed, with a sparse cover of bioclastic sand to mud. 2) Middle Holocene. The sea 
rapidly rose till reaching the highstand level and completely flooding the bank region. During 
this period, the seagrass meadows were at their apex, playing a significant role in trapping 
sediments and producing muddy carbonate deposits in situ. 3) Late Holocene. The irregular 
downward trend of sea level has been responsible for several distinct erosional and 
depositional events. 4) Most recent part of Holocene. The sea level dropped till reaching the 
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lowstand level. Sandy bank top facies were initiated (yellow). 5) Present conditions of the bank. 
Note the culmination of sandy bank top sediments, now fully developed.  

Based on 14C dating of coquina ridges near Telegraph Station (south Hamelin Pool, 
Shark Bay) Jahnert and Collins (2013) estimated that sea level generally fell by 
about 1 m in less than 2200 years, standing at ~1.5 m above the present sea level, 
at ~4.5 ky BP (Figure 3.11.3). Such a fall could be associated with the hiatuses 
found in the dating of the cores FSB2s, FPC1 and FWD2s (Figure 3.8 and Table 
3.3). In both the marginal cores (FSB2s and FWD2s), about 2000 years of sediments 
(from ~4.0 to ~5.9 ky BP) are missing in the stratigraphic record, suggesting the 
possible occurrence of an erosive event, amplified in shallow water areas and 
associated with a decreased accumulation in deeper parts. In a regressive context, 
a brief and moderate sea level increase followed, accompanied by minor deposition.  

Generally, declining sea level continued until a lowstand at about 1000 years BP, 
when the sea level was about 1 m below the present. Jahnert and Collins (2013) 
found evidence of an exposure surface (1040 – 940 14C years BP) in a lithified 
carbonate pavement in Garden Point and Rocky Point (Shark Bay). The results of 
the core dating show that the bioclastic sands, characterising the surficial sediments 
in the terminal prograding flood tidal fan, are very recent (from 964 ± 45 years BP to 
present). This suggests fan sedimentation is continuing in the very recent history of 
the bank.  

In the present day bank, narrow linear ridges, parallel to the predominant currents, 
have taken the place of the dense seagrass meadows which gradually disappeared 
from the shallowest areas. Between the bank and the deep basins and channels, 
where the slopes are relatively steep, the seafloor is bare or has only occasional 
scattered seagrass. Deposition in such environments is mostly tidal current 
dominated, and only particles with a larger diameter, such as coarse grained sands, 
are deposited. In contrast to the carbonate mud found where the seagrasses are 
more developed, the bioclastic sands are usually found in cross bedded fans, 
prograding outward from the bank with clinoform geometry. Sedimentation and 
deposition has adjusted downward and basinward as the sea level dropped. This is 
confirmed by the upward coarsening sequences seen in the sandy fan and bank top 
trend from silty fine grained sands to coarse grained cross bedded bioclastic sands. 

5.4. Role of the seagrass banks in Shark Bay 
Shark Bay has distinctive and exceptional examples of active geological and 
biological processes and ecosystems. Faure Sill, with its peculiar hydrological 
structure, is an area where seagrass meadows, carbonate deposits and sediments 
create highly dynamic and diverse environments. It is recognised worldwide that 
seagrass meadows are fundamentally involved in modifying a coastal marine 
environment, in its physical, chemical, geological and biological aspects (Walker, 
1989; Gibbs et al., 2014). In Shark Bay, particularly within the Faure Sill, since their 
appearance in the early Holocene, seagrasses have had a primary role in reshaping 
and transforming the geomorphology and ecosystems of the area. Production and 
deposition of a significant amount of bioclastic and epiphytic sediments is strictly 
linked with the seagrass presence. Accumulation rates of seagrass associated 
sediment are higher than adjacent sedimentary environments. While the calcareous 
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epiphytes represent a significant component, roots, rhizomes and leaves also 
reduce the speed of currents facilitating deposition, trapping fine sediments (Walker, 
1990). With the formation of a sill between the open ocean and the embayment 
waters, together with the semiarid climatic condition of the area, the southern 
embayments of Hamelin Pool and L’Haridon Bight have become meta- to hyper- 
saline (Logan and Cebulski, 1970; Logan et al, 1974). These environments, 
incompatible with the growth of seagrass are instead suitable for the establishment 
of unique microbial systems, stromatolites, oolitic and coquina systems, particularly 
of Fragum erugatum, Tate, 1889 (Jahnert and Collins, 2011, 2012, 2013).  

Seagrasses perform a range of services (Gibb et al., 2014). They provide shelter 
and food for numerous species of molluscs, crustaceans and fish, including many 
commercially valuable species, like Pagrus auratus Bloch & Schneider, 1801 
(Heithaus, 2004). Shark Bay supports an internationally significant population of 
dugongs (Dugong dugon Muller, 1776) which feed on Amphibolis antarctica (Walter, 
1989) and it has the largest breeding population of loggerhead turtles in Western 
Australia (Caretta caretta Linnaeus, 1758. Preen et al., 1997). The seagrass is 
important also for small and large cetaceans. Particularly, Monkey Mia is famous 
worldwide for the contact between humans and some members of the local 
population of bottlenose dolphins (Tursiops truncates Montagu, 1821. Preen et al., 
1997). Tiger sharks (Galeocerdo cuvier Péron & Lesueur, 1822) are linked too with 
the shallow seagrass ecosystem, as the local fauna represent their most common 
prey items (Heithaus, 2001). Seagrass meadows are not only essential for an entire 
shallow benthic ecosystem, but they play a critical role in producing, sequestering 
and storing organic carbon (Grimsditch et al., 2012; Lavery et al., 2013; Duarte et al, 
2013) and considerable contribution to carbon, nitrogen and phosphorus cycles in 
the ocean (Fourqurean et al., 2012). Fourqurean et al., 2012 established that the 
total storage of organic carbon and nutrients in the seagrass linked sediments of 
Shark Bay is on average 243.0 Mg Corg ha -1, substantially higher than the median 
values for the world’s seagrass ecosystems (139.7 Mg Corg ha -1). Moreover they 
believe there is a positive correlation between surficial Corg and salinity: Corg is higher 
in hypersaline environments, as the hypersalinity coincides with a decrease of 
energy (Fourqurean et al., 2012). This hypothesis is supported by Lavery et al. 
(2013). These recent insights highlight the importance of the Shark Bay seagrass 
communities in carbon sequestration, potentially providing a globally significant 
climate change mitigation benefit (Grimsditch et al., 2012). 

6. Conclusions 
Through shallow seismic and sedimentological analysis, this investigation has been 
able to characterise the Faure Sill in terms of its seismic architecture, facies, 
chronology and growth history, and to determine its relationship to the adjacent 
Wooramel Delta, providing new insights and a better understanding of the 
sedimentological facies and geomorphological features of the bank.  

Traditionally, evolution of the Shark Bay banks has been described in terms of 
fringing banks with a coalescence of patch banks, forming barrier banks such as the 
Faure Sill. The Faure channel – bank complex is an example of a system 
characterised by the presence of tidal channels with ebb tidal and flood tidal fan 
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morphologies at bank margins and frequent channel associated sediment bodies. 
Morphostratigraphic elements and facies associations are indicative of sediment 
supply, accommodation and fluid dynamics changes (tides, currents and waves) as 
a function of the variation of the sea level over the time.  

• During the Early Holocene, the pre-Holocene substrate was largely exposed, 
then a flooding event (not earlier than 8.5 – 8.0 ky BP) could have caused 
erosion of the palaeosurfaces and quartz shedding from eroding pre-existing 
topography. After this initial lag phase seagrass bank establishment 
progressively contributed bioclastic sediment, initiating the early stages of 
bank growth. In Middle Holocene time, the transgressing seas rapidly rose 
until reaching the +2 m highstand level around 6800 years BP, with bank 
accumulation accelerating. During this period, the seagrass meadows 
reached their apex, playing a significant role in binding and trapping 
sediments and producing muddy carbonate deposits. During the succeeding 
slow decline to present sea level (Late Holocene), bank growth continued to 
fill available accommodation and channel – bank morphology continued to 
develop. Seismic profiles and geochronology reveal abandoned channels, 
rapid infill of eroded bank regions, progradation of terminal fans, and distinct 
erosional and depositional events, with one prominent hiatus of up to 2000 
years duration recorded. Nevertheless, the bank continued to fill the 
available accommodation, with development of sandy, bank top sediment 
bodies. The latest Holocene to present, the bank is nearly emergent at low 
tide, with depths of 0.5 m commonly recorded, and relatively sparse 
seagrass cover in shallow areas. Tidally generated bedforms are 
widespread, however prolific seagrass growth continues in intervening 
channels. 

• The growth of the bank has been controlled by three major factors: 1) the 
pre-Holocene topography which, with its highs and channels, shaped the 
accommodation for the sediments during the Holocene onset; 2) the 
seagrass that not only acted as a sediment trap, but also by suppling 
habitats for organisms, provided a large volume of biogenic carbonate 
deposits, generated in situ; 3) sea-level fluctuations that largely controlled 
the hydrodynamic conditions, such as the amount of tidally oscillating waters 
and their velocity, influencing erosion, transportation and deposition, and the 
channel – bank morphology.  

• The system of deltas and banks represented by the Gascoyne and 
Wooramel Deltas and the Wooramel and Faure seagrass banks contains 
juxtaposed clastic and carbonate facies and stretches along 200 km of the 
coastal Carnarvon Basin (Figure 3.1). To the south, the mixed carbonate – 
clastic system consisting of the Faure channel – bank complex and 
Wooramel Delta grades into the hypersaline microbial, oolitic, coquina and 
evaporite systems in Hamelin Pool within Shark Bay. This system could be 
regarded as a partial analogue for the Plover Formation, in the Browse Basin 
(North West Shelf, Western Australia). The Plover Formation is an important 
hydrocarbon reservoir which comprises Early to Middle Jurassic coastal plain 
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and fluviodeltaic deposits, with marine carbonate and igneous and 
volcaniclastic intervals (Blevin et al, 1998; Longley et al, 2003; Barber et al. 
2003; Tovaglieri and George, 2014). 
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Abstract 
High-resolution seismic profiles were conducted across the metropolitan area of the 
Swan River estuary (Perth, Western Australia) to explore the sub-surficial 
stratigraphic architecture, down to a depth of about 40 m below the river bed. The 
acoustic profiles revealed a complex system of palaeochannels where three main 
unconformities (R1, R2, R3) bound as many seismic units (U1, U2, U3), over the 
acoustic basement.  

Integrating these data with sediment borehole analysis, LiDAR data and available 
literature of the geology and stratigraphy of the area, it was possible to determine 
the development of these stratigraphic units, in response to Late Pleistocene and 
Holocene sea-level fluctuations and conditioned by pre-existing topography and 
depositional palaeoenvironments during the last ~130,000 years.  

The deepest unit (U3) can be interpreted as the Perth Formation, which consists of 
interbedded sediments that were deposited in a large palaeo-valley downcutting into 
the underlying acoustic basement (bedrock: Tamala Limestone and Kings Park 
Formation), under a fluvial to estuarine setting, existing between ~130 and 80 ky BP 
(in the Last Interglacial). 

The middle unit (U2), composed of heterogenic fluvial (possibly lacustrine) and 
estuarine sediments, represents the Swan River Formation. Similarly to the Perth 
Formation, the formation infills channels incised in older formations and reflects the 
hydrogeological conditions linked with sea level fluctuation changes during the Last 
Glacial lowstand. 

Holocene (last ~10 ky) fluvial and estuarine deposits form the shallowest unit (U1). 
These sediments have a highly variable internal structure, ranging from heavily 
layered, filling palaeochannels, to hard and chaotic, atop pre-existing topographic 
highs. 

The wave-dominated Swan River system shares several similarities with a number 
of estuaries worldwide, such as Burril Lake (NSW, Australia) and Arcachon Lagoon 
(Aquitaine, France).  

This research represents the first environmental high-resolution acoustic 
investigation in the middle reach of the Swan River estuary. 

1. Introduction 
Understanding the geomorphic development and sedimentary evolution of riverine, 
estuarine and deltaic environments under the high amplitude sea level changes that 
characterise the Pleistocene and Holocene Epochs has been the focus of a number 
of studies worldwide. 

For instance, research performed along the lower Murray River (South Australia) 
and the adjacent Lacepede Shelf revealed that the stratigraphic and structural 
architecture of the area is the product of both climate and sea level variations 
throughout the Pleistocene and the Holocene, resulting in formation of dunes, karst 
features and ancient infilled channels and lagoons (i.e. Bourman at al., 2000; Hill et 
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al., 2009). Similarly, sea level fluctuations, together with palaeo-topography, have 
controlled the Quaternary sequence stratigraphy of the Brisbane River (Queensland, 
Australia. Evans et al., 1992). Palaeochannels and cut-and-fill structures, formed as 
a response to sea level changes during the Late Pleistocene and Holocene, have 
also been widely recognised across Europe, America and Asia, for example along 
the Atlantic French and Spanish coasts (Chaumillon et al., 2010; Menier et al., 2011; 
Blanco et al., 2015), the Gulf of Mexico (Anderson et al., 2014), in Tokyo Lowland 
(Tanabe et al., 2015), and beneath the Mekong River and Red River deltas in 
Cambodia and Vietnam, respectively (Tamura et al., 2009; Hori et al., 2004). 

Here we investigate the role that sea level oscillations, hydrodynamic conditions and 
pre-existing geomorphological settings had in controlling the development and 
evolution of the Swan River (SW Australia) during the past ~130 thousand years 
(ky). The study area differs from the previously mentioned studies in that the 
immediate coastal region is characterised by a mixed carbonate siliciclastic 
sedimentary system. 

This study aims to construct a more detailed picture of Late Pleistocene and 
Holocene sequence stratigraphy and sedimentary architecture of the middle reach 
(Melville Waters) of the Swan River, using high-resolution shallow seismic data, 
ground truthed with geotechnical borehole data, in order to better understand how 
changing sea level driven fluctuations (base level) have influenced the evolution of 
the estuary throughout this period. 

1.1. Previous work 
The Swan River estuary is located in the south west of Western Australia and flows 
westward through the Perth Metropolitan area, into the Indian Ocean, at the City of 
Fremantle. Baker (1956) carried out the first scientific study of the Quaternary 
sedimentation in the Perth Basin, including the Swan River. He produced seven 
geological cross-sections using borehole data in various bridge and wharf sites 
(Figure 4.1, highlighted in pink). On the basis of these cross-sections and further 
geotechnical studies (Jones and Marsh, 1965; Ove Arup, 2001; Coffey 
Geosciences, 2002), Gordon (2003a, 2012) proposed an inferred location of three 
palaeoriver channel systems within the upper reach and Perth Waters of the Swan 
River estuary (Figure 4.1). In addition, a number of recent geotechnical studies (i.e. 
Golder Associated Pty Ltd, 2008, 2012) took place along the northern shore of the 
Swan middle reach (Perth Waters, between the Narrows Bridge and Barrack Square 
jetties, see Figure 4.2) as part of the Elizabeth Quay development, a major 
waterfront project that involved the construction of an extensive artificial inlet. 
Boreholes and localised geophysical investigations (sub-bottom profiling, seismic 
refraction and electrical resistivity imaging) identified potential palaeochannel 
structures and a total of three primary seismic reflectors above the bedrock.  
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Figure 4.1. Locality map showing the study area and locations mentioned in the paper. 
Simplified palaeochannels proposed by Gordon (2003a, 2012) are represented by 3 shades of 
blue, representing 3 cutting events. Baker’s (1956) cross section locations are highlighted in 
pink. This study focused on the wide, underfilled middle reach of the Swan estuary, whereas 
Gordon’s studies were restricted to the upper reach of the estuary. Simplified bathymetric 
contours, limited to the studied area, are also shown (source: Department of Transport). 

These palaeoriver channels represent the geomorphological and sedimentary 
response of the Swan River estuary to orbitally driven changes in sea level, 
spanning ~130 ky to present. This period captured the peak of the Last Interglacial 
(MIS 5e; 127 to 116 ky) with sea levels between 3 and 6 metres above present. The 
period between 110 ky and 80 ky saw sea level oscillating between -10 and -30 
metres below present (MIS 5d, c, b and a). After 40 ky global cooling saw sea levels 
fall to around -125 m at the Last Glacial Maximum (LGM), which peaked around 18 
ky years BP. Global deglaciation after 18 ky years saw rapidly rising sea levels 
reaching near present elevations around 7 ky BP (Bufarale et al., 2015). 

Thus, sea level-driven changes in base level and the influence this had on fluvial 
sediment dynamics, together with the pre-existing geomorphology, likely played a 
major role in controlling the development of the Swan River estuary during the Last 
Glacial cycle (Churchill, 1959, cf. geological heritage in Chaumillon et al., 2010; 
Menier et al., 2011).  

The sedimentology and geology of the Swan River and its estuary have, so far, 
been principally studied in a geotechnical context for planning and construction of 
bridges and harbour works and mainly limited to the middle reach and mouth of the 
Swan estuary. Much of this data remains largely unpublished, or is present in the 
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form of state government and consultancy reports (e.g. Australian Hydrographic 
Services, 1971; McKimmie Jamieson & Partners, 1987; Main Roads Western 
Australia, 1998; Ove Arup, 2001; Coffey Geosciences, 2002; Coffey Geosciences, 
2010; Golder Associated Pty Ltd, 2008).  

2. Geological and regional setting 
The Perth Region is located in the south west of Western Australia and stretches 
between 31° 20’ S (Gingin Brook and Moore River) and 32° 35’ S (South Dandalup 
River), covering an area of about 4000 km2 (Davidson, 1995). The region is largely 
occupied by the 30 km wide Swan Coastal Plain, bound to the west by the Indian 
Ocean and to the east by the north-south orientated Darling, Gingin and 
Dandaragan Scarps. These scarps represent the western margin of the Darling 
Plateau, a weathered Archaean crystalline low-relief plain (Davidson, 1995). 

 

Figure 4.2. Simplified surface geology (redrawn after Davidson, 1995 and Gozzard, 2007a), 
superimposed on Landgate (Western Australia) aerial image. Formation ages are included in 
Table 4.1. Geophysical survey track plot and survey boundaries are also marked, in yellow. 

The Swan Coastal Plain lies along a passive continental margin and, together with 
the Rottnest Shelf, represents the surficial sediments of the Perth Basin. Formed as 
a north-south rift valley during the Phanerozoic, the 1000 km long Perth sedimentary 
basin is infilled by a 15 km thick sequence of continental and marine sediments, 
from Permian to Late Cretaceous in age (Playford et al., 1976; Kendrick et al., 1991, 
Commander, 2003). The geological history relevant to the study started in the Early 
Tertiary, when a Cretaceous river valley or submarine canyon system was 
inundated and infilled with Palaeocene and Eocene shallow marine to estuarine 
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sediments of the Kings Park Formation (Table 4.1. Collins, 1987; Hudson-Smith and 
Grinceri, 2007; Mathew, 2010). Overlaying the Kings Park Formation (onshore) is 
the >150 m thick Plio-Pleistocene age Kwinana group sediments which comprise 
marine, fluvial, aeolian, alluvial and lacustrine sediments and record the periodic 
sea-level fluctuations and flooding of the inner shelf and Swan Coastal Plain. The 
outcropping formations present within the survey area are reported in Figure 4.2. 

The Swan Coastal Plain is fed from six main drainage basins, the largest of which is 
the Swan River and includes three major tributaries: the Canning, Avon and Helena 
Rivers.  

The Swan River estuary covers a large portion of Perth’s northern and eastern 
urban areas (~ 40 km2) flowing westward through the Perth Metropolitan area and 
into the Indian Ocean at the City of Fremantle. In the estuary, the surficial sediments 
are mainly clastic, ranging from mud (low energy areas, such as the deep central 
portion of the basin) to sand (higher energy zones, sand flats and beaches. Quilty 
and Hosie, 2006). A bioclastic component is also present, composed of faecal 
pellets, foraminifera, whole and fragmented molluscs and other benthic 
invertebrates (Quilty and Hosie, 2006). Seagrass (Halophila ovalis), which covers 
between 75% and 99% of the shallow waters (less than 2 m, in the lower reaches of 
the Estuary), is often associated with coarse, shelly sediments (Hillman et al., 1995). 

The Swan River estuary has an open connection to the Indian Ocean and is 
influenced by local wind-driven waves and, to a smaller extent, by tides (diurnal 
microtidal range of 0.4 m. Eliot et al., 2006). This system can be regarded as a 
wave-dominated estuary (Radke et al., 2004). Like the majority of the coastal 
waterways along the southwestern coast of Australia, the Swan River estuary 
conforms reasonably well to the wave-dominated estuary facies model (Dalrymple et 
al., 1992; Radke et al., 2004). In accordance with the Dalrymple et al.’s model 
(1992), the Swan estuary is composed of three different morphological components: 
upper reach, narrow and highly sinuous (river-dominated), middle reach, with a wide 
and partially filled central basin (mixed energy), and funnel-like shape lower reach 
(marine -dominated). The reaches are separated by topographic sills which, like in 
many wave-dominated estuaries (Dalrymple et al., 1992), affect local 
hydrodynamics, salt wedge propagation and water exchange with the ocean 
(Stephens and Imberger, 1996; Stephens and Imberger, 1997).  

The region is characterised by a dry Mediterranean climate, with precipitation mostly 
confined to the autumn and winter months (Kennewell and Shaw, 2008). 
Consequently, the Swan system exhibits a strongly seasonal streamflow with events 
occurring between May and September, when the rainfall and runoff are higher 
(Rehman and Saleem, 2014). Marine saline waters can reach up to 35 km upstream 
but, being mainly controlled by barometric effects, tidal dynamics, storm surge and 
wind, the penetration of the salt wedge can be observed up to 60 km upstream, 
under exceptional climatic circumstances (Stephens and Imberger, 1996). Weather 
conditions also play a very important role in the circulation and main changes in the 
mean water level of the estuary.  
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Table 4.1. Stratigraphic column (modified after Smith et al., 2012) and geological formations of 
the Swan Coastal Plain present within the survey boundaries (refer to Figure 4.2 for the surface 
geology). Note 1: Tamala Sand is the result of weathering and remobilisation of relict material of 
the Tamala Limestone which has been blown eastward. Note 2: The Swan River Formation can 
be found along the middle and lower sections of the Swan and Canning Rivers. The 
development of this formation can be linked to the fluctuations of sea level. The Swan River 
Formation subcrops the modern Swan River Holocene estuarine and floodplain clays and 
sands. Note 3: The Perth Formation reflects the complex palaeoclimate and sea level 
oscillations that characterised the Last Interglacial period. Three main lithological units (sand, 
silt and clay) were deposited into a palaeochannel eroded during the earlier lower sea level 
conditions (Penultimate Glacial period) by the ancestral Swan River, into the Kings Park 
Formation. 
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2.1. Estuary morphology  
Two shallow sills (< 5 m depth), one at the Fremantle Traffic Bridge and the other 
between the Narrows and The Causeway bridges (see Figure 4.1 for location), 
divide the system into three main segments, the upper reach, middle reach and 
lower reach:  

Upper Reach – In the upper section of the estuary, upstream from Heirisson Island 
(see Figure 4.2), the tidal river is narrow and sinuous, with a depth ranging from less 
than 2 metres to about 6 metres (Chalmer et al., 1976; Atkinson and Klemm, 1987).  

Middle Reach – The middle sector of the estuary includes Perth Waters and Melville 
Waters (see Figure 4.2). Between the Narrows and The Causeway bridges (Perth 
Waters), the Swan River estuary is wide and very shallow, with an average lowest 
water level of less than 1 m. From the Narrows bridge to Blackwall Reach (Melville 
Waters), the river is more extensive, with a central basin (that according to 
Dalrymple et al., 1992 can be called unfilled estuary) that deepens seaward, 
reaching 24 m of depth, and marginal shallow sand flats and spits fringing the 
shoreline (see Figure 4.2. Chalmer et al., 1976; Collins, 1987; Quilty and Hosie, 
2006).  

Lower Reach – The lower segment, downstream from Blackwall Reach to the 
Fremantle Traffic Bridge, was defined by Quilty and Hosie (2006) as a “coastal dune 
limestone corridor”. In this last section, the Swan estuarine passage is characterised 
by a narrow straight that follows the joints and structures in the limestone, forming 
right angles and cliffs through the Tamala Limestone. In contrast to the middle 
reach, this portion of the estuary shallows seaward, to less than 5 m, at the 
Fremantle Harbour.  

Although the exact geological nature of these sills is unknown (no seismic data was 
collected along these features and pre-existing literature is scarce), it is likely that 
they formed under a combination of pre-existing topography and more recent 
sediment accumulations (as in Dalrymple et al., 1992; Dalrymple and Choi, 2007).  

It must be noted that harbour development, dredging and foreshore reclamation, 
dating back to the end of the 19th Century (Tutton, 2003), have significantly changed 
many areas of the Swan River estuary (Chalmer et al., 1976; Collins, 1987; Radke 
et al., 2004). The removal of sediment build-up and rocky outcrops, especially at the 
estuary mouth, caused an increase in marine water intrusion, tidal exchange and 
salinity, resulting in a proliferation of marine aquatic plants (Hodgkin and Hesp, 
1998). Urbanisation and agriculture have also had an impact on the sediment 
transport and composition, causing significant changes in runoff and inputs of salt, 
nutrients and sediments in the estuary (Atkinson and Klemm, 1987; Hamilton et al., 
2001).  

3. Methods 
About 30 km of high-resolution shallow seismic profiles have been collected, 
processed and analysed along the Swan River estuary, between the Narrows Bridge 
and Blackwall Reach (Figure 4.2, survey track plot sketched in yellow). Survey run 
lines were devised to capture a range of substrate architectures and geometries, to 
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a maximum depth of 40 m below the river bed. Transects perpendicular to the river 
course revealed the location and width of buried palaeochannels. Profiles along the 
strike of the river permitted the correlation and interpretation of acoustic horizons. 

The seismic data were acquired using an AA201 boomer system (Applied Acoustic 
Engineering Limited, Great Yarmouth, UK). A hand-held GARMIN eTrex Global 
Positioning System (GPS) was employed to obtain and record position (accuracy: 
typically less than 4 m). The seismic data were digitally recorded in SegY format 
(Rev 1), using SonarWiz 5 (V5006.0032. Chesapeake Technology Inc., Mountain 
View, CA) as acquisition and post-processing software.  

Acoustic reflectors have been interpreted, where possible, through sedimentary 
analysis and correlation of borehole logs, which were drilled by a number of 
agencies primarily for geotechnical investigations (Main Roads Western Australia, 
1998; Golder Associated Pty Ltd, 2008; see Gordon, 2012). The most recent of 
these were 4 boreholes cored near Dalkeith for the Perth Flying Squadron Yacht 
Club by Coffey (Coffey Geosciences, 2010; see Figure 4.1 for location and Figure 
4.3). The data was also correlated with the information provided by two geophysical 
surveys, undertaken by Australian Hydrographic Services (1971) and McKimmie 
Jamieson & Partners (1987) as part of a proposed dredging and reclamation project, 
in the Outer and Inner Harbour in Fremantle. 

Formations and sediment ages were acquired from literature, in particular Murray-
Wallace and Kimber (1989), Hearty (2003), Gozzard (2007a), Gordon (2012), and 
Brooke et al. (2014). Due to the characteristics, scope and planning of the core 
drilling, we were unable to carry out any radiocarbon dating specific to this project. 

Palaeomorphology reconstruction of the Last Glacial Swan River was performed 
with ArcGIS 10.2 software (Esri) using a combination of seismic profiles and 
bathymetric data of the modern river floor (from Swan and Canning River 2010-2011 
Hydrographic Surveys, Department of Transport). 

4. Results and interpretation 
The seismic analysis of the sub-bottom profiles shows that the shallow architecture 
underneath the Swan River estuary is dominated by palaeochannels. The seismic 
profiles contain numerous acoustic reflectors, some of which have distinctive 
features and can be recognised across the study area, and others which are 
discontinuous and only recorded in some locations. Four main reflectors (river bed, 
R1, R2 and R3) were identified, which define three acoustic units (U1, U2 and U3), 
which sit atop of the acoustic basement (Table 4.2). In some places, there was no 
penetration beyond the river bed surface. 

4.1. Seismic units and sedimentary facies 
Seismic Unit U1. Sub-bottom profiles reveal an irregular but laterally continuous, 
strong reflector, here defined as R1. The sediments bound between the river bed 
and R1 form seismic unit 1 (U1). U1 has a variable thickness ranging from being 
barely discernible to up to 14 m thick and is characterised by a number of different 
seismic features. Where thicker than 2.5 m, U1 is intensely bedded and typically 
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infills palaeochannels. The layers are parallel to subparallel and pinch out updip 
(divergent fill), converging against pre-existing highs. Minor reflector R1a runs sub-
parallel to the seafloor and is useful to subdivide U1. The strata of the upper sub-
unit are thinner (up to 0.30 m of thickness), more laminated and laterally more 
continuous than in the lower sub-unit (up to 1 m). The Dalkeith boreholes (Coffey 
Geosciences, 2010) show the upper sub-unit to be mainly composed of thinly 
bedded unconsolidated silty sand, with mainly horizontal or gently undulated 
laminations (Figure 4.3). In contrast, the lower sub-unit consists of thick bedded clay 
units, which are horizontally layered over the pre-existing topographic lows, such as 
channels or depressions. In the zones where unit U1 is thinner than 2.5 m, the 
substrate appears to be harder and more cemented, with no internal layering.  

 

Figure 4.3. Seismic profile adjacent to the Perth Flying Squadron Yacht Club (Dalkeith), 
showing two sets of palaeochannels. A: uninterpreted seismic profile, with schematic core. B: 
interpreted seismic profile. R1 represents the main reflector, at the base of intensely bedded 
deposits (U1). R2 has been incised into an older substrate and covered by tripartite sediments 
(U2). From this seismic profile it is not possible to depict the base of the unit (U3) underlying 
the acoustic reflector R2. Aerial photo images provided by Landgate (Western Australia). 
Depths are in metres, below the sea level. 

Seismic Unit U2. From the seismic profiles, a second and deeper seismic reflector, 
which is here defined as R2, can be observed. It has an irregular surface, mostly 
forming depressions, separated by areas of hill-like undulating bathymetry; flat areas 
are rare. Bounded between reflectors R1 and R2, is an older sequence, named here 
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seismic unit U2, and directly underlies seismic unit U1. U2 is inhomogeneous, 
characterised by a series of internal, moderate to strong acoustic reflectors, which 
are locally discontinuous (Figure 4.3). Based on the borehole data (Coffey 
Geosciences, 2010), seismic unit U2 can be subdivided into three sub-units. This 
tripartition is evident also in the seismic profiles, where 2 sub-reflectors (R2a and 
R2b) can be recognised (Figure 4.3). The lower sub-unit (between R2b and R2) is 
composed of parallel, partially continuous strata of firm to stiff clay (Coffey 
Geosciences, 2010), with traces of sand, fills minor stream channels and cuts into 
the underlying older deposits. Locally, this deeper sub-unit is capped by a poorly 
defined sequence where compacted sand is the main component (middle sub-unit, 
bound by R2a and R2b). This sub-unit is partially truncated by the overlaying, semi-
horizontal sandy clayey deposits (upper sub-unit, bound by R1 and R2a). The three 
sub-units are intermittently visible in the seismic profiles, but this absence may be 
more ambiguous than real, possibly due to a lack of velocity contrast between their 
lithologies.  

In some areas, R1 and R2 (and relative acoustic units) have been locally depicted 
as inferred reflectors (i-R1 and i-R2, see further in Section 5.1), since their seismic 
pattern was masked by an acoustic wipe-out on the sub-bottom profiler record. This 
type of signal has been recorded also in tie lines, confirming that this pattern is a 
real feature in the sediments. 

Table 4.2. Facies identified in the seismic profiles. 

 

Seismic Unit U3. Due to equipment limitation and lack of acoustic contrast in the 
local lithology, the substrate below the reflector R2 is less definite. There are several 
discontinuous internal reflectors that cannot be accurately depicted as they are 
intermittent and quite irregular. Between Dalkeith and Blackwall Reach, a gently 
undulating third acoustic reflector (here name R3) is definite enough to be depicted 
(Figure 4.4). The geotechnical data (Coffey Geosciences, 2010) regards the 
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deposits between reflectors R2 and R3, which form the seismic unit U3, to include 
interbedded horizons of silt, sand and clay. U3 is characterised by discontinuous 
and irregular minor internal reflectors; concave-up, onlapping strata are also locally 
recognisable.  

Acoustic basement. The acoustic basement lies below seismic unit U3. Capped by 
the reflector R3, the acoustic basement is characterised by minor seismic reflectors 
that disappear progressively with depth, indicating a strong absorption of the 
acoustic energy, likely suggesting a hard and compacted lithology. 

 

Figure 4.4. Seismic profile showing the top of the acoustic basement (Tamala Limestone) 
forming a topographic low, successively partially infilled by more recent formations. Tamala 
Limestone outcrops on both the shores of the Swan River (Chidley Reserve and Point Walter 
Spit) and the upper limit can be picked also along the seismic profiles. The channel-like 
geometry of the basement has conditioned the modern bathymetry. Note the fluid curtain rising 
from Tamala Limestone (see further discussion on the nature of these fluids in Section 5.1). 
Aerial photo images provided by Landgate (Western Australia). Depths are in metres, below the 
sea level. SOL: start of line, EOL: end of line. 

4.2. Interpretation of the seismic data 
High-resolution sub-bottom profiles have revealed a complex buried palaeochannel 
network within the middle reach of the Swan River estuary, allowing for a detailed 
analysis of the architecture of the palaeodrainage within the study area. 

Based on these newly acquired seismic profiles, available sedimentary analysis 
(Coffey Geosciences, 2010) and literature of the geology and stratigraphy of the 
area (Gordon, 2003a; Gozzard, 2007a; Gordon, 2012; technical reports: McKimmie 
Jamieson & Partners, 1987; Golder Associated Pty Ltd, 2008, 2012), the 
depositional history of the Swan River estuary from Late Pleistocene to present 
comprises three phases, resulting in three 3 different lithostratigraphic units, from 
the oldest to most recent the 1) Perth Formation (U3), 2) Swan River Formation 
(U2), and 3) the Holocene (U1). 
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A number of studies have demonstrated that sea-level fluctuations linked with 
Glacial and Interglacial periods are the primary control in the sedimentary 
development and evolution of fluvio-estuarine depositional environments (Blum and 
Törnqvist, 2000; Lambeck and Chappell, 2001; Blum et al., 2013). The impact of 
repeated sea level oscillations has also had a major influence in the development of 
the Swan River estuary, as evidenced in the subaerial landscape and buried 
features along the present river course (Hearty, 2003).  

4.2.1. Acoustic basement 
There are two sedimentary units that form the acoustic basement of the study area: 
Tamala Limestone (western part of the survey area) and the Kings Park Formation 
(eastern part of the survey area). In the western portion of the Melville Waters, 
where the Swan River estuary narrows and the water depth increases (from 5 to 
more than 20 m), Tamala Limestone is observed outcropping along both the river 
banks. On the western bank (SOL, Figure 4.4) the cliff of Chidley Reserve is more 
than 20 degrees steep and the limestone cliff continues below the water level. On 
the eastern bank (EOL, Figure 4.4) the shore has, instead, a gentle slope, 
outcropping in the Point Walter Spit. This morphology is reflected in the bathymetry 
(see Figure 4.2) and the sub-bottom profiles acquired in the area corroborate this 
observation. In Figure 4.4, reflector R3 (top of Tamala Limestone) is in fact shallow, 
at the start and at the end of the line (17 and 21 m, below sea level, respectively), 
and progressively deepens to almost 40 m below sea level in the central part of the 
profile, forming a topographic low, partially infilled by the more recent formations.  

A few kilometres upstream, near the Narrow Bridge, the incised shales/siltstones of 
the Kings Park Formation are found under the Perth Formation (Coffey 
Geosciences, 2002; Golder Associated Pty Ltd, 2008, 2012).  

From the seismic profiles, the horizontal extent and upper and lower contacts of 
Tamala Limestone and the Kings Park Formation are not detectable.  

4.2.2. Perth Formation 
The deepest palaeochannel identified in the Swan River seismic profiles was 
interpreted as a downcutting, into the underlying Tamala limestone and Kings Park 
formations (acoustic basement). Although it is not possible to depict this erosional 
surface (acoustic reflector R3) for the entire study area, the log data from the drilling 
between Goongoongup Bridge and Victoria Quay Berths confirms that it deepens 
uniformly from Guildford to Fremantle (Baker, 1956; Gordon, 2012).  

At the onset of the Last Interglacial (LIG), between 135 and 127 ky, the sea level 
swiftly rose about 100 m and reached at least 2 m above the present sea level by 
127 ky BP (Stirling et al., 1995; O’Leary et al., 2008). The riven downcutting 
experienced during the previous Glacial period ceased with the rise of base level 
and onset of estuarine sedimentation (net deposition). The incised palaeovalley was 
infilled with at least 20 m of interbedded estuarine sand, silt and clay deposits. 
According to Gozzard (2007a), Mathew (2010) and confirmed by the lithological 
facies analysis from the boreholes collected by Coffey Geosciences (2010) in 
Dalkeith, and the other available geotechnical information (Golder Associated Pty 
Ltd, 2008, 2012), it is likely that the deposits between the reflector R2 and R3 
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represent the Perth Formation (U3). This fluvial and estuarine complex constitutes 
the fill of a palaeovalley, aligned with the present Swan River estuary. The basal 
part of the Perth Formation, consisting mainly of clay sediments, was deposited in 
the lower portion of the palaeochannel. The middle portion is dominated by sandy 
and coarser sediments, indicating a greater energy and volume of the palaeo-Swan 
River. In the upper and younger section, the Perth Formation is composed of silt and 
clay, deposited in a quieter estuarine environment. Mathew (2010), through X-ray 
Diffraction (XRD) analysis and Scanning Electron Microscope (SEM) imaging, 
showed that the upper deposits of this formation have a large amount of iron-stained 
grains of kaolinite and quartz, possibly derived from the erosion, transport and 
successive deposition of the granite forming the Darling Scarp during warm and 
humid climate conditions.  

Gozzard (2007a) assigned an age of ~130-80 ky to the Perth Formation, by 
correlating it to previous studies (Murray-Wallace and Kimber, 1989; Kendrick et al., 
1991) that dated the marine fauna sampled from exposures along the middle and 
lower reaches of the Swan River, which can be can be considered the marine 
equivalent of the estuarine Perth Formation .  

4.2.3. Swan River Formation  
The peak of the Last Interglacial (sub-stage MIS-5e; c. 127-116 ky) was followed by 
~40 ky (from MIS 5d until MIS 5a, about 80 ky ago) of general cooling (Lambeck et 
al., 2002; Hearty, 2003; Woodroffe and Webster, 2014). This progressive reduction 
of the temperatures culminated about 18 ky BP, when the sea level reached its 
lowest stand at -130 m below the present sea level (Last Glacial Maximum, LGM. 
Hearty at al., 2007; Lambeck et al., 2014). During this lowstand period, the ancestral 
Swan River had another episode of downcutting (Figure 4.5A). The seismic profiles 
revealed the presence of a second palaeochannel, incising into the Kings Park and 
Perth Formations. The morphology and pattern of the palaeo-riverine bottom, where 
detectable, appear to be quite different from that of the present river floor. The river 
gradient was significantly higher than the present following the termination of the 
LIG and prior to the onset of the LGM, extending in the study area, from -9 m below 
the present river level to -40 m, with a difference in height of ~30 m, versus less 
than 25 m in the present time (the deepest surveyed point is 24 m, between 
Peppermint Grove and Minim Cove). This difference can be explained as a typical 
fluvial response to sea level changes (i.e., change in base level): the palaeochannel 
had a higher gradient due to the fact that sea level was lower over the Last Glacial 
cycle with the palaeo-Swan River incising into underlying strata in order to maintain 
a balance with a lower than the present base (sea) level (cf. Schumm, 1993; Blum 
and Törnqvist, 2000). 

During the LGM, fluviatile heterogenic deposits of sand, silt and clay were deposited 
under various hydrological settings. From the borehole data (Coffey Geoscience, 
2010), the complex nature of the sediments composing the seismic unit U2 is clear 
and can be referred to Gozzard’s description (2007a) of the Swan River Formation 
(Figure 4.5B). 
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Figure 4.5. Top: Sea level curve in the past 250 ky. Odd numbers refer to Interglacial Marine 
Isotope Stages (MIS) and even numbers indicate the Glacial MIS (modified after Lisiecki and 
Raymo, 2005; Berger, 2008 and Saqab and Bourget, 2015). Bottom: Schematic cross-section 
showing the evolution of the morpho-stratigraphy in the middle reach of the Swan River 
(Melville Waters) through the Late Quaternary, based on seismic profiles and Gozzard (2007a). 
Horizontal axis: ~ 3 km; vertical axis: depth/elevation values are in metres, referred to the 
present sea level. Orange lines represent the width of active valley. A) During the Last Glacial 
period, a deep inset valley cut the pre-existing Kings Park Formation and Perth Formation, 
during a low sea level stand. B) Changes in sea level caused by fluctuations in the climate 
during the last 50-70 ky of this Glacial period resulted in an alternation of erosion and 
deposition during which the palaeochannel was filled with the variegate sediments of the Swan 
River Formation. C) Last Glacial Maximum (MIS 2, ~ 18 ky BP). As the sea level reached its 
lowest point, the most recent palaeochannel was cut and successively (D) infilled with fluvial 
deposits through the Holocene interglacial conditions. 
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The sequence of the Swan River Formation consists of a series of three stacked 
interbedded deposits, at least 22 m thick (in the survey area), formed in a riverine, 
estuarine and marine setting (bottom to top). Sand and gravel sediments dominate 
the upper section of the river (between Guildford and Perth/The Causeway). In the 
middle reaches, the content of finer sediment (silt and clay in lenses) increases. In 
the lower portion (in Fremantle) sand, silt and clay take over (Gozzard, 2007a).  

4.2.4. Holocene deposits  
At the peak of the LGM sea level reached its lowest point around 130 m below the 
present sea level (e.g. Lambeck and Nakada, 1990; Lambeck et al., 2014). The 
coastline is reasoned to have been at least 12 km westward from Rottnest Island, 
located 18 kilometres west of Fremantle. The palaeo-Swan River joined the 
submarine Perth Canyon, approximately 22 km northwest of Rottnest (Playford, 
1977), incising into the underlying formations. Due to a greater longitudinal profile 
gradient, the river started to cut down into the generally horizontally deposited 
estuarine sediments of the Swan River Formation, down to a depth of 30 m below 
the present sea level (as determined from the seismic profiles acquired for this 
study). The morphology of the channel where the Swan River was flowing at the 
Late Glacial and Early Holocene (Channel 2, Figure 4.6) is easily recognised in the 
seismic profiles along the whole survey area. At the termination of the LGM, the sea 
level rose and the valley became an estuary; the flow velocity slowed and up to 14 
m of deposits was trapped as a palaeovalley-fill along the Swan River. Based on the 
lowest depth of Channel 2, it is likely that the accumulation of these sediments (unit 
U1) started to take over around 10 ky ago, when the sea level reached a depth of at 
least 30 m below the present sea level. U1 represents the most recent deposits of 
the survey area, formed during the Holocene.  

5. Geomorphic evolution of the Swan River Estuary  
During the Last Glacial cycle, the main channel of the palaeo-Swan River (Channel 
2, Figure 4.6) was deeper and significantly narrower than the present, with the 
modern shallow areas adjacent to South Perth, Crawley, Ardross and Bicton 
probably forming emergent fluvial terraces. This palaeoriver was likely to be very 
fast-flowing, with transport exceeding deposition, resulting in a channel mostly free 
of finer sediment (at least, in the middle reach). Two shallow islands were probably 
present (Figure 4.6A), linked to buried topographic highs that were overstepped by 
the river in the Mid-Holocene. Similarly to the modern setting, a palaeo-Canning 
River flowed into the Swan River (Figure 4.6A). Channel 2 is in line with the modern 
thalweg (Figure 4.6A), demonstrating that the sedimentation subsequent to the 
Holocene sea level rise has only partially filled it. The seismic profiles also show 
evidence of a distributary channel separating southward from the main stream 
(Figure 4.6B). The abandoned palaeochannel was about 300 m wide and up to 12 m 
deep. The base has a clear erosional contact, indicating that the channel was active 
and cutting into the underlying Swan River Formation. During Holocene sea level 
rise (around 10 ky BP), the first areas to be flooded were the old channels, with 
sediments that started to infill these palaeochannels, levelling the river bed. Similarly 
to the profile in Figure 4.3, there is a subdivision of the Holocene infilling sediment. 
The lower portion (5-7 m thick) appears to be composed of clay, arranged in thick 
layers and could indicate a phase when the channel was partially abandoned, 
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causing a reduction of the water flow. The upper sediments (~5 m of thickness) 
appear to be constituted by unconsolidated sandy silty and thinly laminated, possibly 
corresponding to a stage of intermittent flow, progressively converted to channel 
abandonment. Considering the amount of deposition, it is likely that a substantial 
volume of water was flowing in the tributary channel, capable of carrying a large 
quantity of sediments, until the palaeo-waterway become inactive.  

 

Figure 4.6. A: Sketch map of the palaeomorphology of Channel 2. The modern thalweg is 
marked in green. Although the modern and palaeo Swan River have a similar trend, the MIS 2 
palaeochannel was likely significative narrower than the contemporary one. Aerial photo 
provided by Landgate (Western Australia). B: Acoustic profile of the abandoned tributary. 
Depths are in metres, below the sea level. 
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Based on high-resolution topographic (elevation) data of the region (see Figure 4.2), 
it is not possible to locate the alternative pattern of the ancestral tributary channel 
across the Swan Coastal Plain due to the large aeolian dune build-up and extensive 
urbanisation; however, with a further seismic survey along the coastline, it may be 
possible to detect where the palaeochannel extended towards the shelf. 

5.1. Fluid blankets 
In some locations, seismic units U1, U2 and U3 appeared partially concealed by an 
acoustic wipe-out (Figure 4.7). The masking is likely to have been caused by 
absorption of the seismic signal due to fluid escape from underlying deposits. This 
pattern, called fluid blankets or fluid curtains in relation to the volume of fluid 
content, is associated with thick sediment deposits in valley bottoms, 
palaeochannels or buried depressions (Baltzer et al., 2005). The origin and 
processes of this fluid-flow is still poorly understood, but it could possibly be linked 
to a combination of the thickness and nature of the sedimentary deposits in the 
Swan Coastal Plain and the presence of a high water table.  

From the seismic profiles, this kind of structure can be found only in association with 
the bottom of palaeochannels, masking their base. Plotting the distribution of these 
features in the coastal dune systems map, they appear to be approximately aligned 
with the three interdune wetland belts, which run sub-parallel, with a north-south 
direction in the coastal plain, both north and south of Perth (Figure 4.7A). It is likely 
that the buried fluid-escape structures are linked with freshwater springs, rising from 
the unconfined, superficial aquifer that, in the Swan estuarine system, rests on the 
Kings Parks Formation and Tamala Limestone (Davidson, 1995). In addition, it is 
worth mentioning that Aboriginal people and early European settlers reported 
running freshwater springs in the area, especially west of the Narrows Bridge 
(Kennedy Fountain), where the Old Swan Brewery was built and the permanent high 
quality water was, in the past, used during beverage production (Vinnicombe, 1992). 
Considering that the survey was carried out at the end of the winter (September), it 
is expected that, having been recharged by the seasonal rainfall, the water table had 
risen creating a water pressure gradient that may have initiated a shallow 
groundwater flow into subaqueous springs or seeps (Figure 4.7B).  

This kind of acoustic signature could also be linked with the presence of a biogenic 
gas, such as methane, derived by the decomposition of organic matter, typical in 
estuarine environments (Baltzer et al., 2005). It is possible that in the area, a 
combination of the two occurrences is the cause of the limited imaging of the buried 
sediment structures. Evidence of fluid rise within the sediments have been found 
also during a seismic investigation carried out in 2008 along the Perth CBD 
Foreshore (Golder Associated Pty Ltd, 2008), where the presence of gas prevented 
the imaging of the sediments in approximately 50% of the study area.  
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Figure 4.7. A: Dune systems in the Swan Coastal Plain (re-drawn after Bastian, 1996). Note the 
north-south trend of the dune system. The locations where fluid rise was recognised in the 
seismic profiles are marked in black. The rectangle indicates the inset area in panel C. B: 
Schematic diagram illustrating the formation of fluid escape in the hypothesis of the presence 
of subaqueous springs (profile not to scale). In late winter, after heavy rainfall, the water table is 
higher. These conditions result in the groundwater having a greater pressure of and 
consequent formation of seepage that flows into the Swan River. Details are discussed in the 
text. C: Intersecting cross-section between Profiles 1 (length: ~ 1000 m) and Profile 2 (Length: ~ 
650 m). Areas where there is a fluid escape are depicted with dash lines. In this reach, the 
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acoustic basement is likely to be Tamala Limestone. Inset: aerial photo provided by Landgate 
(Western Australia). 

6. Comparisons with other palaeo-estuarine systems 
The Swan River system fits reasonably well to Dalrymple et al.’s model (1992) of a 
wave-dominated estuary: a funnel-shaped geometry (differing from the model only 
at the river mouth, where the pre-existing topography significantly controls its 
shape), a straight-meandering-straight channel morphology (from the source, going 
seaward) and a tripartite zonation, as a function of water depth and hydrodynamic 
conditions, that is reflected in the facies distribution. At present, submerged sandy 
barriers across the river mouth, typical of a wave-dominated system, are not found 
in the Swan River estuary, as they were dredged for the Fremantle Harbour 
reclamation during the Nineteenth century (Tutton, 2013). 

The Swan River estuary shares several similarities with a number of estuaries 
worldwide. Table 4.3 and Figure 4.8 compare the Swan River with analogous 
environments in Australia (Burril Lake, NSW) and France (Arcachon Lagoon, Bay of 
Biscay). Despite diversities in size and shape, the three estuarine water bodies have 
similar environmental settings, lying on a tectonically stable, wave-dominated 
coastline, with low tidal ranges (micro- to mesotidal). High-resolution seismic profiles 
carried out in the three locations revealed a complex internal architecture, 
characterised by three main episodes of cut-and-fill (Sloss et al., 2005; Allard et al, 
2009; this study), that record as many transgressive and regressive events 
(lowstand and high stand stages of sea level). Noteworthily, fluid rise is also present 
in each location. Sets of palaeochannels are clearly recognisable in the seismic data 
of the Swan River and Arcachon Lagoon, but not identifiable in Burril Lake. This may 
be due to the fact that the latter is the narrowest of the considered environments 
(Figure 4.8C), therefore the lowstand river channel has remained confined and could 
not migrate during the time.  

The main differences include the thickness and the age of the sediments over the 
bedrock. 

Arcachon Lagoon has the thinnest sediment package. With only ca 10 m section 
(Allard et al, 2009), the deposits on top of the rock foundation are about 1/3 thinner 
than in the other 2 locations (Table 4.3). This difference can be explained by 
combining annual rates of coastal retreat and relative sea level rise (Klingebiel and 
Gayet, 1995). According to Klingebiel and Gayet (1995), coastal erosion along the 
Arcachon Bay is about 1 to 2 m/year, therefore sediments deposited during recent 
transgressive events may have not be preserved. In addition, dating of sediment 
cores have shown that from 5.0 to 2.5 ky BP, the sea level in the area was about at -
5 to -4 m below the present, then increased to -2 to -1 m below present sea level in 
the following 1.5 ky, before slowly stabilising at present time (Klingebiel and Gayet, 
1995). Conversely, along the Australian coasts, evidence of a Late Holocene 
highstand is present, with a sea level about 1 m higher than the present, at 6 ky BP, 
in both the Swan River and Burril Lake areas (Lambeck and Nakada, 1990). It is 
likely that sedimentation has been greater and perpetuated for longer in these 
locations, resulting in thicker deposits. 
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Table 4.3. Summary of characteristics of three wave-dominated estuaries: Burril Lake (NSW, 
Australia), Arcachon Lagoon (Aquitaine, France) and Swan River (WA, Australia). 
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Figure 4.8. Wave-dominated estuaries of B) Arcachon Lagoon (south western France) and C) 
Burril Lake (south eastern Australia) considered for a comparison with the A) Swan River. Note 
the three locations have been shown with the same scale in order to appreciate better their 
difference in shape and size, especially between B and C. 

7. Conclusions 
This paper reports the results and new insight of the first environmental high-
resolution seismic investigation in the middle reach of the Swan River estuary 
(Melville Waters). Three major acoustic reflectors and 4 seismic units can be 
recognised within the survey area, forming complex buried cut-and-fill systems 
(palaeochannels). Combining this data with terrestrial LiDAR data, pre-existing 
literature and sedimentological analysis, it has been possible to characterise the 
buried palaeochannels in terms of their seismic architecture, geomorphology and 
facies, providing a better understanding of the development and evolution of the 
estuary, as primarily driven by sea level rise and fall during the Late Pleistocene and 
Holocene. Relative ages of depositional episodes were determined from pre-existing 
literature and analysis of the sea level curve.  

1) Pre-LIG (Mid–Late Pleistocene lowstand): the palaeo-Swan River flowed 
through a large valley (acoustic reflector R3), downcutting into the underlying 
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bedrock (acoustic basement), which comprises Tamala Limestone, to the western 
part of the survey area, and Kings Park Formation, to the east.  

2) LIG to LGM: a rapid sea level rise (135-127 ky BP, sub-stage MIS-5e) 
marked the transition from riverine to estuarine setting, with a consequent increment 
of sediment deposition. The incised palaeovalley was infilled with tripartite deposits 
of Perth Formation (U3. From bottom to top: clay, silt and alluvial sand). Following 
the termination of the Last Interglacial highstands (127 to 80 ky, until MIS 5a), an 
orbitally driven reduction in global temperatures (Last Glacial period) caused a drop 
in sea level, during which the ancestral Swan River had another episode of 
downcutting. A narrow and deep palaeochannel incised the Perth Formation and the 
underlying bedrock (R2) and was successively infilled with estuarine and alluvial 
deposits of the Swan River Formation (U2), until the sea level reached its lowest 
position at -130 m below present (LGM), by 21 ky BP. 

3) LGM to Holocene. During the Last Glacial Maximum, a further 
palaeochannel (Channel 2, R1) was cut. Through the following transgression, when 
the sea level was at least 30 m below the present level (~10 ky BP), deposition of 
Holocene sediments (U1) started to infill Channel 2, till reaching the present 
conditions and becoming an estuary.  

Like several other examples around the world, for instance Burril Lake (NSW, 
Australia) and Arcachon Lagoon (Aquitaine, France), the geomorphic record of Late 
Pleistocene and Holocene sea-level fluctuations in the metropolitan area of the 
Swan River is characterised by a series of palaeochannels, which developed during 
glacial low sea level stands, and related channel-fill deposits which formed during 
interglacial highstands.  
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Abstract 
High-resolution shallow seismic profiles collected along the inner shelf in Geographe 
Bay (south-west Australia) exposed a highly-variable buried architecture. Three 
main acoustic units, separated by unconformities, correspond to different geological 
facies, deposited under various sea level conditions. The acoustic basement (Unit 
B) belongs to the Early Cretaceous Leederville Formation; the middle unit is 
attributable to Tamala Limestone (Unit P, Late-Mid Pleistocene) and the top unit 
(Unit H) is Holocene in age. Combining the seismic data with high-resolution 
bathymetry and sediment grabs, several surficial and buried morphological features 
are revealed, including sandbars, palaeochannels and ridges.  

The shore-oblique sandbars have been directly influenced by local hydrodynamics 
including mean wave direction and currents, seagrass and sediment size. The 
palaeochannels (buried and surficial) are the expression of previous sea level 
lowstands. Two sets of shore-parallel, low-relief ridges, located at a depth of ~7 m 
and ~20 m, are relict landforms that are most likely regressive beach ridges and 
sub-littoral deposits (paleo-dunes), belonging to Tamala Limestone. These 
geomorphological structures were formed during Late Pleistocene relatively high 
sea level stages (late Marine Isotope Stage 5e and 5c, respectively), cemented 
when the sea level was lower and subsequently subject to transgressive erosion.  

The newly acquired seismic datasets showed that the inner shelf is mainly covered 
by a thin veneer of sediments, above the Pleistocene hard surface, with the 
exclusion of the sandbars, where the sediment build-up can be up to 6 m in 
thickness. This information is extremely valuable to estimate the sedimentary 
resources in Geographe Bay.  

1. Introduction 
Geographe Bay is located between Cape Naturaliste and the city of Bunbury, in the 
south-western corner of Western Australia (WA) and, like much of the WA coastline, 
lacks major fluvial sediment input and is considered sediment starved (McMahon 
and Finlayson, 2003; Brooke et al., 2017). Consequently, much of the sediment 
available for shoreline nourishment is sourced by the remobilisation of relict 
siliciclastic sediments deposited on the inner shelf during sea level lowstands, and 
from carbonate organisms, such as coralline algae, molluscs, foraminifera, 
bryozoans which are produced in and around the extensive seagrass banks that 
characterise Geographe Bay (James and Bones, 2010; Brooke et al., 2014). These 
relict siliciclastic grains, currently located on the inner shelf can be considered a 
finite resource with the volume of sediment available for transport onshore currently 
limited by wave energy, water depth and grain size (Whitehouse, 2007). Carbonate 
grains on the other hand are continually being produced and can potentially provide 
a sediment resource for coastal nourishment. However, the supply of carbonate 
sediments to the coast is limited by the rates of carbonate production which can be 
influenced by changing environmental parameters such as sea surface temperature, 
nutrient availability, and habitat change (James and Bone, 2010), as well as 
hydrodynamic processes. 
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The Geographe Bay coastline is backed by a series of low relief coastal aeolianites 
and dunes (Brooke et al., 2014), with sections of the coast presently experiencing 
coastal erosion, the cause of which is still poorly understood (Geographe Catchment 
Council, 2008; Barr and Eliot, 2011, Barr et al., 2017). Thus there is a need to better 
characterise the offshore sediment resources as a potential reservoir of high-quality 
sand for coastal nourishment and shoreline restoration, particularly in a context of 
the coastal response of a sediment-starved coast under rising sea levels and 
changing wave climates. 

The aim of this study was to better understand local coastal evolution, the sediment 
resource potential of Geographe Bay, and the influence that geomorphology, 
hydrodynamics and habitat have on sediment mobility and onshore transport. During 
this study, an integrated approach was adopted, combining high-resolution 
bathymetry, sedimentological analysis, hydrodynamic data and high-resolution 
reflection seismic images, conducted between Busselton and Port Geographe 
(Geographe Bay, Rottnest Shelf, south-west Western Australia). 

2. Regional settings 

2.1. Coastal physiography 
Geographe Bay is a 90 km long, J-shaped bay with a WNW aspect in the north and 
NW through to NE aspect in the south (Figure 5.1). The nearshore bathymetry is 
relatively simple with a shallow dipping seabed reaching 30 m depth, about 15 km 
from the coast. However, the south westernmost section between Dunsborough and 
Cape Naturaliste is characterised by fairly steep nearshore bathymetry with water 
depths reaching 40 m within 1 km of the coast (Figure 5.1).  

The region is characterised by a Mediterranean climate, warm and dry between 
November and March (summer) and cool and wet in winter (Bureau of Meteorology - 
Australia, 2011). There is only one permanent river (Capel River) that discharges 
directly into the ocean, the other waterways are ephemeral or seasonal and flow 
mainly into drains (White and Comer, 1999. Figure 5.1). Extensive seagrass 
meadows (Posidonia sinuosa and Amphibolis antarctica) represent the major 
benthic habitat within the Bay, covering more than 90% of the seabed between 0 m 
and 10 m below sea level (Van Niel et al., 2009). The seagrass coverage decreases 
progressively northward and with depth, down to 30 m below sea level (BSL. 
Oldham et al., 2010). 

Geographe Bay, like in the rest of south-western Australia, experiences a diurnal 
microtidal regime with a spring tidal amplitude on the order of 0.6 m (CSIRO, 2015). 
Winds are mainly seasonal: the summer period is dominated by a relatively light to 
moderate S to SW offshore sea breezes (up to 15 m/s, in the afternoon) while strong 
W to NW winds (up to 25 – 30 m/s) associated with cold fronts occur periodically 
during the winter months (Fahrner and Pattiaratchi, 1994; Oldham et al., 2010). The 
wave regime is mainly dominated by the seasonal winds, with waves typically 
reaching heights of up to 2 m in winter and less than 1 m in summer (near the 
shoreline. Fahrner and Pattiaratchi, 1994; Oldham et al., 2010). The surface waves 
are also influenced by oceanic SW swell, with Cape Naturaliste refracting the waves 
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into Geographe Bay, protecting the coast from the prevailing long period ground 
swell (Fahrner and Pattiaratchi, 1994; Oldham et al., 2010).  

Coastal currents and water circulation patterns are mainly induced by wind-driven 
effects, including storm waves, sea breezes, Coriolis force and local bathymetry 
(Fahrner and Pattiaratchi, 1994; Oldham et al., 2010). These metocean processes 
generate eastward to north-eastward longshore currents that influence sediment 
transport, control the seafloor sediment characteristics and are ultimately reflected in 
the sedimentary record (Paul and Searle, 1978; Hamilton and Collins, 1997; Oldham 
et al., 2010). 

The seagrass meadows also have a significant role in the overall hydrodynamic 
conditions of the Bay, attenuating wave and current energy and sediment particle 
transport (McMahon et al., 1997; Oldham et al., 2010). 

 

Figure 5.1. Geographe Bay map showing simplified surface geology (redrawn after Playford at 
al. 1976), localities (red labels) and bodies of water (black labels). 1 Cape Naturalist, 2 
Jingarmup Creek, 3 Dunsborough, 4 Toby Inlet, 5 Toby drain, 6 t, 7 New River, 8 Vasse-
Diversion drain, 9 Busselton and Busselton Jetty, 10 Vasse River, 11 Port Geographe Marina, 12 
Vasse-Wonnerup Estuary, 13 Sabina River, 14 Abba River, 15 Lundlow River, 16 Capel River, 17 
Mile Brook diversion, 18 Point Casuarina (Bunbury). A1, A2 and A3 are the seismic survey 
locations. Geophysical survey track plot are also marked. Hydrography: Linear (Hierarchy) 
(DOW-029) (29-10-2008 12:18:04) from Shared Location Information Platform (SLIP) (WMS 
Server: https://www2.landgate.wa.gov.au/ows/wmspublic?; Service Name: SLIP Public Web 
Map Service (ISO 19115 Categories)). Simplified bathymetric contours are shown (source: 
Department of Transport).  

2.2. Coastal Geology and Geomorphology 
Geographe Bay is located along the SW Australian continental shelf margin 
(Fairbridge, 1961; Baker et al., 2005), and situated within the southern Perth Basin, 
a Phanerozoic, intensely faulted half-graben, infilled with a 15 km thick sedimentary 
sequence of Palaeozoic to Early Cretaceous clastics, and Early Cretaceous to 
Holocene carbonates (Collins and Baxter, 1984). The area has been relatively 
tectonically stable since the Mid-Pleistocene (Playford et al. 1976, Szabo, 1979; 
Kendrick et al., 1991; Stirling et al., 1995; Baker et al., 2005; Brooke et al., 2014). 
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The Early Cretaceous Leederville Formation, which consists of fine- to medium-
grained quartz sandstone, interbedded with shale, is believed to be mainly non-
marine, with occasional marine or shallow near-shore marine horizons (Playford et 
al., 1976; Deeney, 1989; Hirschberg, 1989; Schafer et al., 2008). This formation is 
unconformably overlaid by Quaternary superficial formations, predominantly sand 
and limestone in the west, and lacustrine clays in the east (Deeney, 1989; 
Hirschberg, 1989). The superficial deposits, collectively known as the Kwinana 
Group form the Swan Coastal Plain, a narrow strip (10–15 km wide) of reworked 
Quaternary sediments that comprise shallow marine and littoral deposits and 
associated fossil aeolian dunes that run sub-parallel to the coastline (Collins, 1988; 
Commander, 2003). Fluvial, alluvial and lacustrine deposits are also present 
(Playford et al., 1976; Hirschberg, 1989). This shoreline succession becomes 
progressively youner and decreases in elevation westward and comprises the Early 
Pleistocene Ridge Hill Shelf (Ridge Hill Sandstone), the Middle Pleistocene 
Yoganup Shoreline deposits (Yoganup Formation), the Bassendean, Spearwood 
and Quindalup Dune Systems, respectively Bassendean Sand, aeolian limestone 
and yellow sand of Tamala Limestone (both Middle to Late Pleistocene in age) and 
Holocene marine and aeolian parabolic dunes and sands of Safety Bay Sand, all 
described by Playford at al. (1976) and Commander (2003. Figure 5.1).  

The Rottnest Shelf, defined by Carrigy and Fairbridge (1954), forms the marine 
equivalent of the Swan Coastal Plain and can be subdivided into three main 
bathymetric provinces: the Inner Shelf, which extends from 0 to 100 m in depth, 
where submerged terraces and ridges formed during past periods of low sea level 
are observed (Figure 5.1), the Outer Shelf that ends with the shelf-slope break at 
170 m, and the Upper Continental Slope (Collins, 1988). Traces of subaerial erosion 
are recognisable in remnant subaqueous features such as reefs, shore-parallel 
ridges and barrier dune systems (Collins, 1988; Playford, 1997; Brooke et al., 2010).  

3. Methods  

3.1. Seafloor mapping 
In 2016, the Department of Transport (DoT, WA) acquired and processed 
bathymetric datasets, during multiple LiDAR (Light Detection and Ranging), 
multibeam and Laser surveys (Coastal Information, DoT, 2016). The high-resolution 
data have a horizontal sounding density of 5 m x 5 m and cover the nearshore 
seafloor up to about 30 m of water depth (Coastal Information, DoT, 2016). 

During this study, a map of the main seafloor features was produced through a 
visual interpretation of the bathymetry, using ESRI’s ArcGIS Desktop 10.5. The 
geomorphological features were manually outlined at a 1:10,000 scale and include 
sandbars, palaeochannels and ridges.  

The morphological information was used to determine the areas within the Bay to 
carry out the following seismic survey, based on different characteristics of the 
seafloor.  
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Three distinct areas were selected for detailed seismic investigation and sediment 
sampling (Figure 5.1):  

- Area 1 (A1), located in the westernmost portion of the investigation area, is 
characterised by a high concentration of sandbars, oblique to the shoreline. 

- Area 2 (A2), situated 6 km seaward from the Busselton Jetty, has numerous 
deep-water (~20 m) ridges and palaeochannels. 

- Area 3 (A3), located in front of the Capel River mouth, is distinguished by 
several shallow-water (<10 m) ridges and palaeochannels.  

3.2. High-resolution shallow seismic data acquisition 
A total of 71 km of high-resolution reflection seismic profiles were acquired, between 
the mouths of Buayanup drain and Capel River (A1, A2 and A3. Figure 5.1). The 
main track orientations were parallel and perpendicular to the coastline, to capture 
most elements of the sub-seafloor morphology. In A1, the seismic survey covered 
16 km, mainly oriented NNE-SSW, from a water depth of 5 m to 10 m. A total of 15 
km of seismic profiles were collected within A2, in relatively deep waters (~15-22 m). 
A3 comprises 40 km of seismic tracks, mainly orthogonal to the coastline, between 
~8 and 22 m of water depth. 

The seismic survey was undertaken using an Applied Acoustic Boomer System 
(Applied Acoustic Engineering Limited, Great Yarmouth, UK), comprising an energy 
source (CSP-P 300) and a sound source (AA201 boomer plate), mounted on a 
surface tow catamaran. An 8-element hydrophone streamer was employed as 
receiver. A GNSS (Global Navigation Satellite System) receiver Trimble NetR9 was 
interfaced to the acquisition workstation, broadcasting NMEA string to the 
geophysical software (SonarWiz 6 V6.01.0024, Chesapeake Technology Inc.). Data 
was digitally recorded in Seg-Y format, and a real time quality control (QC) was 
done during data collection.  

SonarWiz 6 was also employed as post processing software. The first step of post 
processing was bottom tracking, which is used to digitise the seafloor reflector that 
represents the altitude of the receiver from the sea bottom (essentially the water 
depth). In the second step, standard signal processing procedures, such as 
application of an automatic gain correction algorithm (from tracked seabed 
downwards) and enhancing the contrast within the seismic profiles, were applied to 
improve the signal to noise ratio. In the final step, sub-bottom horizons were 
digitised with manual picking. The following stratigraphic interpretation was 
performed using pre-existing literature as no dating has been undertaken for this 
research. Based on the local geology and previous studies on speed of sound in 
sediments (see Whiteley and Stewart, 2008; Duncan et al., 2009; Duncan and 
Gavrilov, 2012), the depth below the seafloor and the sediment thickness values 
were converted from milliseconds to metres, using an estimated propagation 
velocity of 2000 m/s, with a margin of error of the order of ± 50 m/s, which translates 
as a vertical error of 0.5 m. 
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3.3. Sediment sampling and analysis 
A pipe dredge was used to collect 17 unconsolidated surficial sediment samples 
along areas A1 (10 samples) and A2 (7 samples). Sampling location coordinates 
were recorded directly into SonarWiz 6, using the same positioning system used for 
the seismic survey.  

The samples were dried and sieved using a mechanical shaker, over 63 μm, 125 
μm, 250 μm, 500 μm, 1 mm and 2 mm, and examined using a stereoscopic light 
microscope (Leica EZ4). Analysis of the sediments included an evaluation of colour 
using the Munsell Soil Chart (Munsell, 1954), estimation of shape 
(roundness/sphericity of individual grains) and identification of the mineral and 
biogenic components.  

4. Results  

4.1. Shallow stratigraphy  
The shallow seismic survey allowed the characterisation of the internal architecture 
of the sub-surface succession and identification of stratigraphic features, down to a 
depth of approximately 30-40 m below the seafloor. The sub-surface succession can 
be divided into three discrete seismic units (from bottom to top: B, P and H), 
bounded between two main acoustic reflectors (TB and TP, respectively. Figure 
5.2). Two minor reflectors (TP1 and TP2) have been also detected along the survey 
area, within Unit P. Following, acoustic and geometrical characters of reflectors and 
units are described.  

4.1.1. Unit B 
TB (depicted in green, during the seismic interpretation. Figure 5.2) is the deepest 
reflector recognised in the study area, ranging between ~27 m BSL (below sea 
level) in A2 and ~47 m BSL in A3. Where detected, TB appears to be mostly 
relatively flat. In A2 and A3, where profiles orthogonal to the coastline are longer 
(between 2.5 and 6 km of length), TB is clearly seen deepening offshore, laying sub-
parallel to the modern seafloor. In several coastal-parallel profiles, channel incisions 
are recognised. No other main seismic reflectors can be recognised below TB, for 
this reason, TB can be considered the top boundary of the acoustic basement (Unit 
B).  

4.1.2. Unit P 
Reflector TP (shown in orange. Figure 5.2) is well resolved in area A1 and in the 
profiles close to shore in A3. This horizon is undulated to irregular, with several 
depressions and incisions and marks the top of Unit P, which is bounded between 
TP and TB. The internal structure of Unit P varies across the survey area and 
ranges from chaotic or reflection-free, to poorly or moderately stratified. Two minor 
reflectors can be occasionally recognised within this unit (TP1 and TP2). TP1 is 
mostly recognisable near shore, especially in A3 (depicted in yellow in the seismic 
interpretation. Figure 5.2). This secondary reflector is generally flat, with occasional 
channel-like depressions, up to 250 m wide and 11 m deep. TP2 is mainly 
observable in A2 and A3 (highlighted in pink in the interpreted seismic profiles. 
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Figure 5.2) and, similarly to TP1, it appears relatively flat, with occasional 
depressions (up to 7 m deep. Figure 5.2C).  

 

Figure 5.2. Example of seismic profile, showing the two main seismic reflectors depicted in the 
survey area (TP and TB) and two secondary reflectors (TP1 and TP2). It is not possible to depict 
the base of Unit B underlying the acoustic reflector TB and, for this reason, it can be 
considered the acoustic basement of the survey area. A: Seismic tracks for Area 3. The location 
of the profile reported in C-D is highlighted in green (SOL: start of line, EOL: end of line). B: 
Ortophoto from SLIP (Shared Land Information Platform) Enabler portal, Landgate Imagery 
Bunbury 2031 Oct Nov 2010 Mosaic). The buried palaeochannel is clearly visible when plotting 
the depth of the reflector TP2 (from sea level). C-D: uninterpreted and interpreted seismic 
profile. Note the well-defined buried palaeochannel. The vertical axis corresponds to the depth 
BSL and the scale is in metres. The sound velocity in the sediments is equivalent to ~2000 m/s. 
The horizontal axis represents the distance covered by the vessel and the scale is in metres. 
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4.1.3. Unit H 
Unit H is bounded between the seafloor and the reflector TP. Where TP is detected, 
it is possible to calculate the thickness of this surficial unit, which ranges from less 
than 50 cm to a maximum of about 6 m, averaging between 1 and 3 m. A strong 
return signal of the seafloor, seabed multiples and local poor imaging mask this unit 
(and consequently the ability to detect the underlying horizons TP and TB). In 
addition, it is likely that in some areas, especially in the offshore profiles, Unit H is 
too thin to be detected with the equipment used (vertical resolution of the boomer is 
approximately 30 cm) or not present at all; these uncertainties made the 
interpretation of Unit H potentially ambiguous. Occasionally, parallel stratified 
reflections can be identified within Unit H.  

4.2. Seabed features 
High-resolution bathymetry highlighted three main geomorphic features that 
characterise the seabed morphology in Geographe Bay, these are sandbars, 
palaeochannels and ridges (Figure 5.3). 

 

Figure 5.3. Composite bathymetric data (from DoT) overlaid by seabed features. White areas: no 
data. Profile A-B: see Figure 5.4. Profile C-D: see Figure 5.5. Profile E-F: see Figure 5.6. 

4.2.1. Sandbars 
The sandbars and associated swales are near-continuous linear features that 
extend obliquely (acute angle to the shoreline of 15-30 degrees) from nearshore, up 
to ~6 km seaward (between Geographe and West Busselton), to a depth of 10 m. 
They are mainly located in the south-western portion of the bay, with the 
easternmost sandbar lying in front of the northern tip of Vasse-Wonnerup Estuary 
(location 12 in Figure 5.1 and Figure 5.3). The distance between successive 
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sandbars increases in a north-easterly direction, ranging from about 250 m to more 
than 1.5 km. These sandbars greatly vary in size, ranging between about 100 to 300 
m in width, with a relief above the seabed of up to ~3 m, thinning seaward. They are 
generally asymmetrical, with an almost bare stoss flank and a vegetated lee side 
(Figure 5.4). 

 

Figure 5.4. Profile A-B: sandbars, for location refer to Figure 5.3. Length: ~1755 m. Top: 
orthophoto from SLIP Enabler portal (Landgate Imagery). Darker colours represent areas 
covered with seagrass meadow. Pink dash line depicts the crest of the sandbars. Bottom: 
uninterpreted and interpreted seismic profile showing the buried architecture below the 
sandbars. The reflector TP is almost flat; conversely, reflector TP1 is irregular with a possible 
palaeochannel, marked with dash line. Refer to Section 4.1 for more information about these 
reflectors.  
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4.2.2. Palaeochannels  
The high-resolution bathymetric and seismic images revealed the presence of 
several buried and surficial palaeochannels, assembled predominantly around Area 
1 and Area 3, respectively (see surficial palaeochannels marked in light blue in 
Figure 5.3 and Figure 5.5). The surficial features have a variable length, from a few 
hundred metres to ~6 km, and are generally perpendicular to the coastline and quite 
shallow, with an average depth ~1 m below the surrounding seabed.  

 

Figure 5.5. Profile C-D: palaeochannels, for location refer to Figure 5.3. Length: ~2175 m. Top: 
composite bathymetric data (from DoT) through the offshore channel. The light blue dash line 
depicts the thalweg of the surficial channel. Bottom: uninterpreted and interpreted seismic 
profile revealing a deeper buried palaeochannel. In addition, it is also evident that the 
palaeochannel recognisable from the bathymetric data is almost entirely infilled with sediments 
belonging to Unit H (refer to Section 4.1.3 for more information about these reflectors). 
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4.2.3. Low-relief ridges 
Further significant geomorphic features that characterise the seabed in Geographe 
Bay are the linear, shore-parallel, low-relief ridges (Figure 5.6).  
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Figure 5.6 (Previous page). Profile E-F: ridges, for location refer to Figure 5.3. Length: 1215 m. 
Top: composite bathymetric data (from DoT). Yellow dash line depicts the crest of the ridges. 
Note: the layout of the map has been rotated by an angle of 270° to match the orientation of the 
seismic profile. The north arrow has been adjusted accordingly. Bottom: uninterpreted and 
interpreted seismic profile displaying the sub-surficial architecture; note Units P and H are not 
clearly discernible, probably due to the fact that H is too thin for the equipment capabilities 
(refer to Section 4.1 for more information about the seismic reflectors). 

Two distinct groups are observed: the deep-water ridges, that lie between 6 and 9.5 
km from the shoreline, at a depth of ~15 to 20 m, and the shallow-water ridges 
which are found only in the north-eastern portion of the Bay and are located within 1 
km from the coast, in water depth < 7 m (Figure 5.3). Cross-section transects 
indicate that the ridges have an uneven profile, with an almost flat top, a steep stoss 
end landward and a gentle lee slope seaward (Figure 5.6), with a relief of less than 
3 m. The deep-water ridge crests are between 200 and 900 m apart, while the 
shallow-water ridges are more closely spaced, and their crests are between 100 and 
500 m apart. 

4.3. Sediment distribution 
In A1, the samples collected along the sandbars range mainly from coarse (1-0.5 
mm, in green) to medium size (0.5-0.25 mm; purple fraction in Figure 5.7). Very 
coarse material (> 2 mm) is entirely constituted by biogenic skeletal grains that are 
highly variable in size (up to 3.5 cm in diameter) and consist of mainly fragments or 
whole gastropods, but also including bivalves, foraminifera and scaphopoda. 
Overall, the sediments are pale yellow (Munsell colour: 10YR, 8/3 to 7/4). The 
mineral composition is mixed carbonate-silicate sands, dominated by quartz, which 
reaches ~60% of each bulk sample. In the finer fraction, quartz is dominant, 
representing about 85-90% of the sediments having grain dimensions < 1 mm. The 
quartz grains generally display a medium to low sphericity and are predominantly 
sub-angular to rounded in shape. They are mainly white (clear, translucent to 
frosted), often with crescentic impact marks, but occasionally, they appear frosted 
and yellow, orange to light brown. The remaining sediments comprise bioclasts 
(especially in samples 3, 4 and 6), minor feldspar, rock fragments, possible 
red/brown garnet and black heavy minerals, particularly in finer grains.  

Finer siliciclastic sediments (medium to fine sand) are more dominant on top of the 
sandbars. Coarse and very coarse material, generally bioclastic in origin, tends to 
accumulate in the swales between sandbars, such as in samples 3, 4 and 6 (Figure 
5.7). 

In A2, the sediments sampled from the top of the deep-water ridges are coarser and 
contain a larger amount of quartz than along the sandbars (Figure 5.8) in which finer 
particles are also present. The quartz grains range from colourless, yellow, red to 
brown in colour and they are generally translucent to transparent, sub-rounded to 
well-rounded, with variable sphericity. The biogenic fragments include broken 
mollusc shells, foraminifera and coralline algae. Bryozoans and larger lithified 
fragments are also present; the latter consists of a mixture of detrital quartz and 
sand-sized biogenic fragments, with carbonate cement (calcite), indicating the 
calcarenite origin of the hard surface close to the seafloor. The biggest piece of this 
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calcarenite (10 x 6 x 1.5 cm) was collected in sample 14. No plant remains were 
found in these deep-water samples. 

Grain size of sediments around the deep-water ridges decreases seaward, where 
medium sand content increase (for instance, sample 11, Figure 5.8). The availability 
of unconsolidated sediments also diminishes further offshore; in fact several 
attempts at sediment sampling were made, but were unsuccessful, due to the 
indurated nature of the seafloor. Like the sandbars, material with a larger grain size 
is found in depressions (samples 12, 15, 16 and 17) and finer material on top of 
topographic elevations (i.e. sample 14). 

 

Figure 5.7. Surficial sediment distribution superimposed on composite bathymetric data (from 
DoT). Each pie chart illustrates different grain size distribution in the sediments collected in 
Area 1. Sediments range mainly from coarse sands (1-0.5 mm, in green) and medium sands 
(0.5-0.25 mm, in purple). Note: sample 7 included only seagrass specimens.  

 

Figure 5.8. Surficial sediment distribution superimposed on composite bathymetric data (from 
DoT). Like in Figure 5.7, each pie chart illustrates different grain size distribution in the 
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sediments. In Area 2, sediments range mainly from very coarse sands (1-2 mm, in red) and 
coarse sands (1-0.5 mm, in green). The black cross symbols represent stations where sampling 
was unsuccessful due to the hard substrate. The green line marks the location of the seismic 
profile depicted in Figure 5.12. SOL: Start of Line; EOL: End of Line. 

5. Discussion  
In several places, no reflectors could be identified beyond the seafloor due to a 
combination of factors that significantly reduced the quality of the seismic imaging. 
Hard bottoms and lack of velocity contrast between the buried lithologies are 
believed to be the main causes of signal attenuation and scarce penetration; in 
addition, dense seagrass is likely to have affected the propagation of the signal, 
causing scattering and consequent deterioration of the quality in the acquired 
profiles. Presence of multiples of the seabed represents an additional issue in some 
profiles as the reflections mask the deep reflectors (refer to Kearey et al., 2002).  

While no coring or dating has been performed for this specific study, the nature and 
age of the buried geology and the low-relief ridges have been inferred by analysing 
previous works and investigations that have been carried out along the inner shelf 
and Swan Coastal Plain between Geographe Bay and Rottnest Island (including 
Probert, 1967, Playford et al., 1976; Wharton, 1981; Commander, 1982; Wharton, 
1982; Deeney, 1989; Hirschberg, 1989; Collins and Baxter, 1984; Hamilton and 
Collins, 1997; Johnson, 2002; Schafer et al., 2008; Brooke et al., 2010; Brooke et 
al., 2014. See Figure 5.1 for localities geographic position). Interpretation of the 
geomorphological features has been supported by the findings of Brooke et al. 
(2010; 2014). These authors carried out an extensive investigation of the 
morphostratigraphy of shore-parallel relict barriers and ridges, between Hillarys (30 
km north of Rottnest Island) and Cockburn Sound (up to 50 km south of Rottnest 
Island), using bathymetric and topographic digital relief models and previously 
acquired dating (from Price et al. 2001 and Hearty, 2003). The findings of Skene et 
al. (2005), about 100 km north of the survey area (in Cockburn Sound), from several 
shallow cores (up to 6 m long), provide valuable insights into the sub-seafloor 
deposits of south west Australia and were used to support the interpretation of 
shallow stratigraphy proposed in this study. Finally, of fundamental importance for 
the inferred chronostratigraphy of the survey area, are the geotechnical, 
sedimentological and palynological data obtained through the “Quindalup borehole 
line project” and the “Busselton shallow-drilling project”, carried out along the Swan 
Coastal Plain, between Dunsborough and Capel (refer to Figure 5.1 for the location 
of these areas), as part of an assessment of the groundwater resources of the Perth 
Basin (Wharton, 1981; Wharton, 1982; Hirschberg, 1989). Although the majority of 
these studies were investigating groundwater aquifers, the findings derived by 
collecting terrestrial borehole sediments can be extended to the marine nearshore 
area, due to their proximity to the coastline. In Wharton (1981), Wharton (1982) and 
Hirschberg (1989), three boreholes were drilled near the shoreline adjacent to Area 
1 (just west of Busselton, Figure 5.1 and Figure 5.9) and showed that the shallow 
stratigraphy, up to 50 m below the Australian Height Datum (AHD) includes three 
different units, from the oldest to most recent 1) the Early Cretaceous Leederville 
Formation (Unit B, basement), 2) the Pleistocene Tamala Limestone (up to 15 m 
thick) and the 3) Holocene deposits (maximum thickness of 10 m. Figure 5.9). 
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Figure 5.9. Top: uninterpreted seismic profile. Bottom: interpreted seismic profile. The vertical 
axis corresponds to the depth below sea level and the scale is in metres. The sound velocity in 
the sediments is equivalent to 2000 m/s. The horizontal axis represents the distance covered by 
the vessel and the scale is in metres; in the insert location of the line, recorded in Area 1. The 
dots represent the boreholes collected by Wharton (1981), Wharton (1982) and Hirschberg 
(1989). Orthophoto section from SLIP (Shared Land Information Platform) Enabler portal, 
Landgate Imagery (Busselton Shire Jan 2016 Mosaic). 

5.1. Unit B: Leederville Formation 
Based on the sedimentological records, the newly acquired seismic data and the 
literature available (e.g. Probert, 1967, Wharton, 1981; Wharton, 1982; Deeney, 
1989; Hirschberg, 1989; Collins and Baxter, 1984; Hamilton, N.T.M. and Collins, 
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L.B., 1997), the intensely scoured Unit B is reasoned to belong to the Leederville 
Formation, an Early Cretaceous sequence of interbedded sandstone with siltstone 
and claystone (Cockbain and Playford, 1973; Playford et al., 1976). In Figure 5.9, 
three of the numerous boreholes analysed by Wharton (1982) and Hirschberg 
(1989) are reported. These authors described the sequence of this formation as 
weakly consolidated, fine to coarse sandstone interbedded with silty dark 
carbonaceous shales. Accessory minerals, including heavy minerals, feldspar and 
pyrite, are common (Wharton, 1981; Wharton, 1982; Hirschberg, 1989). It is likely 
that the heavy minerals found in the surficial sediments, collected in Area 1 and 
Area 2, are derived from the erosion of the Leederville Formation, during the Plio-
Pleistocene, when several cycles of sea level variation have controlled the 
deposition and reworking of these minerals, especially along the shoreline (Collins 
and Baxter, 1984).  

The borehole logs also showed that the Leederville Formation is unconformably 
overlain by the Pleistocene formation of Tamala Limestone (Wharton, 1981; 
Wharton, 1982; Hirschberg, 1989). 

5.2. Unit P: Tamala Limestone 
Based on the findings of Wharton (1981), Wharton (1982) and Hirschberg (1989), it 
is possible to assume that Unit P corresponds to Tamala Limestone. These authors 
described the formation as light-brown to orange, fine to coarse, bioclastic sand and 
limestone. Several other studies that have investigated the sub-surficial geology of 
Geographe Bay and adjacent areas, support the proposed interpretation of Unit P, 
including Paul and Searle (1978), Searle and Semeniuk (1985), Collins (1988) and 
Skene et al. (2005). The latter carried out an extensive coring program in Cockburn 
Sound and intersected the top of Tamala Limestone in several cores.  

Tamala Limestone lies in a coastal strip, roughly parallel to the present shoreline, up 
to 10 km wide toward the inland and 30 km offshore (inner shelf, Brooke et al., 
2010) and outcrops for several hundred kilometres along the WA coast (more than 
1000km), from the South West to Shark Bay in the north (see Figure 5.1, right 
bottom corner for place location). This formation represents a series of shorelines 
and associated aeolianite build-ups (cemented dunes), composed of coastal 
carbonates and quartzose sand (Brooke et al., 2010), deposited during Pleistocene 
marine transgression events (Brooke et al., 2014). 

Since Tamala Limestone is strongly diachronous, with a deposition time spanning 
from Mid-Late Pleistocene to Early Holocene (Murry-Wallace and Kimber, 1989; 
Brooke et al., 2014; Gozzard, 2007) the minor reflectors within Unit P (TP1 and TP2) 
likely represent different periods of deposition, diagenesis and erosion of this 
formation and reflect different stages of sea level; features such as palaeochannels 
are the confirmation of these oscillations. Palaeochannels have been, incised during 
lowering sea level and successively infilled by more recent sediments and are 
common within Unit P (see Figure 5.2).  
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5.3. Unit H: Holocene unit 
It can be assumed that the sediments belonging to Unit H are a thin blanket of 
Holocene deposits, over Tamala Limestone.  

Several authors have investigated the marine Holocene deposits along WA, in order 
to understand the timing of the coastal flooding. For instance, Baker et al. (2005) 
dated relict formations of inter-tidal serpulid tubeworms (vertical resolution as sea-
level indicators: ±25 cm. Baker and Haworth, 1997, Baker and Haworth, 2000; 
Baker et al., 2001) from 21 locations along southern WA, from Rottnest Island to 
Esperance (see Figure 5.1 for their location). Their research demonstrated that sea 
level peaked about 2.0 m above present between 6600 and 6800 years Before 
Present (BP), followed by an uneven fall to the present. Notably, a similar timing and 
elevation of the peak Holocene sea level was identified by Jahnert and Collins 
(2013) and Bufarale and Collins (2015) in Shark Bay. According to the composite 
Holocene sea level curve for the Houtman Abrolhos Islands (WA, Collins et al., 
2006. Location in Figure 5.1), it is likely that the sea inundated the inner shelf in 
Geographe Bay during the Early Holocene, around 10 thousand years (ky) ago, 
when the base (sea) level reached the modern isobath of 20 m.  

From the sediment analysis, it is possible to conclude that the deposits are a mixture 
of relict siliciclastics, with a variable component of biogenic grains. Relict quartz 
grains have been deposited on the shelf by fluvial systems during lowstand and 
remobilised nearshore forming sandbars, during transgression and through the 
Holocene; the thin ferruginous coating on the grains in Area 2 suggests that the 
sediments are reworked material of the Cooloongup Sand, a unit derived from the 
residual material of Tamala Limestone (Lipar and Webb, 2014). The light yellow to 
cream quartzose sediments in Area 1 may have originated from the reworking of the 
Burragenup Member, a Holocene unit of the Safety Bay Sand, composed of 
remnants of cemented dunes (Lipar and Webb, 2014). The carbonate grains are 
instead more recent and linked with the development of the seagrass meadows. It is 
important to recognise that seagrasses not only produce in situ biogenic deposits, 
but also represent significant trapping and binding agents of the unconsolidated 
sediments (Hendriks et al., 2008; Gibbes et al., 2014; Bufarale and Collins, 2015).  

Unit H cannot be clearly recognised in deeper water (in A2 and part of A3, between 
15 and 20 m BSL), using a seismic device. This is an important observation 
suggesting a very limited Holocene sediment reservoir at depths. In an essentially 
sediment-starved environment like Geographe Bay, where the riverine input of 
siliciclastic sediments is limited, it is possible to credit the importance of seagrass as 
a key-feature in sediment production and deposition. This remark is in apparent 
contrast with the results of the sediment analysis, which saw quartz as the dominant 
component. In practice, it is likely that hydrodynamic sorting affects the lithology 
distribution. Bioclasts and quartz have in fact, significant hydrodynamic differences: 
carbonates are less dense, platy and have a greater surface area, therefore easily 
subject to a hydrodynamic sorting, whereas quartz grains are denser and less prone 
to be transported (Longhitano, 2011; Chiarella et al., 2012). As a result, the 
carbonate sediments are reworked and transported onshore by waves (Brooke et 
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al., 2014), and siliciclastic grains, instead, remain trapped within the sandbars, 
which act as a primary sediment sink, in the inner continental shelf. 

6. Geomorphological features 
The end of the MIS 5e climatic optimum (~118 ky BP) was characterised by a rapid 
marine regression, coinciding with an insolation minimum and cooler global 
temperatures (Lambeck and Chappell, 2001; Lambeck et al., 2002; Bianchi and 
Gersonde, 2002; Hearty et al. 2007). For the following ~110 ky, up to ~ 7 ky BP, the 
sea level was lower than the present (Collins et al., 2006; Jahnert and Collins, 2013; 
Bufarale et al., 2017). During this time, Capel and other river systems in the region 
deposited siliciclastic sediments on the shelf, and waves and currents mobilising 
terrigenous grains longshore, trapping some in Geographe Bay. The coarse river 
gravel remained mainly confined in the palaeochannels or topographic lows and the 
finer grain sediments were deposited on the palaeo-shoreface and then worked 
along the coast. During the sea level oscillations that characterised the late 
Pleistocene/Early Holocene, the siliciclastic material has been intensively reworked 
(and rounded) and being transported seaward by fluvial and aeolian processes 
under falling sea level and landward by waves and currents under rising sea levels. 

Around 10 ky BP, the marine transgression led to significant changes in terms of 
sediment erosion, transport and deposition in Geographe Bay. The inner shelf 
became submerged and waves and currents started to mobilise the unconsolidated 
siliciclastic grains, forming longitudinal sandbars, which are presently aligned with 
prevailing wave direction and partially covered with seagrass. Conversely from the 
ridges, these features are likely to have a quartz-dominated core, with a veneer of 
carbonate material. It must be noted that, although the sediment directly beneath the 
seagrasses was not sampled, samples from the exposed stoss side showed that the 
bar is quartz-dominated, confirming this interpretation. 

6.1. Sandbars 
In Geographe Bay, the oblique sandbars, first described by Paul and Searle (1978), 
are all subparallel to each other (Figure 5.10). Superimposing the sandbar map 
distribution (from Figure 5.10) to the mean wave direction chart (Figure 5.11), the 
interaction between these elements is highlighted, with the sandbars laying 
perpendicular to the mean wave direction. The mean wave direction chart shows 
how the south-westerly storm waves are refracted around Cape Naturaliste toward 
Geographe Bay coast (Pattiaratchi and Wijeratne, 2011), clearly playing a significant 
role in mobilising the sediments and creating the sandbars. These observations 
have been investigated by Pattiaratchi et al. (2011, 2015, 2017) to review the effect 
that the construction of Port Geographe had on the local shoreline evolution. Using 
a computer program simulating waves, flow and sediment transport, coupled with 
bathymetric and LiDAR data, these researches confirmed that sandbars, storm 
wave and currents have a strong mutual interaction. 

In addition, being a sediment-starved shelf, with medium to coarse grained sand 
dominating the unconsolidated sediment nearshore (as revealed from the sediment 
analysis; see Figure 5.7 and Figure 5.8), it is likely that, further north (i.e. in front of 
Capel River mouth), the finer sediment is kept in suspension above the seabed and 
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swept by waves and currents towards the southern part of the Bay, where due to a 
combination of coastal morphology, seagrass and hydrodynamic controls it is 
rearranged in linear sandbars, oblique to the coastline. This phenomenon has been 
noticed and described in several regions around the world, including in North 
Carolina (USA. Murray and Thieler, 2004) and New Zealand (Green et al., 2004), 
and interpreted as an association of longshore currents and large waves, with 
coarse material on the seafloor.  

 

Figure 5.10. Location of sandbars (pink dashed line) and buried palaeochannels (identified with 
the seismic profiles, marked in light blue dots) in area A1. Surficial palaeochannel incisions are 
also delineated (light blue dashed line). 
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Figure 5.11 (Previous page). Predicted mean wave direction during storm events (redrawn after 
Pattiaratchi and Wijeratne, 2011) with superimposed sandbar tracks. Note that the sandbars 
shift to a different angle according to the prevalent wave direction. 

6.2. Palaeochannels 
Surficial and buried incisions have been described in detail in several studies 
worldwide, using different methods, including bathymetric and seismic data. Ryan et 
al. (2007), for example, employed various bathymetric datasets to detect several 
palaeochannels between the Burdekin and Fitzroy Rivers (north-eastern Australia). 
Bufarale et al. (2017) mapped three sets of palaeochannels under the modern Swan 
River (Perth CBD, Western Australia) using a boomer system. Similarly, underwater 
seismic refraction was employed by Whiteley and Stewart (2008) to identify a major 
palaeochannel under the modern Lane Cove River (Sydney, New South Wales). 
McNinch and several other authors (McNinch, 2004; Browder and McNinch, 2006; 
Schupp at al., 2006; McNinch and Miselis, 2012; Thieler et al., 2014) have described 
buried palaeochannels and oblique sandbars, along North Carolina and Virginia 
(U.S. central Atlantic coast) using seismic profiles, combined with swath bathymetry 
and side-scan sonar images.  

Within the study area, several surficial and buried palaeochannels have been 
detected through high-resolution bathymetric and seismic datasets. Buried 
palaeochannels are mainly found in A1, where 6 incisions can be depicted in the 
seismic profiles (Figure 5.10). In A2 and A3, 4 and 3 main buried palaeochannels 
can be respectively recognised. In area A2, the westernmost buried palaeochannels 
appear to be the prolongation of channel 1 and 2 (Figure 5.10) seaward. In Area 3, a 
deep incision is clearly observed in the seismic profiles close to the shoreline 
(Figure 5.2). The palaeochannel is directly in line with the modern mouth of the 
Capel River, evidence that an ancient Capel River was active also in the past. At 
present, the incision is ~ 5 m deep, but considering that erosion of the upper part of 
the unit is likely to have happened, this channel and related palaeoriver might have 
been more significant, in terms of dimension, discharge and flow than the modern 
one.  

The buried and surficial palaeochannels typically follow the same course, indicating 
that the pre-existing topography may have shaped and influenced successive 
morphological features (Figure 5.12). 

Surficial incisions, recognisable in the high-resolution bathymetric composite 
images, are more numerous in Area3. The discrepancy is attributable to different 
Holocene thicknesses between the north-eastern A3 and the south-western A1. In 
the latter, where the Holocene unit is well-developed and a large amount of 
sediment is trapped along the sandbars, the palaeochannels have been infilled and 
covered up, and hence not recognisable within the bathymetric data, only in seismic 
profiles (Figure 5.13). In A3, on the other hand, strong coastal currents (Fahrner and 
Pattiaratchi, 1994) and an almost bare (from seagrass) seafloor (McMahon et al., 
1997; Oldham et al., 2010) have limited the deposition of the sediments that have 
been instead transported and deposited further south, leaving the surficial incisions 
more evident.  
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Figure 5.12. Seismic profile in A2 (for location see Figure 5.8) showing a seafloor palaeochannel 
that is the surficial expression of a buried incision, located underneath. 

 

Figure 5.13. Water depth and Unit H sediment thickness in Area 1. Orthophoto is from SLIP 
Enabler portal, Landgate Imagery (Busselton Shire Jan 2016 Mosaic). A) The water depth is 
shallower along the oblique sand bars and deepens eastward. The depth is in metres and 
calculated approximating the sound velocity in the water equivalent to 1500 m/s. B). The 
Holocene unit is very thin in deeper water and between the sandbars. The thickness values are 
expressed in metres, calculated approximating the sound velocity in the sediments to 2000 m/s. 
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The thickest sediments are found along the sandbars (red arrows) and palaeochannels (white 
arrows). 

In central-western Geographe Bay (near study area A1), similar to along the coasts 
of North Carolina and Virginia (U.S.A.; Browder and McNinch, 2006) and Paraná 
inner shelf (southern Brazil; Oliveira, 2015), buried palaeochannels and oblique 
sandbars are found adjacent (Figure 5.13). However, unlike what has been 
described in USA and Brazil, where palaeochannels have been argued to influence 
the development of shore-oblique sandbars (McNinch, 2004), in Geographe Bay this 
relationship is not significant as hydrodynamic conditions (waves and currents) are 
the main process involved in the formation of bottom geomorphology (Paul and 
Searle, 1978; Hamilton and Collins, 1997; Oldham et al., 2010; Pattiaratchi and 
Wijeratne, 2011). 

6.3. Submerged low-relief ridges 
As noted using the high-resolution bathymetric composite images, and also from the 
seismic profiles, small ridges can be recognised, corrugating the seafloor, near the 
coastline and into deeper water. The ridge complexes are topped by a veneer of 
Holocene deposits (especially thin in deep-water and toward the northern portion of 
the study area, near A2 and A3, respectively), but the core of the ridges appears to 
belong to Tamala Limestone.  

Shore parallel ridges are common structures along the Western Australian coast, 
both onshore (Commander, 2003) and submerged on the shelf (James et al., 1999; 
Twiggs and Collins, 2010; Brooke et al., 2010; Nichol and Brooke, 2011, Brooke et 
al., 2014), recording major past sea level changes. These geomorphological 
structures are relict landforms, like shoreface palaeodunes or beach ridges, which 
are commonly found in carbonate dominated, sediment-starved coasts (Reading, 
2009; Brooke et al., 2010) and record relatively stable episodes of regressive 
shoreline conditions, followed by transgressive erosion. Because of their low relief 
above the seabed and discontinuity, it is unlikely that these ridges have acted as a 
barrier inhibiting or trapping onshore sediment transport. 

Similar to the onshore Swan Coastal Plain, where sub-aerial coastal dune ridges 
become progressively younger from east to west (Commander, 2003), the 
submerged ridges also young in the same direction, recording Late Pleistocene 
relatively high sea level stages. Figure 5.14 displays a schematic cross section of 
the Late Quaternary geomorphological evolution from the northern portion of the 
study area (A3). The shallow-water ridges in the south (area A1) might have been 
eroded completely or covered by Holocene sediments.  

The shallow-water ridges were the first ridge complex to form. Toward the end of the 
MIS 5e-beginning of 5d, when the sea level was about 5 to 10 m lower than the 
present (Chappell et al., 1996), these barriers started their development, close to the 
innermost palaeo shoreline (Figure 5.14A). When the sea level further dropped, 
leaving these features exposed, cementation commenced. Similarly, the second 
ridge complex (deep-water ridges) established its shape in an analogous manner, 
during MIS 5c, when the sea level was 20-30 m below present (Chappell et al., 
1996; Creveling et al., 2017. Figure 5.14B). Up to ~10 ky BP, the inner shelf 
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remained mainly exposed, favouring the cementation of the ridges. When the sea 
level inundated the shelf (Early Holocene), erosion took place, leaving the lithified 
ridges asymmetric, with a flat top (Figure 5.14C).  

The chronostratigraphic interpretation of these geomorphic features is supported by 
a number of studies that have been carried out on similar structures along the WA 
coast, in particular in the South West (notably Brooke et al., 2010; Brooke et al., 
2014). These studies describe the chronology and the nature of three submerged 
ridge sets, between Rottnest Island and Cockburn Sound, from nearshore up to 50-
60 m of depth BSL. The two shallow structures are equivalent to the shallow-water 
and deep-water ridges described in the present study and the third set of ridges 
represent more recent (MIS 5a) features, not included in this investigation.  

Nevertheless, additional coring and dating of both the ridge complexes would help to 
further confirm this interpretation, also providing a better assessment of the Late 
Pleistocene evolution of the South West coast. 

 

Figure 5.14. Schematic model showing the onset and evolution of regressive beach ridges and, 
possibly sub-littoral deposits. The profile is a simplified cross section, located in proximity of 
A3, in the northern portion of the study area. Horizontal axis: ~9 km; vertical axis: depth values 
are in metres, referred to the present sea level (where 0 corresponds to modern mean sea 
level). The arrows represent the stage of sea level, in different time; red: falling sea level, blue: 
rising sea level. The figure has been drawn based on the data from this study and the 
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conceptual model proposed by Brooke et al. (2010) and Brooke et al. (2014) that these features 
described in detail. 

7. Conclusions  
Reflection seismic data, combined with high-resolution composite bathymetric 
datasets and sedimentological analysis, provided the following new insights into the 
inner continental shelf in Geographe Bay: 

1) Shallow architecture and stratigraphy has been revealed for the first time. 
The seismic profiles imaged three main sedimentary units, separated by 
unconformities and deposited under various sea level conditions, which 
include: 
- An acoustic basement (TB, Leederville Formation), dated back to the 

Early Cretaceous; 
- One intermediate unit (TP), belonging to Tamala Limestone, from Mid to 

Late Pleistocene; 
- A surficial unit (TH), deposited since Early Holocene, around 10 ky BP. 

2) The surficial sediments of the Holocene unit are dominated by quartz but 
also include a percentage of carbonates and other accessory minerals and 
rock fragments. Finer siliciclastic sediments are more dominant on top of 
topographic highs and sandbars. Coarse and very coarse material, mainly 
carbonate, tends to accumulate in the swales and depressions. These 
Holocene deposits are hence the result of a combination of erosion of older 
formations (mainly Tamala Limestone, although heavy minerals derive from 
the erosion of the Leederville Formation) and in situ accumulation of 
carbonates from seagrass and other benthic communities. 

3) Three main features that characterise the seabed are: 
- Several palaeochannels (buried and surficial), expression of previous 

sea level lowstands. 
- Near-continuous, asymmetrical sandbars and associated swales, that 

extend obliquely from nearshore to ~6 km seaward. These linear 
features are mainly located in the south-western portion of the bay and 
generally have an almost bare stoss flank and a lee side intensely 
colonised by seagrass; the sandbars are function of the a) local 
hydrodynamics, acting as a primary sediment sink of siliciclastic grains, 
with waves and currents (including longshore) influencing the 
geomorphology in the inner continental shelf; b) grain size and c) 
seagrass’ effect.  

- Two sets of shore-parallel, low-relief ridges, located at a depth of <10 m 
and ~20 m, respectively. They represent relict landforms, probably 
regressive beach ridges and sub-littoral deposits (paleo-dunes), 
belonging to Tamala Limestone. These geomorphological structures 
were formed during Late Pleistocene relatively high sea level stages 
(end of MIS 5e-beginning of MIS 5d and 5c, respectively) and 
subsequently cemented and subject to successive marine 
(transgressive) erosion; based on the morphology of these submerged 
strand plains, an abrasion surface characterises the top of these 
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features, where the top has been cut out, leaving the core or the base of 
the ridges.  

The data confirms that the shelf is essentially sediment-starved and the very limited 
Holocene sediments produced along the shelf, have then been reworked and 
transported onshore by waves. In terms of sediment resource potential, the 
sandbars are the reservoir of the sediment on the shelf, with the core likely to be 
quartz sand. 
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 Chapter 6 6.
 

Materials and Methods 
 “Measure what is measurable, and 

make measurable what is not so.” 
(Galileo Galilei) 

 
 

This section is a discussion of the equipment utilised during this thesis; a greater 
emphasis has been given to the geophysical methods as they constitute the main 
source of data used in each study area.  

Table 6.1 summarises the equipment used in each study area. 

Table 6.1. Investigation methods used for each study area.  

 

1. Geophysics and geophysical methods 
The term geophysics has been defined in many ways, using numerous approaches. 
Sheriff, in his Encyclopedic Dictionary of Applied Geophysics (2002), provided one 
of the most broad and commonly used definitions: “Geophysics is the application of 
physical principles to studies of the Earth”. This terminology embraces several 
branches, like seismology, geothermometry, gravity, geodesy, magnetism, physical 
oceanography, meteorology, geochronology, etc.  

In this thesis, the term geophysics has a much narrower definition. In particular, 
geophysics has been used as a complement to geology, to determine the internal 
structure of a feature beneath the seafloor and provide indications on the nature of 
the processes that produced the observed conditions (Matzner, 2001).  

Geophysical exploration techniques have benefits and limits. It is possible to 
measure physical properties and remotely make observations about the vertical and 
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lateral distribution of subsurfacial changes. These measurements are generally 
minimally invasive, relatively quick and more cost-effective and versatile than direct 
sampling and analysis (like drilling boreholes and cores. Mussett and Khan, 2000). 
The amount of acquired data is higher, thus subsurface anomalies and local 
features are more likely to be identified (Benson, 2005). In addition, geophysical 
techniques can be employed in a wide range of investigations, at different scales 
and studies, from crustal and upper mantle investigations to local engineering, 
environmental or archaeological surveys (Kearey et al., 2002). However, 
geophysical methods have some limitations: they provide evidence only of the 
present conditions (with the exception of geochronology and palaeomagnetism. 
Mussett and Khan, 2000); since they measure physical properties, a target, a 
specific geological feature or a geophysical anomaly cannot be detected if there is 
no measurable contrast with the background conditions or they are too small 
(Benson, 2005). In geophysical surveying, the interpretation of the data contains a 
certain degree of ambiguity, the conclusion can be non-unique (Kearey et al., 2002) 
and can suffer from noise or artefacts. Despite the intrinsic uncertainty in the 
interpretation, these survey methods represent an important tool in geological 
research (Kearey et al., 2002). 

The choice of a geophysical device is not standard but mainly site specific and 
linked to the scope of work. When planning a survey, it is crucial to choose the 
correct methods, taking into consideration the local conditions (geology, 
oceanography, physical parameters, logistics, etc.) and the features that have to be 
investigated (size, depth, resolution, etc. Benson, 2005; Felix et al., 2013). Where 
possible, different geophysical technologies are used in combination, in a number of 
stages, and also complemented by geological studies (ground truth, such as bore 
holes and coring), to enhance the investigation and reduce the ambiguity that may 
arise with only one method (Mussett and Khan, 2000; Kearey et al., 2002; Murray et 
al., 2005). 

Geophysical methods are generally classified as passive or active. Survey 
techniques included in the first group utilise natural fields of the Earth (gravitational, 
magnetic, electrical and electromagnetic fields) to search for buried geological 
features. Active methods require an artificially-generated energy source to provide 
information on the near-surface or deep geology (Kearey et al., 2002).  

Each technique measures a specific physical property that allows the detection and 
characterisation of a particular geological feature (Kearey et al., 2002). Table 6.2 
summaries various common geophysical methods, outing the physical parameters 
and properties measured during the study, the range and the main field of 
application. The investigation depth varies greatly with respect to the operation.  
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Table 6.2. Selected geophysical methods, related physical properties and commercial 
applications (from van Blaricom, 1992; Hoover et al., 1995; Kearey et al., 2002). A: active; P: 
passive. 
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1.1. Geophysical methods used at sea 
The two most common marine seismic techniques used are seismic refraction and 
seismic reflection. In both methods, the time elapsed between a generation of a 
sound event, emitted by a sound source, and its reception (sensed by a receiver) is 
recorded (Lekkerkerk et al., 2006). The main difference between the two methods is 
that in refraction surveys, the times recorded represent the difference between the 
first and the following arrivals, corresponding to the time that the acoustic waves 
take to travel through the sedimentary substrata and back to the receiver; whereas 
in reflection surveying, the time values that are measured correspond to the interval 
between the sound wave generation and the signal arrival at the receiver, after 
being reflected by subsurface layers.  

During this research work two types of seismic equipment that measure reflected 
waves have been employed.  

In Shark Bay, where higher resolution images, particularly in the shoal areas, were 
required, a nonlinear (parametric) sub-bottom profiler (SBP) was used. In the other 
study areas (the Kimberley, Swan River and Geographe Bay), a boomer SBP 
system was employed, providing a much deeper penetration with a partial loss of 
resolution.  

Both the SBPs were run at typical survey speeds of 3-5 knots (5.5-7.41 km/h) and 
the survey run lines were devised to capture a broad range of sub-seafloor 
architecture and geomorphological structures. Tracks parallel to the coastline 
revealed the location and width of features such as buried palaeochannels. 
Orthogonal profiles allowed the growth direction of morphological elements, like 
reefs or sandbars, to be captured and permitted their correlation during the 
interpretation of acoustic horizons and creation of a three-dimensional perspective 
of the acoustic units’ framework. 

Nonlinear (parametric) SBP 

In Shark Bay, the seismic survey was carried out using a nonlinear (parametric) 
SBP SES2000 Compact System (Innomar Technologie GmbH;Rostock, Germany), 
mounted vertically on the port side of the survey vessel. 

A nonlinear (parametric) SBP combines the parametric effect with high frequency 
echo sounding. The parametric effect occurs when two slightly different sound 
frequencies f1 and f2 (called primary frequencies f1<f2; f2/f1≈1) are broadcast at the 
same time, at high pressure; the transmitted acoustic waves then interact in the 
water, generating a new frequency F=|f2-f1|, called a secondary frequency 
(Wunderlich and Müller, 2003). 

The primary frequency f2 used during the Shark Bay survey was about 100 kHz and 
determined the water depth, as the seismic signal did not penetrate the seabed. The 
secondary frequency (adjustable 5, 6, 8,10,12,15 kHz) was instead low enough to 
penetrate the sediment, up to a depth of about 10-15 m (Figure 6.1). 
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Using Innomar ISE (Interactive Sediment Layer, version 2.9) software, the seismic 
profiles were later post-processed to improve the signal to noise ratio (S/N). The first 
step was bottom tracking to digitise the seafloor reflector and represents the altitude 
of the receiver from the sea bottom (essentially the water depth). Next, standard 
signal processing procedures, such as bandpass filter and application of an 
automatic gain correction algorithm, enhanced the contrast within the seismic 
profiles. Sub-bottom horizons were then digitised with manual picking and identified 
based on their acoustic properties.  

 

Figure 6.1. A: Sub-bottom Profiler Innomar SES-2000 Compact system mounted “over the side”. 
B: salient characteristics of the SBP installation. The DGPS used was a SOKKIA GSR2650 LB 
(with OmniSTAR service correction). C: The transducer has a small beam-width, which 
combined with a high frequency-bandwidth and absence of side lobes, results in a better 
bottom detection with a lower signal to noise ratio (Wunderlich and Müller, 2003. Modified) The 
SBP system consists of a main system unit with a transducer array used as non-linear 
transmitter and linear receiver of the signals.  

Boomer SBP system 

In the Kimberley, Swan River and Geographe Bay, the seismic data were acquired 
using an AA201 boomer system (Applied Acoustic Engineering Limited, Great 
Yarmouth, UK), comprising an energy source (CSP-P 300) and a sound source 
(AA201 Boomer Plate), mounted on a surface tow catamaran. An 8 element 
hydrophones streamer was employed as receiver (Figure 6.2). 

Conversely from the nonlinear (parametric) SBP, the boomer is a separate 
source/receiver system. The boomer uses an electromechanical capacitor bank 
(energy source) to discharge high-voltage power that makes an electrical coil, 
located in the boomer plate, contract and create a mechanical sound pulse (Applied 
Acoustic Engineering, 2006). This sound energy consists of short pulses emitted at 
regular intervals, with a frequency between 500 Hz and 10 kHz. It travels through 
the water and the sediment and is reflected back when a change in the physical 
character is encountered, especially density (Applied Acoustic Engineering, 2006). 
The hydrophones receive the reflected sound and convert the acoustic signals into 
electrical signals, which are digitally recorded in SegY format (Rev 1) and displayed 
on a laptop, using the acquisition software (SonarWiz, Chesapeake Technology Inc., 
Mountain View, CA. Figure 6.2). 
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Various positioning systems were employed to obtain and record position (Table 
6.1), by interfacing the receivers to the acquisition workstation, broadcasting a 
NMEA string to the geophysical software. A real time quality control was done on-
board. 

SonarWiz was also employed as post processing software. As with the nonlinear 
(parametric) SBP, the seismic profiles were post processed to improve the S/N ratio, 
by applying standard signal processing procedures, followed by tracking of relevant 
acoustic reflectors. 

 

Figure 6.2. Left: Boomer SBP survey schematic set up (from Applied Acoustic Engineering, 
2006; modified); Bottom right: survey operations in the Kimberley. Top right: schematic survey 
operations showing sound waves from sound source (boomer plate) reflected by sub-bottom 
sediment layers and received by sound receiver (streamer hydrophones). From: 
https://coastal.er.usgs.gov/capabilities/shipboard/sonar/profiling.html (modified).  

2. Ground truth data 

2.1. Vibracoring 
A vibracorer system was used to take 32 sediment cores along the Faure Bank 
(Chapter 3).  

In a vibracorer, the force of gravity is the main driver and the vibrating mechanism 
enhances the core tube penetration into the seafloor by liquefying a thin layer of the 
sediment in the immediate vicinity of the core cutter, allowing the core tube to enter 
the substrate (http://www.vibrocoring.com/VCconcepts.html). When the core cannot 
penetrate further, the vibracorer is stopped and the tube is extracted with the aid of 
a one-way, tulip-style core catcher that prevents sample loss. After the recovery, the 
core liner is removed and the core is cut into 1-m sections for on board 
transportation (Figure 6.3 and Table 6.3 Skene et al., 2004). This system allows a 
potential recovery of up to 6 m of undisturbed, in situ sediments for each core, giving 
an accurate representation of the sub-surficial sediment stratification.  

https://coastal.er.usgs.gov/capabilities/shipboard/sonar/profiling.html
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Figure 6.3. Photo of the 13.5 m work pontoon P2 used for the survey, with configuration of the 
equipment. 

The following table summarises the steps performed for coring. 

Table 6.3. Coring steps. 

Step Description Figure 

1 Attach the barrel to the head, within 
the coring frame.  
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2 

Raise the rig from the deck and 
deploy over the stern. 

A number of guide ropes, attached 
to the tower, stabilise the system 
during deployment. 

 

3 
Disconnect crane hook from 

vibracorer and deploy and secure 
the legs. 

4 Lower the tower into the water to 
allow the frame to fill with water. 

 

5 Deploy and adjust the necessary 
length of electric cable. 

6 

Allow the tower to stabilize on the 
seafloor in a vertical position. In 

softer substrates the core could start 
to penetrate just with the weight of 

the head. 

Record the coordinates and the 
water depth at the spot. 

When the gravity penetration stops, 
the vibracoring operation can start. 
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7 

Turn on the generator (220 VAC 3-
phase, 5 kVA required), attached to 
the switch gear and the vibracorer 

head through watertight marine 
connectors. 

Switch on the control box. 

Activate the vibration through the 
circuit breaker unit. 

The operator can determine the 
progress of the penetration with the 

assistance of foam floating indicators 
attached at 1.5, 3.0 and 4.5 m to the 

electric cable. 

 

 

8 

Monitoring the vibration time and 
length of the supplied cable, the 

operator can determine when the 
barrel stops penetration and end the 

vibration as soon as possible. 

9 Raise the vibracorer to the surface 
and collapse and secure the legs.  

10 

Lift, rotate and lower vibracorer back 
on deck. 

The barrel is then removed from the 
tower. 

11 

 

Carefully examine the barrel: 

- a scour left by the gate at the 
base of the tower gives 

information to determine the 
depth of the penetration. 

- some residual material can 
be used to predict the type of 

sediment cored.  

  



Chapter 6  Materials and Methods 

146 

 

12 

Label the core and way up, note 
down the status of the core catcher 
(open / closed, empty / full, dented, 

inverted...), cut away the empty 
barrel, measure and record the 

penetration and the initial recovery 
(allowing for the core catcher). 

 13 

Close the ends with a cap and 
electrical tape (yellow and green at 

the top of the core and white, blue or 
red at the bottom). 

14 

Secure the core in vertical position to 
drain, decoupling it from the vessel 

using rubber, bubble wrap and ropes 
between the steel-to-steel 

connection in order to prevent 
disturbance from the vibrations of 
the vessel while moving. This step 
must be done as soon as possible 

after the collection. 

 

15 
At the end of the day, carefully 

transfer the cores to a steady place. 

 

2.2. Seafloor sediment sampling 
A pipe dredge was used to collect unconsolidated surficial sediment samples in 
Geographe Bay and in the Kimberley.  

2.3. Laboratory procedures 
Core processing 

Each section of core was cut longitudinally, split into two halves and photographed. 
Core logging included an evaluation of colour using the Munsell Soil Chart (Munsell, 
1954), bioturbation, texture and composition of the lithology and a record of any 
major stratigraphic changes. Finally, samples were collected from one half of the 
core, leaving the other one as an archived reference.  

Sediment analysis 
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The sediment samples were dried and sieved using a mechanical shaker according 
to the Udden-Wentworth scale (Wentworth, 1922) over 63 μm, 125 μm, 250 μm, 500 
μm, 1 mm and 2 mm, and examined using a stereoscopic light microscope (Leica 
EZ4). Analysis of the sediments included an evaluation of colour (Munsell 1954), 
estimation of shape (roundness/sphericity of individual grains) and identification of 
the mineral and biogenic components.  

Radiocarbon dating  

The radiocarbon dating was carried out by the Australian National University-
Radiocarbon Dating Centre for the Shark Bay project. One species of foraminifera 
(Amphisorus hemprichii, Ehrenberg, 1839) was targeted and picked for dating. 
Fallon et al. (2010) recommended 20 mg of sample as minimum weight required for 
dating. Reworked, abraded or micritised specimens were excluded, since they could 
lead to unreliable dates and outliers in data. The ages in radiocarbon years were 
obtained using a Libby half-life of 5568 years and following the conventions of 
Stuiver and Polach (1977). The curve Marine-09 was used as calibration dataset to 
convert conventional ages into calibrated years, assuming a delta R of 70±50. The 
marine calibration incorporates a time dependent global ocean reservoir correction 
of about 400 years (Stuiver and Reimer, 1993; Stuiver et al., 2005).  

X-Ray Diffraction 

For the Shark Bay project, X-Ray Diffraction (XRD) Phase / Mineral Identification 
and Quantification were also undertaken. Samples were prepared by powdering a 
small quantity of sediment. Then, 0.3 g of standard (Corundum: Al2O3), assigned by 
the XRD laboratory was added to a representative amount of sample, equal to 3 g. 
Prepared samples were then micronised for 5 minutes, using a micronizing machine 
(McCrone Micronizing Mill) with ethanol as a grinding agent. Samples were washed 
out into porcelain cups to dry (Huntington et al., 2004). Each micronised sample was 
packed into sample holders for analysis in the diffractometer (Bruker AXS D8). 

3. Remote sensing  
The Faure Sill was mapped using high-resolution (50 cm/pixel) aerial photographs 
and orthophotos from Landgate (provided by the Department of Environment and 
Conservation, DEC, Western Australia), at scale 1:25,000, using a GIS Software 
(Geographic Information System; ArcGIS, Esri).  

High-resolution bathymetric composite images (supplied by the Department of 
Transport, Western Australia) was used for the Geographe Bay study, where the 
main geomorphological features of the seafloor were manually outlined at scale 
1:10,000, using ArcGIS Desktop 10.5. The datasets had a horizontal sounding 
density of 5 m x 5 m and covered the nearshore seafloor, up to about 30 m of water 
depth. 
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 Chapter 7 7.
 

Discussion 
“There are no facts, 

only interpretations.” 
(Friedrich Nietzsche) 

 
 

1. Introduction 
Chapters 2 to 5 report the analysis and outcomes of four investigations carried out 
on selected sedimentary systems along the WA coast and inner shelf. The factors 
and processes that have influenced the Late Quaternary evolution of each marine 
(or estuarine) area are also reported.  

The purpose of this chapter is to review and compare the results obtained from 
these local patterns, find controlling parameters and draw general considerations 
about the Late Pleistocene and Holocene development of Australia's Indian Ocean 
continental shelf and coast, from Geographe Bay to the Southern Kimberley.  

Table 7.1 reports the main observations of the controlling mechanisms from each 
area analysed during this doctorate thesis. Comparing the leading factors in 
controlling the regional evolution of each sedimentary system, it appears evident 
that coastline development has been controlled by: 

- Late Pleistocene and Holocene sea level fluctuations, 
- Pre-existing topography, 
- The local physical characteristics and processes. 

 
Table 7.1. Summary of main mechanisms involved in controlling the evolution of sedimentary 
systems analysed in Chapters 2 to 5. 

Study area Controlling mechanisms 

Kimberley Sea level 
fluctuations 

Pre-existing 
topography 

Macrotides and metocean 
conditions, turbidity, climate 

Shark Bay Sea level 
fluctuations 

Pre-existing 
topography 

Seagrass, metocean 
conditions, climate  

Swan River Sea level 
fluctuations 

Pre-existing 
topography 

Estuary physical 
characteristics (waves) 

Geographe Bay Sea level 
fluctuations 

Pre-existing 
topography 

Waves and winds, currents, 
seagrass 

 

In the following sections, I will discuss in detail the importance and the implications 
that each mechanism had in controlling the local environments.  
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2. Controlling mechanisms 

2.1. Sea level fluctuations 
Since the end of the Penultimate Glaciation (marine isotope stage MIS 6), the 
Western Australian continental shelf has experienced a rapid marine transgression 
(MIS 6 to MIS 5e), a gradual regression (MIS 5e to MIS 2) and a second rapid 
transgression (MIS 2 to 1. Figure 7.1). About 7,000 years BP, the global sea level 
stabilised in a relatively high position that has persisted until the present time. These 
sea-level fluctuations had a major role in modelling the geomorphology along the 
WA coast and continental shelf, controlling bathymetric and sedimentological 
(mineralogical and granulometric) features, resulting by the sediment reworking, 
which includes weathering, transport, deposition, storage, lithification. 

Western Australia can be considered tectonically relatively stable since MIS 5e 
(Szabo, 1979; Stirling et al., 1995; Baker et al., 2005, Collins et al., 2006; O’Leary et 
al., 2013). Although a minor tectonic uplift (~1.0 m around Cape Cuvier, 
coordinates: 24°13′ S 113°22′ E. O’Leary et al., 2008; O’Leary et al., 2013) and 
subsidence (0.12 m/ky in the Southern Kimberley. Solihuddin et al., 2015), occurred 
since the Last Interglacial period (MIS 5e), it can be assumed that tectonic 
displacements are negligible in terms of influencing the height of the shoreline.  

 

Figure 7.1. Sea-level curve in the past ~200 ky, for Western Australia. Odd numbers refer to 
Interglacial Marine Isotope Stages (MIS) and even numbers indicate the Glacial MIS. The curve 
is based on oxygen isotope ratio δ18O (modified after Saqab and Bourget, 2015 and Bufarale et 
al., 2017). 
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2.1.1. Marine transgression: from MIS 6 to MIS 5e 
Defining the position of the sea level during the Penultimate Glacial Maximum 
(PGM, MIS 6) is challenging, due to the scarcity of available evidence (Murray-
Wallace and Woodroffe, 2014; Rohling et al., 2017). Data from different studies, 
mainly based on oxygen isotope analysis, seem to agree that during the PGM the 
sea level was about 125 (±10) m lower than the present, comprising two sea level 
minima at ~155 and 140 ky BP (see Figure 7.1. Shackleton, 1987; Chappell et al., 
1996; Rohling et al., 1998; Lambeck and Chappell, 2001; Rabineau et al., 2006; Hill 
et al., 2009; Rohling et al., 2017). In WA, there are several terrestrial examples of 
deposits and geomorphological features dated back to MIS 6, including the 
southernmost pinnacles in Nambung National Park (250 km north from Perth), 
belonging to the Pinnacles Desert Member of Tamala Limestone (Lipar and Webb, 
2014; Lipar and Webb, 2015) and two aeolianite dunes in southern Kings Park 
(metropolitan Perth, Brooke et al., 2014). Conversely, there is a lack of literature 
dealing with marine examples of geomorphological evidence attributable to the PGM 
sea level lowstand in Western Australia, as indicators of palaeo-sea level (i.e. 
palaeoshoreline) are located along the continental shelf, in deep water, or have 
been eroded in successive time (i.e. during the Last Glacial Maximum. Figure 7.2).  

Lipar et al. (2017), based on an extensive analysis of aeolianites, calcretes, 
microbialites and palaeosols, determined that during MIS 6, the South West climate 
was about 4-8 °C cooler and dryer than the present. Quantitative information on 
river discharges is scarce (or absent), as explained above, and this allows only a 
speculative glance on the sedimentary processes that could have characterised this 
period of time. In a glacial and dry climate, it is likely that a fluvial role in sediment 
supply across the shelf was of secondary importance (as noted in similar conditions 
by Carter and Manighetti, 2006; Bayram et al, 2007). Along south and central WA 
(up to Ningaloo Reef; coordinates: 22°33’ S and 113°48’ E), limited width and 
considerable average steepness of the submerged shelf (< 1:500, with the 100 m 
contour located ~ 50 km offshore) were present, with river mouths and deltas 
located close to the upper slope. In these conditions, it is likely that the sediment 
load bypassed the continental shelf, being discharged further out than at present. At 
lower latitudes, in northern WA, the continental shelf was wider, gently falling 
westward (slope angle > 1:1000). In dryer than the present-day conditions, the rivers 
were much smaller, flowing on exposed continental shelf and discharging their 
reduced sediment load nearshore, with oceanic and wind-driven currents being the 
major contributor to sediment distribution across the shelf. With low slope and low 
rainfall, it is also likely that some rivers might not have been large enough to cross 
the whole extensive shelf, terminating inland (internal drainage systems).  

The end of the PGM (MIS 6/5e or Termination II) saw a rapid rise of the sea (from 
glacial collapse melting, mainly in the northern hemisphere. Gallup et al., 2002; 
Siddall et al., 2006) that also inundated the WA continental shelf. Several studies 
indicate that by 134 ky BP, the sea level increased about 100 m, standing between 
4 and 12 m below the present (in Houtman Abrolhos and Grand Bahamas Islands, 
respectively. Zhu et al., 1993), with the final 70-80 m of rise, occurring in only 2-5 ky 
(Raymo, 1997; Broecker and Henderson, 1998; McCulloch, and Esat, 2000). The 
sediments that were deposited along the exposed continental shelves in subaerial, 
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lacustrine and riverine settings started to become submerged, in an increasingly 
deep marine environment (Emery, 1968). Transgressive erosion of relict sediments 
must have taken place as the water progressed landward, followed by remobilisation 
and transport of the deposits, under the influence of marine currents and waves 
(Cattaneo and Steel, 2003).  

Due to global temperatures slightly higher than the present (0.5° to 2.0°C. Montoya 
et al., 2008; O’Leary et al., 2013), coral reefs started to colonise along most of the 
coast of WA, as far south as Rottnest Island (~10 km offshore Perth. Szabo, 1979; 
Playford, 1988), likely a result of a stronger Leeuwin Current (Collins et al., 2003; 
Wywroll and Miller, 2001). 

 

Figure 7.2. Bathymetry of the WA coast and shelf during the PGM. Note, the palaeoshoreline 
corresponds to the ~125 m isobath in present time.  
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2.1.2. Sea level highstand: Last Interglacial (LIG) 
The penultimate marine transgression terminated around 130 ky ago, when the sea 
level reached a relative stability, at 2 to 3 m above the present level, until 125 ky BP 
(Hearty et al., 2007). As WA can be considered a relatively stable “far field”, the 
height of the sea level is not influenced by isostatic or tectonic movements, but 
linked mainly to the eustatic changes. During the LIG, it is estimated that the 
average global temperature was up to 2°C warmer than the present, enough to 
partially melt the West Antarctic and Greenland ice sheets and cause a significant 
rise of seas and oceans (O’Leary et al., 2013). After a minor regression, around 124 
ky ago, the sea level started rising again, reaching a maximum around 121-119 ky 
BP, when the global mean sea level (MSL) peaked about 7-9 m higher than today 
(Hearty et al., 2007; O’Leary et al., 2013). In most of WA, there are several 
geomorphic features that provide indications of this past sea-level position (i.e. coral 
reef terraces, bioerosional notches, beach facies). Some of these structures are now 
exposed onshore, hence not part of the investigation. For instance, in Cape Cuvier, 
two distinct marine terraces (3 to 5.5 m and 5.5 to 10.5 m above the present sea 
level) record LIG sea level highstands (O’Leary et al., 2008). In Shark Bay, several 
investigations revealed the presence of widespread coral reefs during the LIG (i.e. 
Zhu et al., 1993; Stirling at al., 1995; Stirling at al., 1998; Hearty et al, 2007; O’Leary 
et al., 2008). With sea levels much higher than today, the hydrodynamic conditions 
of the Bay were not restricted as they are presently and the open marine settings 
(no hypersalinity) resulted in extensive coral reef development (O’Leary et al., 
2008). Further south, in the Houtman Abrolhos Islands, Zhu et al. (1993) and 
Eisenhauer et al. (1996) described framestone facies at 6 m above the present sea 
level, dated ~124 ky BP. In addition, dating from emergent fossil corals reefs and 
shallow-water estuarine sediments (~+2.5 m above sea level) in Rottnest Island and 
in Minim Cove (Perth), respectively, indicates a LIG-MIS 5e age (Hearty, 2003; 
Murray-Wallace and Kimber, 1989; Brooke et al., 2014). 

LIG deposits have been also found in the seismic profiles and sedimentological 
information collected in Shark Bay and in the Kimberley. 

During the coring survey carried out in Shark Bay, the Late Pleistocene substrate, in 
particular the marine phase of Bibra Limestone (van de Graaff et al. 1983; Hocking 
et al.1987; Collins and Jahnert, 2014) was cored in 5 locations and has been 
recorded in seismic sections throughout the entire Faure Sill (Figure 7.3). This 
formation typically ranges between 0.5 to 1.5 m in thickness, but it reaches 3.5 m 
near Pelican Island and Nanga Peninsula (Figure 7.3. Refer to Bufarale and Collins, 
2015 and Chapter 3 of this thesis for more seismic examples).  

From the samples collected during the coring, the grey-to-white sediments 
belonging to Bibra Limestone are clearly distinguishable from the above Holocene 
muds and sands. They consist of indurated calcarenite, with bivalves and other shell 
fragments, foraminifers and sand-size bioclasts. Medium-grained quartzose partially 
cemented sand is present.  
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Figure 7.3. Top: Depth of the top of shallow marine and beach-ridge deposits of Bibra 
Limestone. Note, the horizon could not be clearly followed through the whole bank. Hence, the 
gaps between the sub-bottom profiler track are due to lack of recording, multiples, poor 
imaging, extremely shallow water or potentially uncertain interpretation. The cores where the 
Late Pleistocene formation was intercepted and sampled are marked with the pink asterisk. 
Bottom: seismic profile crossing the western flank of a levee in the Dubaut Bank, with 
superimposed core schematisation. The depths have been measured considering the sound 
velocity in the sediments as equivalent to 1600 m/s. 

In the Kimberley (Bufarale et al., 2016 and Chapter 2), from the inner shelf 
(Solihuddin et al., 2015; Bufarale et al., 2016) to the outer shelf (Collins et al. 2011; 
Solihuddin et al., 2016), acoustic profiles acquired during a high-resolution seismic 
survey have shown the presence of a strong reflector, marking the basal limits of the 
Holocene reef. Stratigraphic investigations from the mine pit in Cockatoo Island 
(Solihuddin et al., 2015), and exploration well log in Adele Island (Solihuddin et al., 
2016) have conclusively demonstrated this reflector is the top of a well-developed 
LIG reef build-up (Figure 7.4).  
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Figure 7.4. A) Cockatoo mine pit section (Photo credit: Solihuddin T., 2013). Dotted blue line on 
the retaining sea-wall indicates the modern mean sea level. The sea-wall is a 13 m high 
structure comprising clay core and rock armour (Solihuddin et al., 2015). B) Intersecting cross-
sections (Profiles 1 and 2) and distal longitudinal section (Profile 3) adjacent to mapped mine 
pit sections of Solihuddin et al. (2015) established position of Proterozoic rock foundation (RF, 
blue), top Last Interglacial reef (R1, green) and overlying Holocene reef intervals within seismic 
profiles collected across the fringing reef, SE Cockatoo Island. Depth values are in metres, 
below the sea level. Insert: location of sections Landgate aerial photography provided by the 
Department of Parks and Wildlife (DPaW). Modified after Collins et al (2015). 
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2.1.3. Marine regression: from LIG to Last Glacial maximum 
According to numerous studies, global sea level receded about 140 m from LIG 
peak to Last Glacial maximum (LGM), dropping from 7-9 m above the modern sea 
level to ~130 m below the present position (i.e. Shackleton, 1987; Lambeck and 
Nakada, 1990; Lambeck and Chappell, 2001; Murray-Wallace and Woodroffe, 
2014), leaving the continental shelves exposed. This transgression was completed 
in a little over 100 ky and occurred in several stages (MIS 5, 4, 3 and 2) during 
which cooler and relatively warm periods alternated, under the influence of an 
increasingly cold global climate, causing considerable fluctuations of the sea level. 

The most reliable estimates of the sea level during this period are mainly derived 
from coral reef terraces at Huon Peninsula (Papua New Guinea), Barbados and 
Vanuatu (Chappell and Shackleton 1986; Chappell et al., 1996; Woodroffe and 
Webster, 2014), where the relatively constant tectonic uplift (about equal to the sea 
level fall) has allowed the preservation of several metres of reef sequences 
(Lambeck and Chappell, 2001). 

Due to the limited tectonic movements (uplift), marine evidence of transgressive 
stages cannot be studied in modern coastal setting above present sea level, in WA. 
Despite this, indicators of Late Pleistocene lower sea level stands have been 
detected in the seismic data, buried below the sea floor.  

In contrast with the mentioned scarcity of exposed marine indicators, in WA there 
are several terrestrial landforms that evidence MIS 5 sea level changes. In the 
mainland, carbonate aeolianites, belonging to Tamala Limestone, extensively 
developed during the entire MIS 5 (Brooke et al., 2014), with relict coastal dunes 
occupying the costal landscape, from the South West up to Carnarvon (~ 900 km 
north from Perth), including Rottnest Island (Hearty, 2003). A widespread 
development of pinnacles occurred in Nambung National Park during the warm 
substages MIS 5e, 5c and 5c (Lipar and Webb, 2015).  

MIS 5  

MIS 5 included the LIG (substage MIS-5e: warm, highstand peak) and a series of 
substages (cold: MIS 5d, 5b; moderately warm: 5c, 5a. Lambeck et al., 2002).  

The end of the MIS 5e climatic optimum (~118 ky) was marked by a cooling interval, 
leading to MIS 5d cold stage (Hearty et al. 2007). A rapid regression, coinciding with 
an insolation minimum, culminated at about 45 m below present sea level (Lambeck 
and Chappell, 2001; Lambeck et al., 2002; Bianchi and Gersonde, 2002). Reef 
crests from the Huon Peninsula revealed that from around 105 ky BP the sea level 
experienced a rise of about 20-25 m in 10 ky (MIS 5c. Chappell et al., 1996; Esat et 
al., 1999; Lambeck et al., 2002). A similar timing for MIS 5c occurrence is confirmed 
also by Hearty and Olson (2011) from storm deposits in Bermuda. A further 
substage of regression followed (MIS 5b), culminating at 60 m below the present 
sea level at ~85 ky BP, as illustrated by Esat et al. (1999) and Waelbroeck et al. 
(2002). Records from the Huon succession show evidence that MIS 5 ended with a 
last highstand at 85-80 ky BP, when global sea levels were up to ~30-40 m lower 
than today (MIS 5a. Esat et al., 1999; Lambeck et al., 2002).  
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Unlike the Huon Peninsula, exposed marine evidence of transgressive stages is not 
common in WA. Despite this, seismic and sedimentological data collected during 
this doctorate research revealed numerous indicators linked with sea level fall during 
MIS 5. In the Swan River estuary (Chapter 4 and Bufarale et al., 2017), the 
palaeochannel formed during the PGM and cutting the older Kings Park Formation 
and Tamala Limestone, appears to have been infilled with fluvial and estuarine 
sediments of the Perth Formation throughout the entire length of MIS 5 (Figure 7.5). 

 

Figure 7.5. 3D perspective view of boomer subbottom profiles across the Swan River. The 
three-dimensional analysis of the seismic profiles provides a remarkable tool to image with a 
better precision the subsurface pattern of the palaeo-incisions and expand the punctual 
information given by the core data (Bufarale et al., 2017). Vertical scale: 80 m BSL (western 
profiles) and 60 m BSL (eastern profiles); horizontal scale: variable. 

In Geographe Bay, palaeochannels have been identified in several seismic profiles 
(Figure 7.6) and clearly showed two sets of subparallel, laterally continuous beach 
ridges (Chapter 5). These buried and exposed bedforms have been formed near the 
shoreline, when the sea level was falling and can be followed along the Western 
Australian coast (James et al., 1999; Twiggs and Collins, 2010; Nichol and Brooke, 
2011, Brooke et al., 2014; Murray-Wallace and Woodroffe, 2014). The submerged 
ridges become progressively younger from nearshore to offshore, recording the MIS 
5 relatively high sea level stages (late MIS 5e-beginning of MIS 5d and MIS 5c).  

In 2009, Geoscience Australia (GA) updated the existing bathymetric datasets by 
acquiring high-resolution bathymetry and producing a grid with a resolution of about 
250 m (at the equator. Whiteway, 2009). By combining the 2009 bathymetry with the 
sea level curve in Figure 7.1, it is possible to estimate the position of the coastline, 
during the past sea level stages (Figure 7.7 and Figure 7.8 and further Figure 7.9 to 
Figure 7.12).  
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Figure 7.6. Example of buried channels located in Busselton (Chapter 5). The location of the 
seismic profile reported is highlighted in green (Area 3, SOL: start of line, EOL: end of line). The 
vertical axis corresponds to the depth BSL and the scale is in metres. The sound velocity in the 
sediments is equivalent to ~2000 m/s. The horizontal axis represents the distance covered by 
the vessel and the scale is in metres. 

 

Figure 7.7. WA continental shelf exposure, during MIS 5c, when the sea level was at ~25 m bsl. 
The black line marks the edge of the modern coastline. 
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Figure 7.8. WA continental shelf exposure, during MIS 5a, when the sea level was at ~40 m bsl. 
The black line marks the edge of the modern coastline. 

MIS 4  

MIS 5 was followed by a steady regression through the transition MIS 5a/4, during 
which the sea level had fallen almost 60 m (at MIS 4, ~70 ky BP. Figure 7.9. Cutler 
et al., 2003). During this lowstand period, the palaeorivers across WA had another 
episode of downcutting, in response to changes in base level.  

During the seismic survey along the Swan River, the profiles clearly revealed the 
presence of a second palaeochannel, incising into the Kings Park and Perth 
Formations (Figure 7.5). The ancestral Swan River had a higher gradient than the 
modern one as it had to incise further into underlying strata in order to maintain a 
balance with a lower than present base (sea) level (Figure 7.10). Toward the MIS 
4/3 transition, fluviatile heterogenic deposits of sand, silt and clay of the Swan River 
Formation were deposited under various hydrological settings.  
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Figure 7.9. WA continental shelf exposure, during MIS 4, when the sea level was at ~100 m 
below the modern sea level. The black line marks the edge of the modern coastline.  

Optically stimulated luminescence (OSL) and thermoluminescence (TL) dating, 
carried out by Brooke et al. (2014), revealed that Rottnest Island (Bathurst Point, 
north eastern part of the island) experienced a major phase of dune accumulation 
during MIS 4, which followed the deposition of calcarenite and LI reef accretion in 
MIS 5. OSL dating on the Cooloongup Sand also gave a MIS 4 (to MIS 2) age (Lipar 
and Webb, 2014). These deposits are a thin veneer (0.5-2 m thick) of quartzose 
sand that overlie the Tamala Limestone, intermittently along the Greater Perth 
region, up to the Nambung National Park. Their origin is debated but most likely they 
derived from earlier dissolution and karstification (mainly during high rainfall in MIS 
5) of the Tamala Limestone that would have released a considerable amount of 
quartz sand (insoluble residue), successively redeposited during the drier and 
windier glacial climate of MIS 4, up to MIS 2 (Lipar and Webb, 2014). 
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Figure 7.10. Depth of the deep channel, below sea level, cut during the MIS 4 along the present 
metropolitan Swan River and infilled with the Swan River Formation. The gradient is greater 
than the modern one.  

MIS 3 

The rapidly uplifting Huon Peninsula has also made possible the identification and 
dating of coral terraces belonging to a further stage of the Late Pleistocene marine 
regression, called MIS 3. During MIS 3, sea level had a relative rise to around the 
modern -70 m contour, over the period 64-32 ky BP, before lowering again at ~30 ky 
BP (Figure 7.11. Chappell et al., 1996; Lambeck and Chappell, 2001; Cutler et al., 
2002; Woodroffe and Webster, 2014). Lambeck et al. (2002) identified (from North 
Atlantic planktonic foraminifera) five highstands within this stage, centred on 32, 36, 
44, 49-52 and 60 ky BP. Similar age and sea level elevations have been reached 
also by Cabioch and Ayliffe (2001), working on emerged terraces in Vanuatu. 

Although no features (on the seafloor or buried underneath) have been recognised 
as belonging to MIS 3, within the investigations carried out for this thesis, several 
other authors have described various marine and terrestrial indicators of the 
occurrence of this stage in WA. For instance, while analysing the oceanographic 
controls on carbonate sedimentation, James et al. (2004) collected skeletal and lithic 
sediments along the mid-shelf (50-120 m of water depth) in the North West Shelf 
(NWS. Between the Kimberley and Ningaloo Reef) and interpreted these deposits 
as having formed in shallow water, during MIS 3 and 4. Brooke at al. (2014), using 
high-resolution and OSL and TL dating, mapped drowned barriers and dune 
landforms formed during MIS 3, today located at –60 to -50 m below the present sea 
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level. These extensive features are similar to the marine ridges in Busselton and in 
fact they represent younger (and deeper) sets of these shore-parallel relict 
landforms (likely shoreface palaeodunes or beach ridges).  

 

Figure 7.11. WA continental shelf exposure, during MIS 3, when the sea level was at ~70 m 
below the modern level. The black line marks the edge of the modern coastline. 

MIS 2 

A successive saw-tooth pattern and relatively slow drop of the sea level, from MIS 3 
to MIS 2 preceded the Last Glacial Maximum (LGM), at 22-21 ky BP. During this 
stage, lasting about 6 ky, the continental ice sheets reached their maximum 
development, leading to a drop of the global sea level to ~130 m below the present 
(Figure 7.12. Chappell et al., 1996; Lambeck and Chappell, 2001; Yokoyama et al., 
2001; Montaggioni and Braithwaite, 2006). During this time, the width of the 
exposed continental shelf varied greatly, from several hundred kilometres in the 
North West to less than 10 km off Ningaloo Reef, and the area of the WA mainland 
was about ¼ larger than the present, with more than 580,000 km2 of continental 
shelf exposed (value calculated using ArcGIS, from the Western Australia/Northern 
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Territory border in the north, to Western Australia/South Australia border, in the 
south (Figure 7.12).  

 

Figure 7.12. WA continental shelf exposure at LG maximum, ~18 ky BP. It is estimated that the 
sea level was at 130 m below modern sea level. The total area of exposed continental shelf was 
about 580,000 km2.The black line marks the edge of the modern coastline. 

It was beyond the scope of this research to investigate the geomorphological 
features in marine environments related to the LGM, as they lie in deep water 
(around the modern -130 m contour). Despite this, during the seismic survey in the 
mid-shelf reefs of the Kimberley, several deep channels, more than 80 m deep, 
have been recognised cutting through the mid-shelf reef platforms of Adele, 
Churchill and Beagle reefs (Solihuddin et al., 2016). By combining the acoustic 
profiles with the bathymetric grids produced by Geoscience Australia (GA, 2009), 
several palaeorivers (possibly tributaries of the modern Fitzroy, Isdell and Prince 
Regent rivers) were identified, deeply incising more than 200 km of continental shelf, 
left exposed by the lower sea level (Figure 7.13).  

In the same geographic area (NWS), James et al. (2004) recognised and collected 
sediment samples from two major terraces along the outer shelf, at water depth > 
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120 m below the sea level and interpreted these bathymetric features as MIS 2 
lowstand shoreline.  

During the LGM, the sea-surface temperature (SST) was 6° to 10°C colder than MIS 
5e (Wells and Wells, 1994). This cooling, together with the limited width of the 
exposed shelf deeply influenced the surface water circulation along WA. In 
conjunction with a limited longshore current regime, the Leeuwin Current (the major 
offshore ocean current) experienced a major decline that affected the SST, and 
hydrodynamic settings along the coast, especially at mid-high latitudes (from ~19°S 
and further south. Wells and Wells, 1994; Wywroll and Miller, 2001). Under these 
conditions, the weaker Leeuwin Current did not warm up the coastal area as it has 
done during the LI (and does today. Wells and Wells, 1994). Consequently, the 
rainfall was lower, with stronger winds (Spooner et al., 2011; Lipar et al., 2017) and 
the carbonate productivity decreased (Murray‐Wallace, 2002.). This suggests that 
the sediment paucity that characterises the WA coast today was even more 
enhanced during MIS 2. In addition, Wilson (2013) argued that during the LGM, 
coral reefs in Ningaloo Reef and further north in the Kimberley may not have been 
present or as widespread as today and during MIS 5e, due to colder SST, a reduced 
Leeuwin Current and lower sea level (as the latter may have reduced the rocky 
substrate availability suitable for coral reef development). 

 

Figure 7.13. Intensely incised continental shelf in the Kimberley, during the LGM. Credit: Dr 
Michael O’Leary.  

2.1.4. Marine transgression from MIS 2 to MIS 1 (Holocene) 
The past ~11.7 ky defines the Holocene (MIS 1. Walker et al., 2008), the most 
recent time of Earth history. The transition from MIS 2 to MIS 1 started earlier, 
though, around 18 ky BP, when the end of the LGM occurred, marked by a rise of 
the global temperature that triggered the polar ice sheets melting, and consequent 
rise of the sea level. In ~10 ky, it is estimated that sea level quickly rose (at 12 m/ky) 
until reaching a position around 2.5 m above the present, ~6.8 ky ago (Chappell and 
Thom,1986; Lambeck and Nakada, 1990; Baker et al., 2005; Jahnert and Collins, 
2013). After a brief period of stability, at 6 ky BP, the sea level gradually receded (at 
~0.2 m/ky) to the present position (Chappell and Thom, 1986; Reeves et al., 2008). 
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Several authors, analysing distinct records, agree that during the period from 12 to 3 
ky BP, the Australian climate was wetter than the present, with more active rivers, 
particularly in the tropics (Nanson et al., 1989) and higher lake and estuary levels, 
throughout the country (Bowler et al., 1976). Cores from offshore Cape Range 
Peninsula (Ningaloo Reef) show an increment of clay-rich terrigenous material, 
indicating a greater river discharge, thus a higher rainfall (Gingele et al., 2001). The 
research carried out along the metropolitan reach of the Swan River also shows that 
around 10 ky ago, the sea level had risen enough to transform the valley into an 
estuary (Bufarale et al., 2017); the higher terrigenous content of the palaeo-Swan, 
together with a more marked oceanography (longshore currents), built obstructing 
sand bars at the river mouth that amplified the reduction of the flow velocity, 
resulting in a subsequent deposition of up to 14 m of sediments, within the basin 
(Hodgkin and Hesp, 1998; Bufarale et al., 2017) 

12 ky BP also marks the time when the Leeuwin Current resumed flowing strongly, 
with a similar pattern to today, most likely influencing the precipitation rates in WA 
(Gingele et al., 2001).  

Using pollen and charcoal analysis on marine sediments, van der Kaars and De 
Deckker (2002) determined that this period was also characterised by heavier 
summer rain than today, with a more vigorous monsoonal activity (Wywroll, and 
Miller, 2001).  

Around 10 ky ago, the inner shelf, which had remained predominantly exposed for 
the preceding ~90 ky, became flooded with the rising sea level. Dramatic changes 
occurred in terms of sediment erosion, transport and deposition.  

When sea level reached the modern -30 m contour, topographic highs and seabed 
features (like the ridges in Geographe Bay), which underwent an intense lithification 
when they were exposed (since MIS 5a), became submerged. Erosion started to 
occur, leaving these relict geomorphological structures asymmetric, with a flat top.  

Longshore currents became increasingly stronger, forming sandbars and 
megaripples (i.e. in Geographe Bay and Shark Bay, respectively. Figure 7.14), 
tombolos and other shoreline-attached structures along the south and central coasts 
of Western Australia (Sanderson and Eliot, 1996; Gozzard, 2007).  

In the NWS region, the sea level rise firstly initiated the deposition of ooids and 
peloids over extensive shallow warm-water areas (between 15.4–12.7 ky BP), then, 
once the Leeuwin Current began to flow (reducing the overall salinity), their 
sedimentation ceased (around 12 ky BP), resulting in predominantly skeletal 
carbonate productivity, which occurs in the present (James et al., 2004; Collins, 
2011). 
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Figure 7.14. Seismic sections showing megaripples in Shark Bay (A-B) and sandbars in 
Geographe Bay (A’-B’). The vertical axis corresponds to the depth BSL and the scale is in 
metres. The sections have the same vertical and horizontal scale. Megaripples are several 
hundred metres long, with a wavelength about 25 – 35 m, east – west oriented. Sandbars greatly 
vary in size, ranging between about 100 to 300 m in width, with a relief up to ~3 m in height. For 
their location refer to Figure 3.2 and Figure 5.1, respectively). 

The last 10 ky of sea level changes, until reaching the present equilibrium, also had 
a great impact on the development of important coastal systems, that include coral 
reefs, seagrass meadows and stromatolites. 

Coral reefs developed as far south as the Houtman Abrolhos Islands (Collins et al., 
2003; Feng et al., 2010). These high latitude reefs, sustained by the warm Leeuwin 
Current, grew at an overall rate of 7.7 m/ky, building up over 25 m of Holocene reef 
platform since 10 ky BP (leeward reefs (Collins et al., 2003). At Ningaloo Reef, due 
to a higher pre-existing topography (Last Interglacial reef platforms), the Holocene 
inundation and successive initiation of the fringing reefs occurred later, around 8.0–
7.5 ky BP (Twiggs and Collins, 2010). In the Kimberley, reef growth initiated around 
9000–8940 BP (on Cockatoo Island. Solihuddin et al., 2015), not long after the 
flooding of the pre-existing topography. Similarly, the corals of the isolated oceanic 
platform of Scott Reef began to build up, around 9 ky BP (Collins, 2002) 

With the increasing stability of the sea level, large seagrass communities 
established along the western coast of Australia, especially extensive in Shark Bay 
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and Geographe Bay (the largest reported assemblages in the world. Walker, 1990). 
In Shark Bay, the first colonies of seagrasses were established by 8.0 ky BP, 
progressively contributing to the initiation of the Faure Sill bank growth. Around 6.8 
ky BP, in conjunction with the Holocene high stand maximum, the seagrass 
meadows were at their apex, playing a significant role in trapping sediments and 
producing muddy carbonate deposits in situ. During the Late Holocene, when the 
sea level dropped to the present level, the bank stopped growing vertically and the 
seagrass (and loose sediments) started expanding laterally, filling the available 
accommodation space, such as palaeochannels and topographic lows (Bufarale and 
Collins, 2015).  

The second most prominent natural asset of Shark Bay, after the seagrass, is the 
stromatolites. Prior to the sea level rise, Hamelin Pool and L’Haridon Bight (Shark 
Bay) sat along topographic lows in the pre-existing substrate (see Figure 7.15 and 
Figure 7.16). The basins were first flooded by the Holocene sea level rise and when 
the waters receded toward the present position, the seagrass bank of the Faure Sill 
and the emerged islands partially closed the two embayments. In an area where the 
evaporation greatly exceeds the rainfall, this closure has resulted in an 
intensification of the salinity levels, making these environments metahaline to 
hypersaline, an optimal setting for the development of microbial communities 
(stromatolites and microbial mats), hypersaline coquinas and oolitic shoals (Jahnert 
and Collins, 2013; Bufarale and Collins, 2015). The coquina ridge systems that rim 
the supratidal zone (3 to 6 m above MSL) of Hamelin Pool (south-east Shark Bay) 
provide insights into the mid-late Holocene tropical cyclone and storm record (Nott, 
2011; Jahnert et al., 2012). These deposits document up to 6 ky of moderate to 
intense tropical cyclonic surges and storm waves. They also support the model of a 
reduction of the storm activity between 3.6 and 3 ky BP, suggesting that in this 
period the climate was likely drier than the present (Nott, 2011; Jahnert et al., 2012).  

Another element confirming the progressive maturing of the shoreline along the WA 
coast is the widespread mangrove communities across river estuaries that formed 
when the relative sea level stabilised (Grindrod et al., 1999).  
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Figure 7.15. WA continental shelf exposure when the sea level was at ~10 m bsl. The black line 
marks the edge of the modern coastline. 

 
Figure 7.16. WA continental shelf exposure when the sea level was at ~5 m bsl. The black line 
marks the edge of the modern coastline. 
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2.2. Pre-existing topography 
The second main factor involved in controlling the evolution of a sedimentary setting 
is the shape and elevation of the bedrock over which the system developed.  

Palaeochannels and topographic lows represent the major depocentres, with thick 
sediments packages filling the depressions and levelling the surficial topography. 
This is particularly evident along the Swan River, where well-developed palaeo-
tributaries downcut during the Late Pleistocene regression and became completely 
filled up in the Holocene transgression. This trend is also noticeable along the Faure 
Sill, where very strong hydrodynamic conditions have cut and infilled incisions along 
the bank, during the Holocene (Figure 7.17). In Geographe Bay, LiDAR bathymetry 
and seismic images revealed the presence of several palaeochannels, 
perpendicular to the coastline.  

In contrast, topographic highs represent areas of harder substrate, where the 
overlying sediments are thinner, and act as sills, affecting the sediment dynamics 
and hydrodynamics. A significant example comes from the Swan River, where two 
shallow sills (<5 m depth), one at the Fremantle Traffic Bridge and the other 
between the Narrows and Causeway bridges (see Bufarale et al., 2017), divide the 
system into three main segments, the upper reach, middle reach and lower reach, 
greatly influencing the river channel type, transitioning from narrow and sinuous 
(upstream), to wide and shallow central basin and ending with a narrow straight that 
follows the joints and structure of the basement (coastal dune limestone corridor, as 
defined by Quilty and Hosie, 2006). 

Collins et al. (2003) recognised the pre-existing substrate as one of the limiting 
factors for the development of the windward reef platforms in the Houtman Abrolhos 
Islands. The Last Interglacial reef that underlies the west side of the modern 
platform has a greater elevation, if compared to the east leeward side, resulting in 
reduced accommodation space, restricting the reef development during the 
Holocene.  

In the Kimberley, the steady subsidence of ~0.12 to 0.2 m/ky has provided 
significant accommodation space, allowing the Holocene reefs to grow up to 35 m 
thick (Collins et al., 2011; Solihuddin et al., 2016; Bufarale et al., 2016). In contrast, 
the vertical development of the Holocene corals in Ningaloo Reef has been 
restricted by the localised uplift to a maximum thickness of ~10-15 m (Collins et al., 
2003). 

Different morphological features and their height play a role in controlling also the 
size distribution of the sediments. Medium to fine grains are more dominant on top 
of the ridges and mounds. Coarse and very coarse material tends to accumulate in 
swales, palaeochannels and depressions, as shown in Geographe Bay (Chapter 5).  
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Figure 7.17. Acoustic profiles showing cut and infill of palaeochannels in Shark Bay (A) and 
Swan River (B). Depths are in metres, below the sea level. 

2.3. Local physical characteristics and processes 
WA is characterised by a total coastal length of almost 13, 000 kilometres (excluding 
the islands). The study areas considered in this thesis have a latitudinal distance 
well exceeding 2000 km, spanning from temperate regimes in the south to tropics in 
the north. The climatic variability, together with the local morphology and the 
hydrodynamic conditions, have greatly influenced the evolution, sediment 
distribution and lithology of each environment, resulting in a wide range of 
sedimentary systems. 

Temperature, rainfall, tides, winds and related oceanic currents and waves control 
directly or indirectly the following processes that have governed the Late Quaternary 
deposits of WA coast: 

- Erosion rates and associated terrigenous sediment supply (riverine and 
aeolian), 
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- Onset and distribution of seagrass and coral reefs, and associate biogenic 
sediment supply, 

- Wind and currents and associated sediment distribution. 
 

In terms of local physical characteristics and processes, the most controlled 
environment, within the studied locations, is the Kimberley. The coastline is 
extremely irregular and indented, with major rivers depositing a large amount of 
sediments not only nearshore but also offshore, with sediment plumes that reach the 
mid shelf (i.e. Adele Complex). The turbidity increases during the wet season, when 
cyclones are frequent. The most peculiar environmental characteristic of the area is 
the presence of macrotidal ranges (up to 11 m on the spring tide).  

Solihuddin et al. (2015; 2016) analysed the matrix from reef cores collected in 
various locations in the Buccaneer Archipelago and showed that although carbonate 
content is dominant, terrigenous clays represents a significant percentage. This high 
terrigenous input is attributable to the presence of numerous rivers and creeks, 
including the Isdell, Lennard and Fitzroy Rivers. The latter, in particular, has the 
greatest mean annual discharge and the largest sediment load in WA (Epton, 2000; 
Department of Water, 2008). The sediment discharge increases during the wet 
season (from November until April) and reaches its maximum following tropical 
cyclonic events, resulting in extreme turbidity. Strong tidally-generated current flows 
keep the fine-grained terrigenous sediment in suspension until it becomes trapped 
and infills the open reef fabric, supporting primary framework preservation and reef 
accretion (Solihuddin et al., 2015).  

Based on the reef-flat elevation, the reef typologies identifiable in the Kimberley fall 
within two primary categories, low intertidal (LIR) and high intertidal reefs (HIR), 
which are highly atypical coral reefs (Bufarale et al, 2015; Collins et al., 2015). 
Solihuddin et al. (2016) studied the phenomenon in detail, carrying out a multibeam 
survey across selected reefs in the Southern Kimberley, to measure elevation and 
width of the reef flats. Plotting the survey data in a diagram (Figure 7.18), where the 
Y axis, is the elevation above and below MSL and the X axis, is the frequency of a 
particular elevation which occurred during the survey, the resulting curves 
(corresponding to an individual reef flat) clearly showed the two reef categories, 
where the HIR include reef flats that stand between mean low water neap (MLWN) 
and mean high-water neap (MHWN), and the LIR that sit below the Mean Low 
Water Springs (MLWS). The gap between the two categories indicates that no reefs 
grow between MLWN and MLWS. Further differences between HIR and LIR are the 
reef flat width and composition, with HIR having extensive reef flats and coralline 
algal terraces, versus LIR where coral and sediment prevail on relatively narrow reef 
flats (Solihuddin et al., 2016). 
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Figure 7.18. Elevation/frequency diagram for selected reefs: 1 East Tallon, 2 Irvine-Bathurst, 3 
The Pool, 4 Hancock, 5 Kolganu, 6 Waterlow, 7 West Tallon, 8 Cockatoo, 9 Bathurst. MHWN = 
Mean High Water Neaps; MSL = Mean Sea Level; MLWN = Mean Low Water Neaps; MLWS = 
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Mean Low Water Springs; ISLW = Indian Spring Low Water; LAT = Lowest Astronomical Tide. 
Modified after Solihuddin et al. (2016). 

The highest elevation recorded is in East Tallon Island, where the reef flat sits about 
0.75 m above MSL, with a modal point slightly higher than the mean sea level, at 
0.25 to 0.5 m (Figure 7.18 curve 1, in red). On the other hand, the multibeam results 
indicate that the West Tallon reef flat (Figure 7.18 curve 7, in black) belongs to the 
LIR. The dichotomy of the reef flats is mainly due to a strong, ebb-dominated, tidal 
asymmetry on East Tallon that retains seawater over the low tide and allows 
continued accretion (refer to Lowe et al., 2015 and Solihuddin et al., 2016 for a more 
detailed explanation). Reef flat widths and roughness (determined by benthic 
composition and biota. Lowe at al., 2015) also influence the development of high 
intertidal reefs: wide and “rough” reef flats, dominated by coralline algae (like East 
Tallon), are capable of water retention and become HIRs; conversely, in narrow and 
microtopographically less complex reef flats (with corals and sediments, but without 
coralline algae, like West Tallon), sea water is not preserved at low tide and the 
reefs remain low intertidal, at MLWS.  

This contrast in elevation has also influenced the chronology of Holocene reef build-
up. Isochrones and reef facies show that the corals started growing vertically about 
7 ky ago on both sides, but stopped after reaching sea level (between 1 and 4 ky 
ago, on West Tallon and inner East Tallon, respectively). On mid and outer East 
Tallon, due to the characteristic reef geomorphology that keeps a constant film of 
water on top of the reef, the reef grew in an atypical way, prograding seaward, with 
this process still active (Solihuddin et al., 2016). The apparent absence of reef flat 
elevations between MLWS and MLWN is explained by Solihuddin et al. (2016) as an 
indication that during the Holocene, reefs with the potential to become HIR (that sit 
in macrotidal conditions, with wide reef flat and coralline algae coverage), have done 
so, while other reefs have remained low intertidal reefs. 

Similarly to Tallon Island, the Abrolhos Holocene reefs have also developed a 
windward/leeward asymmetry (Collins et al., 2003), but in this case as a result of 
wave energy, rather than tides. The almost-submerged, windward margins are 
colonised by coralline algal-dominated build-ups and are about 9 m thick, more than 
15 m thinner than the leeward reefs, where the accumulation of Acropora cervicornis 
have contributed to the build-up of a well-developed reef complex (over 26 m thick. 
Collins et al., 2003). The difference in thickness between the leeward and windward 
reef platforms can be linked to a different wave energy regime (much stronger 
windward) and a poorly developed pre-existing substrate (much lower elevation on 
the leeward side, which resulted in a greater accommodation space. Collins et al., 
2003). 

Shark Bay and Geographe Bay are located in sub-tropical and temperate regions 
and are characterised by a lower energy regime, with meso- to micro-tides. Since 
the mid-Holocene, no corals have grown in the cooler waters, instead dense 
seagrass meadows have developed in both the areas. The two settings also have in 
common a lack of major river systems, discharging large quantities of terrigenous 
into the ocean (they are hence sediment-starved, like most of Australia. McMahon 
and Finlayson, 2003; Brooke et al., 2017), and they both lie in sheltered locations, 
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protected from major weather events. In this context, the surficial sediments, 
deposited during the Holocene, are a combination of mixed carbonate-siliciclastic 
deposits, with relict quartz, eroded from older formations (mainly Peron Sandstone 
and Tamala Limestone, respectively) and bioclasts produced and trapped in situ by 
seagrasses and other benthic communities. Winds and currents, also influenced by 
the local topography, play a significant role in mobilising the sediments. In east 
Faure Sill, near the Wooramel Delta, north-westerly longshore currents created by 
tides and wind, redistribute the sediment in subparallel longshore sandbars and 
sand ridges. In Geographe Bay, storm waves, deviated and refracted by Cape 
Naturaliste (Pattiaratchi and Wijeratne, 2011), mobilise the finer sediment from the 
northern portion of the Bay (i.e. in front of the Capel River mouth) and keep it in 
suspension from the seabed. Waves and longshore currents then form the sediment 
into linear sandbars, oblique to the coastline, in the southern part of the Bay.  

Since the Mid- Late Holocene, terrestrial, marine and in situ sediments have partially 
infilled the middle reach of the Swan River estuary. The sediment supply fluctuates 
daily and annually. The river is wave-dominated, hence the marine supply varies 
with the metocean conditions and, with a lesser influence, the tides. The terrestrial 
input changes seasonally. In summer, precipitation is limited, consequently mean 
discharge and the sediment load are drastically reduced. Seagrass and algae 
communities that prosper in the middle reach, produce and maintain bioclastic 
sediments. 

Oceanic currents, especially the warm, southerly-flowing Leeuwin Current, have 
been a controlling mechanism, significantly influencing reef accretion across WA 
(i.e. reef growth at the Abrolhos. Collins et al., 2003).  

Conversely from the Kimberley and, to minor extent, in Shark Bay, human impact in 
the SW has been significant, since the 19th century. Dredging and the construction 
of the Fremantle Harbour at the Swan River mouth (last ~1.5 km) caused an 
increase in marine water intrusion. Agriculture and consequent upstream use of the 
river has also had an impact on the sediment transport and composition, causing 
significant changes in runoff and inputs of sediments in the estuary (Atkinson and 
Klemm, 1987; Hamilton et al., 2001). In Geographe Bay, the extensive coastal 
development that occurred in the 1990s has significantly modified the natural 
hydrodynamics and the morphological profile of the beaches (especially in Port 
Geographe and Wonnerup. see Figure 5.1 for location).Numerous coastal protection 
structures, including groynes and seawalls, had to be installed to manage the 
shoreline erosion (Barr and Eliot, 2011). 

3. Conclusions 
The Late Quaternary evolution of Australia's western coast and continental shelf is 
the result of a series of controlling mechanisms that include sea-level fluctuations 
(two marine transgressions and a major regression), pre-existing topography and 
local physical characteristics and processes. 

Since the Late Pleistocene, in a context of relative tectonic stability, drastic climatic 
changes resulted in major sea-level fluctuations that flooded, exposed and 
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inundated again the continental shelf, leading to multiple back and forth migrations 
of the shoreline. Seismic studies of the sub-surficial marine geology provided 
information on the depositional history and sedimentary patterns of four nearshore 
environments and showed that sea level changes are recorded as multiple stages of 
reef build-up (Kimberley) and various erosional and depositional features, such as 
palaeochannels and submerged ridges (Shark Bay, Swan River and Geographe 
Bay). 

The current shape of the present coastline in the studied environmental systems 
(and by generalisation, the entire WA coast) reflects the inherited landscape. 
Weathered substrates, terranes and various stratigraphic structures, formed during 
previous geological times have played a significant role in modelling the initial 
sedimentation and providing relict terrigenous sediments, that have been 
transported, reworked and deposited into the systems today. 

Considering the latitudinal vastness of WA, the resulting climatic variability has 
greatly contributed to the evolution and sediment distribution of its inner shelf and 
coast. In the tropical Kimberley, suitable climatic and oceanographic conditions have 
been essential for the onset of extensive coral reefs. Temperate seagrasses flourish 
in the shallow nearshore environments of Geographe Bay and Shark Bay. In these 
locations, the lack of major rivers and the consequent negligible terrigenous input 
from the mainland, together with a sheltered position that protects the bays from 
intense meteorological events, have resulted in clear and relatively calm waters, an 
optimal habitat for seagrass development. Seagrass meadows have been 
fundamentally involved in modifying the coastal marine environment, acting as a 
sediment trap, suppling habitats for organisms and providing a large volume of 
biogenic carbonate deposits, generated in situ. Seagrass and algal communities are 
also one of the sources of sediments for the wave-dominated Swan River 
environment, together with terrestrial and marine supplies. 
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 Chapter 8 8.
 

Conclusions  
“Science is the art of finding patterns in 

reality” 
 (Ian Sample, Massive: The Higgs 

Boson and the Greatest Hunt in Science) 
 
 

My PhD research aimed to answer fundamental questions of how the WA's Indian 
Ocean coast and inner continental shelves evolved in response to major fluctuations 
in global climate and sea level, during the Late Pleistocene and Holocene, when the 
shelf became exposed during glacial periods and then flooded as the Earth warmed 
and ice sheets collapsed.  

I have focused my efforts on four distinct and contrasting marine environments 
including the Kimberley coast and offshore islands (Chapter 2), Shark Bay (Chapter 
3), the Swan River estuary (Chapter 4) and Geographe Bay (Chapter 5).  

In each area, I took a multidisciplinary approach to my data collection and analysis 
utilising remote sensing, marine geophysics, sedimentological and geochronological 
methodologies.  

The outcomes of each research project described in Chapters 2 to 5 of this thesis 
can be summarised as follows: 

1) Tropical marine reef system: Kimberley. The Quaternary reef development in 
the Kimberley has been influenced by global sea level changes that provide a 
signal which is recorded in successive stages of the reef growth, separated by 
hiatuses. Two acoustic reflectors can be consistently distinguished across the 
inner shelf reefs, marking the boundaries between Holocene reef (last 12,000 
years), commonly 10-15 m thick, and Last Interglacial reef (last 125,000 years) 
and an ancient Neoproterozoic rock foundation over which Quaternary reef 
growth occurred. Three acoustic horizons characterise the offshore reefs, 
highlighting multiple reef building stages. 

2) Sub-tropical seagrass bank system: Faure Sill (Shark Bay). The development of 
the Faure Sill has been critical in the initiation and persistence of the Hamelin 
Pool stromatolites and the entire local ecosystem. The evolution of the bank has 
been controlled by three mechanisms: 1) pre-Holocene topography that shaped 
the initial sedimentation with highs and channels; 2) the seagrass, which acts as 
a sediment trap and represents a consistent source of bioclastic and epiphytic 
sediments; 3) sea level fluctuations, that largely controlled the hydrodynamic 
conditions, such as the current velocities, influencing the erosion, transportation 
and deposition of the sediments. 
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3) Temperate clastic estuarine system: Swan River. The record of Late Quaternary 
sea level and climatic fluctuations in the metropolitan area of the Swan River 
comprises three generations of palaeochannels, indicating low sea level stands, 
and three related channel-fill deposits, representing high sea level periods. 

4) Temperate seagrass bank system: Geographe Bay. As in the other studied 
environments, the geomorphic character of Late Quaternary sea-level 
fluctuations in Geographe Bay are recorded in a series of architectural features 
which developed during different sea level stands. High-resolution bathymetry 
and seismic data revealed the presence of shore-oblique sandbars, several 
palaeochannels (buried and surficial) and two sets of shore-parallel, low-relief 
ridges, located nearshore and at a depth of ~ 20 m. These last two seabed 
features are relict landforms, formed under different sea level stages. 

In conclusion, from the investigations carried out during this research, it is possible 
to draw the following general considerations about the Late Quaternary evolution of 
Western Australian continental shelf sediment systems: 

1) The coastline and the inner and mid shelf of Western Australia experienced two 
marine transgressions and a major regression since the Late Pleistocene.  
The evidence of the Last Interglacial highstand can be clearly found: 

- In the Kimberley, where pre-Holocene reef build-up can be recognised in 
the seismic profiles and in the mine pit in Cockatoo Island,  

- In Shark Bay, where Bibra Limestone has been cored and dated, 
- In the South West (Swan River and Geographe Bay), where Tamala 

Limestone has been clearly depicted in the seismic profiles. 
The marine transgression that followed the Last Interglacial highstand, peaked 
around 18 ky BP (Last Glacial maximum), when the palaeoshoreline occurred at 
a present-day depth of ~130 m on the continental shelf. During the following 
~11,000 years (Early to Middle Holocene) the sea level rapidly rose till reaching 
the highstand level of more than 2 m above the present. In the last part of the 
Holocene (6800 years), the sea level slowly and irregularly dropped until the 
present. As a consequence of these sea level fluctuations, numerous seabed 
structures developed along the shelf, such as palaeochannels, submerged 
ridges and several distinct erosional and depositional features. 

2) The antecedent landscape, which consists of a combination of weathered 
substrates, terranes and various stratigraphic and geological structures of the 
bedrock, has controlled the Holocene geometry and sediment distribution in the 
considered sedimentary settings by: 

- Shaping the modern depocentres, such as palaeovalleys and 
depressions, and topographic highs that confine these depocentres. 

- Providing relict sediments, especially siliciclastic, that have been reworked 
into the systems today. 

3) The last component influencing the Late Quaternary stratigraphic structure of 
the continental shelf along the Western Australian coast includes the local 
physical characteristics and processes. Some of the factors that determine the 
sediment production and distribution comprise: 
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- Seagrass. In areas, such as Shark Bay and in Geographe Bay, where 
there is a lack of major fluvial terrigenous input, the extensive seagrass 
meadows have a primary role in reshaping and transforming the local 
sedimentary regime, by facilitating deposition, trapping fine sediments and 
producing a significant amount of biogenic carbonate deposits. 

- Hydrodynamic processes. Tides, coastal currents and wind-driven 
circulation patterns influence sediment transport, control the seafloor 
sediment characteristics and are ultimately reflected in the sedimentary 
record. 
 

Each of the regions studied during this thesis represents an iconic and geologically 
unique environment, with little published data describing the submerged landscapes, 
seascapes and sedimentary environments. None of these environments have been 
previously investigated using seismic equipment. Therefore, these research studies 
represent the first ever comprehensive sedimentological and stratigraphic analysis 
of these important settings. 
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a b s t r a c t

The inner shelf Kimberley Bioregion of Northwest Australia is characterised by a macrotidal setting
where prolific coral reefs growth as developed around a complex drowned landscape and is considered a
biodiversity “hotspot”. High-resolution shallow seismic studies were conducted across various reef set-
tings in the Kimberley (Buccaneer Archipelago, north of Dampier Peninsula, latitude: between 16°40′S
and 16°00′S) to evaluate stratigraphic evolution, interaction with different substrates, morphological
patterns and distribution. Reef sites were chosen to assess most of the reef types present, particularly
high intertidal planar reefs and fringing reefs. Reef internal acoustic reflectors were identified according
to their shape, stratigraphic position and characteristics. Two main seismic horizons were identified
marking the boundaries between Holocene reef (Marine Isotope Stage 1, MIS 1, last 12 ky), commonly 10–
20 m thick, and MIS 5 (Last Interglacial, LIG, �120 ky, up to 12 m thick) and Proterozoic rock foundation
over which Quaternary reef growth occurred. Within the Holocene Reef unit, at least three minor in-
ternal reflectors, generally discontinuous, subparallel to the reef flat were recognised and interpreted as
either growth hiatuses or a change of the coral framework or sediment matrix. The LIG reefs represent a
new northernmost occurrence along the Western Australian coast.

The research presented here achieved the first regional geophysical study of the Kimberley reefs.
Subbottom profiles demonstrated that the surveyed reefs are characterised by a multi-stage reef buildup,
indicating that coral growth occurred in the Kimberley during previous sea level highstands. The data
show also that antecedent substrate and regional subsidence have contributed, too, in determining the
amount of accommodation available for reef growth and controlling the morphology of the successive
reef building stages. Moreover, the study showed that in spite of macrotidal conditions, high-turbidity
and frequent high-energy cyclonic events, corals have exhibited prolific reef growth during the Holocene
developing significant reef accretionary structures. As a result coral reefs have generating habitat com-
plexity and species diversity in what is a biodiversity hotspot.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The Kimberley is located in the Australia's northwest con-
tinental margin and, primarily due to its remote geographical lo-
cation, published scientific investigations of the region are scarce
compared to other marine and coastal ecosystems in Australia
(Chin et al., 2008; McKenzie et al., 2009; Wilson, 2013). A recent
remote sensing study by Kordi et al. (2016) recognised the Kim-
berley has hosting a major reef system, the largest in Western

Australia, and second only to the Great Barrier Reef in terms of
total reefal area and number of reef islands. Despite been re-
cognised as a major biodiversity hotspot of international sig-
nificance (Chin et al., 2008; Department of the Environment, 2014;
Pepper and Scott Keogh, 2014), the coral reefs of the Kimberley
coast remain relatively understudied when compared with other
relatively well-known a reef systems along the Western Australian
coast, such as the Houtman Abrolhos islands, Ningaloo fringing
reef and some isolated oceanic atoll-like reefs (e.g., Scott Reef,
Rowley Shoals. Eisenhauer et al., 1993; Collins et al., 2003; Collins
et al., 2006; Collins et al., 2011. See reviews in Montaggioni, 2005
and Collins, 2011). In particular, Collins (2011) and Wilson (2013)
noted a significant information gap on the geomorphology, evo-
lution and development of reefs of the Kimberley Bioregion. Until
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recently, when Solihuddin et al. (2015) accomplished the first
detailed geological account of Holocene reef growth in Cockatoo
Island (Kimberley Bioregion), it was not known whether reefs are
thin veneers over rock platforms or significant long-lived accre-
tionary structures. The paper showed in fact that, at least at this
one location, the Holocene reef consists of a thick reef framework,
up to 15 m thick. The Cockatoo study also showed that the in-
itiation of Holocene reef occurred soon after flooding of the con-
tinental shelf over older Pleistocene reef surface, which was found
between 20 and 30 m below sea level, with Reefs growing in
catch-upmode reaching base level around 3000 years ago. This is a
significant finding as it suggests corals are able to persist and grow
significant accretionary structured in what might be considered
challenging or extreme environmental conditions, including ex-
treme macrotidal range (Wilson, 2013), high-turbidity (Brooke,
1997; Wilson et al., 2011; Solihuddin et al., 2015), frequent cy-
clones (Wilson, 2013). The Solihuddin et al. (2015) study now
raises a series of further questions about the reefs in the Buccaneer
Archipelago:

� Is the reef morphology of Cockatoo Island a result of a unique
local oceanographic effect or do most Kimberley reef exhibit a
similar morphology and growth history?

� The northernmost occurrence of Last Interglacial (LIG) reef
along the Western Australian coast is found at Cape Range
(Ningaloo Reef. O’Leary et al., 2008); does the discovery of LIG
reef within the open cut mine Cockatoo represent a broader
occurrence of LIG reefs throughout the Kimberley?

� What role has the antecedent topography in terms of structural
control of on reef growth during the Holocene?

This project presents the first detailed seismic study across a
range of reef morphotypes in order to (1) provide insights into the
internal reef architecture and structures, (2) determine the thick-
ness of the Holocene reef and pre-existing reef buildups, and
(3) establish the growth-controlling factors and their role on the
Quaternary reef evolution. This paper presents a detailed de-
scription of reef morphologies and provides a better under-
standing of the past reef growth history of inner reefs of the
Kimberley (Buccaneer Archipelago. Fig. 1).

2. Environmental setting and geology

The Kimberley region occupies a land area of about
424,000 km2 (O’Faircheallaigh, 2013) and extends from Cape Ker-
audren (southern end of Eighty Mile Beach) to the border of
Western Australia/Northern Territory, for a length exceeding
5000 km (Brocx and Semeniuk, 2011; Kordi et al., 2016. Fig. 1). The
Kimberley south of Cape Leveque (Dampier Peninsula) is situated
within the Phanerozoic Canning sedimentary Basin and is char-
acterised by a simple relatively straight coastline, however the
Kimberley north of Cape Leveque is situated within the Proterozoic
Kimberley block and is characterised by complex coastal highly
indented coastline (Chin et al., 2008; Collins, 2011; Tyler et al.,
2012). The coastal and marine habitats include extensive archi-
pelagos, with more than 2400 islands, bays, capes, tidal plains,
mangroves and a broad variety of coral reefs rich in diversity (at
least 850 where mapped by Kordi et al. (2016)).

These complex environments are strongly influenced by mac-
rotidal conditions, high-turbidity, tropical monsoonal climate and
proximity to the Indo – Pacific Throughflow (ITF) and the Leeuwin
Current (e.g., Wolanski and Spagnol, 2003; Condie and Andre-
wartha, 2008; Collins and Testa, 2010; Brocx and Semeniuk, 2011;
Wilson, 2013).

Situated in a semi-arid to sub-humid climate zone, the

Kimberley experiences seasonal rainfall (between November and
March) that influences local freshwater and sediment drainage
from the hinterland to the coast (Parkinson, 1986; Brocx and Se-
meniuk, 2011). A Tidal range of 12 m during springs and less than
3 m during some neaps has resulted in an extensive intertidal zone
(Cresswell and Badcock, 2000). These tidal motions can result in
tidal currents of 2 m/s, which can remobilise and resuspend fine
particles with the result being coral reefs can become invisible
from the surface at high tide and at low tide, the reefs appear
partially covered by mud (Wilson et al., 2011). The turbidity in-
creases in wet season when the rates of river runoff are higher
(Wolanski and Spagnol, 2003).

The Kimberley marine environment is strongly influenced by
an ancient geological history and it is characterised by complex
structural and tectonic settings. The intricate coastal geomor-
phology is structurally controlled by ancient folded and faulted
Proterozoic metasedimets and volcanics (Fig. 1. Tyler et al., 2012).
Since the Miocene tectonic subsidence (Sandiford, 2007), has re-
sulted in a drowned ria-style coast which has likely influenced the
style and development of coral reef growth on the North West
Shelf. During the last glacial, the inner shelf reefs experienced
subsidence of around 0.11 m/ky (Solihuddin et al., 2015).

2.1. Geomorphic classification of reefs in the Kimberley Bioregion

Due to the macrotidal conditions, most reef flats in the Kim-
berley are exposed during low tide and are, therefore, intertidal in
character. Reefs which have not yet grown to sea level are per-
manently subtidal, and many small patch reefs and most shoals
are of this type. A specialised type of high intertidal reef re-
cognised by Wilson et al. (2011) and Wilson (2013) is characterised
by a high, flat topped surface that may be several metres above
mean low water springs (MLWS) tide level, and experiences sig-
nificant subaerial exposure during the tidal cycle. These reefs have
unique surface characteristics, including lithified algal ridges, ter-
raced reef platforms, and coralline algae (rhodolith banks), as well
as Porites microatolls. In order to capture a range of reef typologies
this study utilized a revised reef geomorphic classification scheme
developed by Collins et al. (2015) and Kordi et al. (2016) for the

Fig. 1. Map of the reef in the Buccaneer Archipelago, Kimberley, showing the
geology of the region (after Tyler et al., 2012) and the marine bioregions (Integrated
Marine and Coastal Regionalisation of Australia, IMCRA, v4.0. Commonwealth of
Australia, 2006). The reefs seismically surveyed in this study are labelled.
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Kimberley Bioregion, which was adapted from the Great Barrier
Reef Geomorphic classification scheme by Hopley et al. (2007).

Fringing reefs are widespread in the Kimberley (Kordi et al.,
2016) with morphologies influenced by the complex embayment
and island coastal morphology, both as mainland and island as-
sociated features. In this study of the Kimberley, five main types of
fringing reefs were essentially described: Bay Head, Inter-island,
Circum-island, Headland and Narrow-beach Base.

Planar reefs are large isolated features characterised by flat
topped platforms that are usually emergent only at low tide. Ex-
amples are Montgomery Reef, the Adele group of reefs (Adele and
Churchill) and Brue Reef (see Fig. 1 for location).

There are many patch reefs and shoals scattered throughout
the Kimberley Bioregion (see Wilson, 2013 for examples). These
reefs usually grow on isolated topographic highs suitable for co-
lonisation by coral growth and are common on exposed margins of
fringing reefs. They are usually intertidal to subtidal features and
are often small. These features were not studied in detail in this
project which focused on the larger and more diverse reefs.

3. Methods

The surveyed reef sites (Fig. 1) were chosen in order to capture
a broad range of reef morphotypes (Fig. 2) and included almost
300 km of subbottom profiler (SBP) lines. The geophysical survey
was limited to the Buccaneer Archipelago and Montgomery Island
and designed to target the orientation, internal architecture and
morphology of the reefs. Profiles perpendicular to the reef allowed
capture of the reef growth axis, transects parallel to the reef crest
and crossing tie lines permitted a correlation during the inter-
pretation and creation a three-dimensional perspective of the
acoustic units' framework.

The surveys were conducted using an AA201 boomer system
(Applied Acoustic Engineering Limited, Great Yarmouth, UK). Ac-
curate positioning was obtained with a dual frequency Differential
Global Positioning System (DGPS). Data were digitally recorded
using SonarWiz 5 (Chesapeake Technology Inc., Mountain View,
CA) as acquisition and post-processing software. The seismic

profiles were postprocessed to improve the signal to noise ratio (S/
N) by tracking the bottom and applying standard signal processing
procedures such as bandpass filter and user defined gain/
attenuation.

Subbottom profiling survey provided information on reef ar-
chitecture, Holocene thickness and foundation, as well as earlier
Pleistocene reef growth events. Stratigraphy and geochronology of
Holocene, Pleistocene Reef and Proterozoic basement exposed in
the Cockatoo mine pit (Solihuddin et al., 2015) were used to in-
terpret and ground truth the major seismic horizons recorded over
the modern Cockatoo reef flat (see Solihuddin et al., 2015; Collins
et al., 2015 and further, Fig. 3). The reliability of this correlation
was verified by laterally tracing the key seismic surfaces onto the
neighbouring reefs, demonstrating a regional consistency of the
stratigraphic pattern of two stages of reef growth (Holocene and
Pleistocene).

4. Results and discussion

4.1. Seismic facies analysis

Two significant seismic reflectors R1 and RF were identified
and defined on the basis of their (1) relative position, (2) acoustic
reflection and (3) architectural characters (Table 1 and seismic
profiles in Section 4.2). Between R1 and the seabed, many profiles
also exhibit minor acoustic horizons, named H1, H2 and H3.

4.1.1. R1 reflector
R1 is a high-energy reflector, which represents the top of the

Pleistocene calcretised reef limestone unit recognised by Soli-
huddin et al. (2015). Table 1 and depicted in green color in the
seismic profiles in Section 4.2. Occasionally R1 is masked by sea-
bed multiple echoes or by a thick and hard overlying substrate.
The R1 follows a similar topographic profile to the modern reef flat
seabed in exhibiting a quasi-horizontal reef flat that steeply dips at
the forereef slope matching the modern forereef slope. The seismic
unit bounded by the sea floor/modern reef flat and R1 represents
the Holocene reef/sediment buildup.

Fig. 2. Geomorphic classification scheme for the Kimberley reefs, based on adaptation of Hopley et al. (2007) Collins et al. (2015), and Kordi et al. (2016) and data from this
study.
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4.1.2. H reflectors
The Holocene unit is characterised by a series of internal dis-

continuous, subparallel reflectors of moderate to low amplitude
(H1, H2 and H3, represented in shades of orange color in the
seismic profiles in Section 4.2). H1 is the shallowest reflector,
found in the first 5 m from the seafloor surface. In some profiles, it
is not recognisable, due to very high impedance of the seafloor
reflector masking the first few metres of substrate. H2 can be
usually found between 5 and 8 m from the seabed and H3, where
identified, is generally 3–7 m above the R1. These reflectors could
be interpreted as hiatuses or a change of the coral framework
(possibly from muddy to sandy matrix), according to the ob-
servation of Solihuddin et al. (2015).

4.1.3. RF reflector
The post-processing and interpretation of the acoustic profiles

across the area define the RF reflector as the deepest seismic
horizon identified in the surveyed reefs and locally forms deep
valley-like depressions and ridges (Table 1 and depicted in blue
color in the seismic profiles in Section 4.2). The RF caps a chaotic,
low amplitude unit that can be considered on the basis of the
profile analysis and correlation with the data derived from a mine
pit in Cockatoo Island as the Proterozoic rock foundation, and re-
presents the acoustic basement of the reefs in the Buccaneer Ar-
chipelago. The terrestrial expression of this unit is represented by
folded metamorphics, conglomerates and sandstones of the Kim-
berley Group. The seismic unit bounded by the R1 and RF re-
presents an older, Pleistocene reef unit, which belongs to the Last

Interglacial (LIG) sea level highstand (see further, in Section 4.2).
The LIG section has been diagenetically altered and consists of
calcretised, muddy branching coral framestone containing re-
crystallised corals (Solihuddin et al., 2015).

4.2. Internal architecture of Sothern Kimberley reefs

A number of reef typologies have been identified in the Kim-
berley (see Fig. 2). These include a range of fringing reef
morphologies, with reef flat elevations that fall within two pri-
mary categories, high inertial and intertidal. The internal archi-
tecture of a variety of reef types were investigated and compared,
through the analysis of seismic profiles.

4.2.1. Fringing reefs
4.2.1.1. Circum-island reef: Cockatoo Island. The Buccaneer Archi-
pelago (see Fig. 1 for location) is characterised by a highly dis-
cordant coastline resulting from the partial submergence of a
structurally controlled geological landscape with anticlinal fea-
tures forming the region's islands and coastal headlands.

Cockatoo Island is located less than 6 km from the mainland
coastline and consists of strongly folded and trending NW–SE
Palaeoproterozoic metamorphic and igneous rocks of the King
Leopold Orogen (Wright, 1964). The Cockatoo Island reef is a high
intertidal, Circum-island fringing reef, species-rich, with branching
corals that dominate the modern forereef slope and persist to
depths of 10 m below mean sea level (Solihuddin et al., 2015).
Tides of up to 12 m provide the main physical energy.

The seismic profiles were mainly confined to the reef flat and
forereef slope in front of the mine pits (inset in Fig. 3. Survey lines
marked in red). The profiles on the southern-eastern margin of the
reef flat reveal the structure of the reef overlying Proterozoic rocks
(below RF horizon, in blue color) and confirm the stratigraphy
mapped by Solihuddin et al. (2015) in the mine pits. An initial reef
building phase of LIG reefs (below R1 horizon, in green color) of 5–
10 m thickness overlies the Proterozoic substrate. Thereafter Ho-
locene reef comprises the reef flat and is 15–20 m thick. Up to
25 m of well-laminated fine sediment mound is located in front of
the reef flat (Fig. 3B). This massive sediment body is about 2.5 km
long and directly overlies the LIG reef building phase.

4.2.1.2. Inter-island reefs: Bathurst Island–Irvine Island. Interisland
reefs are defined by joining two separate islands, and are com-
monly found in the Buccaneer Archipelago and some appear to
coalesce to form inter-island reefs where two islands are located in
close proximity. One such inter-island reef is located between
Bathurst and Irvine Islands (Fig. 1).

This inter-island fringing reef is characterised by a deep elon-
gate depression, 30–35 m deep, which cuts across the platform
(Fig. 4), and it has been suggested by Wilson (2013) that this in-
dicates the partial coalescence of two fringing reefs, which left a
residual gap in the platform as a function of incomplete reef
growth, as opposed to a single platform with an elongate karst
depression. The platform surface is frequently emergent, with a
transverse sand sheet, shallow reef flat pools containing corals and
fields of Porites microatolls present, features in common with
other high intertidal reefs.

The internal structure of the Bathurst–Irvine reef in west – east
section (Fig. 4) reveals its growth that occurred on relatively flat
Proterozoic bedrock 30–40 m below mean sea level (MSL). Within
the reef platform, the reflector R1 is approximately horizontal and
the LIG sequence is around 10–12 m thick. Within the 15 m of
Holocene reef buildup, there are 3 minor acoustic reflectors H1,
H2, and H3, which are interpreted as either hiatuses or temporary
pauses in reef growth, changes in the type of sediment matric
(sand vs mud) or change in coral facies (branching to massive).

Fig. 3. (A) Cockatoo mine pit section (Photograph credit: Solihuddin T., 2013). In-
set: Landgate aerial photography provided by the Department of Parks and Wildlife
(DPaW); SBP lines are marked in red. SOL: start of line; EOL: end of line. (B) Cross-
section of a seismic profile collected adjacent to mapped mine pit sections of So-
lihuddin et al. (2015) established position of Proterozoic foundation (RF, blue), Last
Interglacial reef (R1, green) and overlying Holocene reef across the fringing reef.
Note the sediment mound in front of the reef flat. Modified after Collins et al. 2015.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Seismic traverses across the pool in the middle of the Bathurst-
Irvine interisland reef reveal a thin (5 m thick) LIG reef unit pre-
sent close to the modern sea bed, overlying the Proterozoic sub-
strate. Within the pool Holocene pinnacle reefs up to 10 m high
grow from the base of the pool (Fig. 4B).

Both margins of the reef flat have well-developed bedded se-
diment lobes, up to 20 m thick. Longitudinal and transversal
seismic profiles have shown that the bodies have a complex in-
ternal architecture (Figs. 4 and 5), composed of surficial seaward
prograding layers, in discordant relationship with the deeper and
more horizontal ones. Similarly for the Holocene discontinuities
(H1, H2, and H3), the internal beds could also be linked to possible
non-deposition. Based on a qualitative interpretation of the seis-
mic data, the drapes are composed by fine to medium grained
sediments and, according to the local geomorphology and the

collected samples, the sediment supply could be a combination of
clastic influx coming from the surrounding islands and from sus-
pension (from the mainland), and bioclastic carbonate deposits
derived from the reefs. The western sediment mound Fig. 4A) is
likely a result of ebb tides flowing off the reef platforms and bot-
tom current dynamics, resulting in filling of pre-existing accom-
modation space.

A north–south profile (Fig. 5) of the platform shows a similar
stratigraphy for the reef platform, with 25 m of Holocene sediment
infilling the adjacent small lagoon to the south of the platform.
Holocene and LIG thicknesses are similar to those already recorded
in the W–E profile of the platform. Topographic changes in the
Proterozoic surface, as it rises to the north, have influenced the
position of the platform by providing suitable elevated substrate
which was colonised by LIG reef growth. Within the sediment

Table 1
Characteristics and acoustic features of seismic units identified in the profiles.

Fig. 4. (A) W–E section of the Bathurst–Irvine high intertidal fringing reef (width 7 km), showing two stages of platform growth, marginal sediment bodies, drowned reefs
(inset, B) in the central elongate pool and basement topography.

G. Bufarale et al. / Continental Shelf Research 123 (2016) 80–8884



body, the internal geological pattern is almost completely ob-
scured by an acoustic turbidity anomaly. This seismic signature,
named curtain, is associated with fluid escape through the sedi-
ment (Baltzer et al., 2005). It is noteworthy that Traditional
Owners have reported freshwater springs in the general area. The
presence of the two shallow pools along north east Irvine Island
could be linked to upward migration of fresh water into the sea-
water. The mixed brackish waters could have been a significant
control on reef growing processes, limiting the Holocene (and
possibly LIG) buildup in the area.

4.2.1.3. Bay head reefs: south Sunday Island. Fringing bay head reefs
are mainly developed in the southern and south-eastern sectors of
the Sunday Islands (Fig. 6). The reef flats are sheltered and elon-
gate along the coastline, with an approximate width between
500 m and 1500 m. The acoustic profiles cover only the external
edges of the platform, due to the tidal conditions during the sur-
vey. The data available reveal that the pre-existing Proterozoic
topography (RF) rises from 30 m to 10–15 m below the seafloor,
significantly attenuating the reef development. Both the Last In-
terglacial and the Holocene reefs are relatively thin, with a similar
internal architecture. Whereas the Proterozoic rock foundation
presents irregularities, such as channels or depressions, the LIG
reef growth tends to level the topography (see Fig. 6B). For this
reason, it is problematic to establish an average thickness of this
unit. The overlying Holocene reef buildup is about 7 m thick on a
mostly flat pre-existing LIG surface.

4.2.2. Planar, coralgal reefs
4.2.2.1. Montgomery Island. Montgomery Island is located ap-
proximately 23 kmwest of the coastline (Fig. 1). It is bordered by a
large high intertidal reef which is a planar coralgal reef, and con-
tains a central Proterozoic island (Wilson, 2013). Montgomery Reef
is known to have a unique set of reef substrates on the platform, in
particular rhodolith dominated substrates and associated crustose
coralline algae forming a distinctive reef crest, and at least 2 ter-
races described by Wilson (2013) as upper and lower lagoons.
Shallow pools with internal coral growth characterise parts of the
reef flat. The well-developed Proterozoic central island is sur-
rounded by sand cays and vegetated by mangroves and grasses
(Wilson, 2013). Reef flats are dominated by sand and coral rubble
with small living corals in shallow pools. The platform is very
shallow and emergent at low tide with distinctive waterfall cas-
cades across the reef crest. Spring tidal range is 12 m, and the
platform margin is exposed by a few metres at low tide. A pro-
minent north–south trending spine protruding from the main
platform on its western side is called “The Breakwater”.

Due to the extreme shallowness of water on the platform in all
parts of the tidal cycle, except during high water spring tides,
seismic transects could only be obtained at the platform margins.
Good quality profiles were collected on east and west sides of the
Breakwater.

The Breakwater appears to have developed as a northward
prograding feature, with seismic data showing a distinct pattern of
development. There are many pinnacle reefs and significant sedi-
ment cover in places along with occasional palaeochannels. Two
stages of pinnacle growth can be frequently recognised, with a

Fig. 5. N–S section of Bathurst–Irvine Reef and adjacent embayment substrate. Note influence of platform elevation in the location of platform building; 2 stages (LIG and
Holocene) of reef growth, and the 25 m thick bedded sediment pile filling the embayment to the S, with an internal signal probably representing fluid escape.

Fig. 6. Sunday Islands. (A) Landgate aerial photography provided by DPaW; track plot of seismic profiles are marked with thin red lines. (B) Seismic profile. These Proterozoic
islands are separated by deep depressions (probably structurally controlled), with both Holocene and LIG reef growth as fringing reefs. Irregular topography of Kimberley
Group is partially blanketed by 2 stages of reef growth. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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thicker LIG buildup under a thin Holocene reef substrate. In some
cases, pinnacle reefs occur above a deep basal unconformity, in-
terpreted as the Proterozoic surface, capped by sediment cover
terminating at 10 m MSL on the eastern side of the Breakwater
(Fig. 7). Three stages of reef development are present, with dif-
ferent level of maturity going from juvenile in the north and
mature in the south. An axial section across the northern tip of the
Breakwater (profile 1, Fig. 7A) confirms an initial ridge of LIG
coalescent pinnacle reefs that was followed by sediment cover
during the Holocene. The N–S axis of the Breakwater apparently
follows a bathymetric ridge with the same trend which controlled
the reef initiation and provided a favourable template for an initial
reef growth. A similar west–east profile, situated just to the north
eastern extremity of the Breakwater (profile 2, Fig. 7B) endorses
the pattern of LIG coalescent pinnacle growth on the Proterozoic,
then pinnacle reef recolonization during the Holocene accom-
panied by infill of depressions by active sedimentation. On the
south-western margin of the Breakwater, in a N–S section, a series
of pinnacle reefs occurs above the basal unconformity with a se-
diment blanket between pinnacles. The pinnacles are buried by
the sediment and, in some cases, protrude through the sediment
cover demonstrating contemporaneous infill and active Holocene
reef building. These pinnacles usually colonised an earlier (prob-
ably LIG) stage of pinnacle growth (see profile 3, Fig. 7C).

Together these profiles show a different level of maturity, es-
tablishing the current surface morphology as a spine-like protu-
berance northward from the Montgomery platform. First (south), a
mature stage is characterised by a ridge of LIG coalescent pinna-
cles, overlain by Holocene reef. In the central region, an inter-
mediate phase is constituted by an incipient regrowth on LIG
pinnacles by Holocene reefs. And finally, in the relatively young
reef sequence (north), a continuous reef flat is near emergent.

At its south western corner, the Montgomery Reef platform
margin has distinctive morphology of a subtidal reef terrace with a
near-vertical fore reef slope (Fig. 8). The littoral terrace is char-
acterised by a barren zone lacking spur and groove morphology,
with occasional sand sheets; a lower littoral reef front ramp, with
slope 5–10°, high-energy tidal flow, encrusted by coralline algal
ridges; a mid-littoral reef crest with 100 m wide rhodolith banks
and lacking a boulder zone; and finally a lower and upper reef flat
dominated by rhodoliths and small pools containing corals. Two
reef buildups are present overlying Proterozoic basement; a 10 m
thick LIG reef and a 22 m thick Holocene reef, immediately un-
derlying the platform margin (Fig. 8). The distinctive terracing of
the steep forereef is controlled by the boundary between these
two reef building events.

Reef building processes in and around Montgomery platform
include both phases of reef building and buried sedimentary

Fig. 7. History of reef growth for the Breakwater from seismic profiles. (A) Profile 1. Cross section of the Breakwater along its distal submerged northern margin reveals an
initial LIG ridge composed of marginal pinnacles and central coalescent pinnacle architecture, overlain by Holocene coral reef with small surficial pinnacle reefs; note
thickening of sediment drapes at margins of the ridge structure. (B) Profile 2. A similar history is shown by this profile of the east margin of the Breakwater at its northern
extremity. Note incipient colonisation of LIG pinnacle reefs by Holocene reefs, and influx of Holocene sediments. (C) Profile 3. N–S view of the south western seaward margin
of the Breakwater. Proterozoic surface (RF, blue) with two stacked generations of pinnacle reef development (LIG and Holocene), with bedded sediment infilling the reef
terrain and overwhelming reef growth, proximal to and near the point of attachment to the Montgomery platform. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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sequences, however it is clear that the Holocene buildup phase of
the main platform is significant. In shallow platform conditions,
the internal structure of the platform is difficult to determine due
to prominent ringing in the profiles and lack of penetration. It is
likely that reef thickness declines toward the central island as the
Proterozoic topography rises.

5. Conclusion

The study presented here has achieved the first regional geo-
physical study of the Kimberley reefs. By developing an under-
standing of seismostratigraphic events, it has been possible to
document the subsurface evolution and growth history of diverse
reef systems for a range of reef types mapped in the Buccaneer
Archipelago. The seismic data demonstrate the long term resi-
lience of the Kimberley reefs, their capacity to thrive in challen-
ging environmental circumstances, including high-turbidity and
other high-energy events throughout the Holocene. Evidences of
Last Interglacial reefs also suggest that reef growth was not an
opportunistic event during the Holocene but reef growth has oc-
curred in the region during earlier highstand events.

High-resolution seismic data demonstrated that:

� The surveyed reefs in the Buccaneer Archipelago have a similar
reef morphology and growth history as in Cockatoo Island.
Seismically, all reefs exhibit a multistage reef buildup, corre-
lated to late Pleistocene sea level highstand events. Inter-island
fringing reefs appear to have formed by progradation and coa-
lescence of fringing reefs attached to adjacent islands. Where
coalescence has not gone to completion, deep inter-reef chan-
nels or elongate depressions still remain between adjacent
fringing reefs or within intertidal platform reefs (e.g. Bathurst
and Irvine reef). Within few reef systems, linked pinnacle reefs
up to 15 m thick, are present.

� The study also documented the first widespread occurrence of
last interglacial coral reefs north of Cape Range (Exmouth lati-
tude: 21°55′S). However unlike the emergent reef terraces
which intermittently outcrop along the coast between Dongara
(latitude: 29°15′S) and Exmouth, LIG reefs occur at depth of
between 20 and 35 m would suggest that the coastal Kimberley
region has undergone or is still undergoing subsidence at least
since the Last Interglacial. A subsiding coast can explain the

complex ria coastline and numerous islands which is s char-
acteristic of the Northern Kimberley coast.

� Pre-existing topography and substrate depth control the
amount of accommodation available for reef growth and
stacking of reef building events. From the seismic profiles, it
appears evident that the elevation of the Proterozoic rock
foundation represents a major factor in determining the thick-
ness and location of the reefs and controlling their vertical ac-
cretion. Pre-existing topographic highs, like hills or ridges were
possibly inundated several hundred years later than the ad-
jacent valleys or palaeochannels. Also the substrate represents a
controlling factor in reef development. Corals are not able to
grow on mobile unconsolidated sediments, hence where there
is this kind of foundation, no reefs buildup is present. Sub-
sidence of the LIG substrates must also be taken into con-
sideration. The Kimberley coast is considered to represent a
subsiding landscape. This hypothesis is supported by the seis-
mic data obtained during this study. As a consequence, a greater
accommodation space has become available, being an im-
portant control factor of the overall Holocene morphology.

Combining this information with reef chronology and mea-
surements of accretion rates (from Solihuddin et al., 2015), the
data indicate that the interaction between Quaternary global sea
level fluctuations and the complex, subsiding Kimberley landscape
has been of primary importance in controlling the longer term
evolutionary patterns of coral reef development and growth, the
available accommodation for and timing of multiple events of reef
growth over geological timescales.
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Within the Faure Sill complex (Shark Bay, Western Australia), a combination of remote sensing analysis, seismic
stratigraphy and cores to ground truth, together with radiocarbon dating, demonstrate the interconnection be-
tween sediment bodymorphologies, seagrass related substrates and pre-existing topography and reveal the sys-
tem as a channel–bank complex. Sea level fluctuations appear to have largely controlled the hydrodynamic
conditions of the bank, contributing to each stage of its evolution. 1) Not earlier than 8.5–8.0 ka BP, in a lowstand
period, after an erosive event of underlying palaeosurfaces, seagrass establishment progressively contributed
to initiating bank growth. 2) Around 6800 years BP, bank accumulation reached its apex, in conjunction with a
rapid sea transgression. 3) During the Late Holocene, succeeding a slow decline to present sea level, bank growth
continued to fill available accommodation space and a number of hiatuses, indicating temporal and spatial dis-
continuities within the process of bank building, are recognised. Average depositional rates of bank building
(1.3 m/ka) conform to previous estimates derived for seagrass banks but rates are strongly facies dependent,
attesting to the dynamic nature of this channel–bank complex. The extensive seagrass meadows are essential
for a wide range of aspects of the environment of the Shark Bay area. Not only are they particularly important
for the entire shallow benthic ecosystem, but they also had amajor role in the partial closure of the southern ba-
sins and hence determining the development of hypersaline conditions and associated oolitic microbial and
evaporitic facies in Hamelin Pool and L'Haridon Bight. Moreover, this system has a critical role in producing, se-
questering and storing organic carbon.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Registered as a World Heritage Property in 1991 on the basis of its
“natural heritage” values (Hancock et al., 2000), Shark Bay is located ap-
proximately 800 km north of Perth on the west coast of Australia
(Fig. 1A). It has a “W” shape, open to the Indian Ocean to the north
and divided by the Peron Peninsula into two narrow gulfs: Freycinet
Basin on the western side and L'Haridon Bight and Hamelin Pool, to
the east (Fig. 1B). Faure Sill, a seagrass bank, is one of Shark Bay's
most notable structures, lying approximately between 25° 45′ S and
26°30′ S and 113° 40′ E and 114° 15′ E (Fig. 2), orientated east–west
across the axis of the Hamelin and L'Haridon hypersaline basins and
covering an area of around 1000 km2 (Davies, 1970a). The bank extends
from Kopke Point (Gladstone Embayment/Wooramel Complex)
to Faure Island, Petit Point (Nanga Peninsula) and to Dubaut Point
(southern part of Peron Peninsula); it is nearly emergent at Faure and

Pelican Islands and it is characterised by shallow water and relatively
deep and broad channels, mainly north–south oriented (Fig. 2).

The two most prominent natural assets of Shark Bay are stromato-
lites and seagrass. Stromatolites are common in fossil sequences, widely
recorded back to the Precambrian (Schopf, 1993; Allwood et al., 2006),
but rare inmodernwaters, where their occurrence is limited to some lo-
cations in Western Australia, in the Bahamas and in a few other places
elsewhere (e.g. Dravis, 1983; Cohen et al, 1993; Moore and Burne,
1994; Jahnert and Collins, 2013). It is well known that seagrass commu-
nities provide a wide range of services (Duarte, 2002; Gibbes et al.,
2014). They are fundamental in controlling fluid dynamics across the
bank where they reside (Fonseca et al., 1982; Belperio et al., 1984;
Verduin and Backhaus, 2000; Koch et al., 2006). The extensive seagrass
meadows at Shark Bay, the largest reported assemblage in the world
(Walker, 1990), has had a significant control during Holocene time on
the sedimentary regime and the growth of the bank, leading to major
environment changes, which have caused a partial closure of the south-
ern basins of Hamelin Pool and L'Haridon Bight (Davies, 1970b; Logan
et al., 1970a,b; Hagan and Logan, 1974; Read, 1974; Walker, 1985;
Walker and Woelkerling, 1988; Walker et al., 1988; Jahnert and
Collins, 2013; Collins and Jahnert, 2014). Its role in reducing the rate
of water flowing through the sill has resulted in a decrease or loss of
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sediment movement, which is trapped and bound by the roots and rhi-
zomes, stabilising and enhancing the accretion of the seabed (Walker et
al., 1999). The thickmeadow acts as protection from cyclones and other
severe conditions and, aswell, prevents erosion of the seafloor (Walker,
1990; Duarte, 2002).Moreover, epiphytes and other organisms (such as
molluscs and foraminifera), which live in their rhizomes, produce a sig-
nificant amount of calcium carbonate and play an important role in the
deposition and accumulation of sediment (Hagan and Logan, 1974;
Walker and Woelkerling, 1988). Barrier banks, climatic conditions and
restricted tidal exchange control the salinity of the enclosed waters
(Logan and Cebulski, 1970), creating unique environments with
metahaline to hypersaline conditions, which provide a basis for the de-
velopment of a variety of biogenic and physical structures such as mi-
crobial communities (stromatolites) and oolitic shoals (Jahnert and
Collins, 2013). Thus, explaining the evolution of the seagrass banks is
crucial to understanding the development of the hypersaline facies as-
sociation in basins to the south.

During the 1970s, pioneering research was described in two
American Association of Petroleum Geologists Memoirs (Logan et al.,
1970b, 1974) and subsequent work undertaken by Playford and
Cockbain (1976) Playford (1990), Chivas et al. (1990). Recent research
has provided the first detailed regional evaluation of the subtidal micro-
bial system and tidal flat evolution (Jahnert and Collins, 2011, 2012,
2013; Collins and Jahnert, 2014).

Besides these local values, seagrass banks provide global ecosystem
services. For instance, seagrass meadows are involved in producing, se-
questering and storing organic carbon (Duarte, 2002; Grimsditch et al.,
2012; Duarte et al, 2013; Lavery et al., 2013) and significantly

contributing to carbon, nitrogen and phosphorus cycles in the ocean
(Fourqurean et al., 2012). Moreover, the wider Gascoyne Delta–
Wooramel Bank–Wooramel Delta–Faure Sill system (Fig. 1B) has poten-
tial as an analogue for some Browse Basin hydrocarbon reservoirs in the
NorthWest Shelf, Western Australia (Barber et al., 2004; Tovaglieri and
George, 2014).

To investigate theHolocene development of the Faure channel–bank
complex, remote sensing imagery analysis, acoustic profiles and sedi-
mentological information were combined, in order to correlate internal
architecture, sediment bodies and lithofacies. Integrating these data
with radiocarbon dating, information about the accumulation rates
was obtained, together with an estimated age of bank onset. This
paper reports the analyses conducted on the Faure Sill and new insights
and understanding of its evolution, growth and chronology, by consid-
ering morphostratigraphic elements, channel architecture and geome-
try, and linking traditional research with newly developed facies
associations and stratigraphic relationships.

2. Geology and environmental setting

The landscape of Shark Bay has been significantly controlled by tec-
tonism (Butcher et al, 1984). Fold and fault systems have been shaping
the geography of the area since the Palaeozoic (van de Graaff et al.,
1983; Hocking et al., 1987). Anticlinal folds, oriented NNW–SSE, are re-
sponsible for the formation of peninsulas and islands and synclines are
associated with the gulfs and bays (Butcher et al., 1984; Playford et al.,
2013). A regional normal fault system oriented N–S has operated in

Fig. 1. A) Aerial view of the area from Geoscience Australia. B) Simplifiedmap of Shark Bay, with seagrass distribution. The twomost notable banks are the Faure andWooramel seagrass
banks, adjacent to the Wooramel and Gascoyne Deltas.
Modified fromWalker et al. (1988), Jahnert and Collins (2013), Playford et al. (2013) and www.sharkbay.org.
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the region and some reverse faults are associated with the anticlines
(Butcher et al., 1984; Playford et al., 2013).

The Shark Bay region can be divided into four main physiographic
provinces (Fig. 1; Logan et al., 1970a; Hancock et al., 2000):

1) At the eastern margin of inland Shark Bay, Neogene and Cretaceous
limestone units compose the Yaringa Province (Playford et al., 2013).

2) The Gascoyne–Wooramel Province is the wide alluvial coastal plain
that stretches between the Gascoyne and Wooramel Rivers (Logan
et al., 1970a).

3) The Peron Province is located in the central part of Shark Bay. During
the latter part of the Quaternary, Shark Bay was characterised by
three distinct marine transgressions (Logan et al., 1974; O'Leary
et al., 2008; Jahnert and Collins, 2011). The first phase led to the for-
mation of the Peron Sandstone (Logan, 1968; Logan et al., 1970a), a
red, quartz rich sandstone, exposed on the Peron and Nanga Penin-
sulas and in Faure and Pelican Islands (Table 1).

4) The western Edel Province comprises Edel Land, Dirk Hartog Island
and the Bernier–Dorre Islands. The main formation exposed in the
area is the Tamala Limestone (Logan, 1968; Logan et al., 1970a;
Playford and Cockbain, 1976), a pale, off white calcarenite
(cemented calcareous dune sand) which developed as a result of a
second phase of coastal dune formation (Logan et al., 1970a).

The Faure bank complex sits at a focal point between the coastal
strip along the western margin of the Gascoyne–Wooramel Province
and the eastern shores and hinterland of the Yaringa Province and
Peron Provinces (Peron and Nanga Peninsulas and Faure Island;
Hancock et al., 2000).

Although the principal Pleistocene units in the area are the eolianites
of the Tamala Limestone and Peron Sandstone, there are also a few

outcrops of Pleistocene marine formations: Dampier Limestone (and
its member the Carbla Oolite), Bibra Limestone and Depuch Sandstone
(Playford et al., 2013).

Fig. 2. Locality map showing the study area and the locations mentioned in Sections 4 and 5. Locality names are from Hagan and Logan, 1974. Simplify bathymetric contours are shown.
Aerial view of the Faure Sill is a mosaic of photos from Landgate (Western Australia). Insert image from Geoscience Australia.

Table 1
Stratigraphic nomenclature for Shark Bay (modified from O'Leary et al., 2008). Note the
position of acoustic reflectors HR1 and HR2 within the stratigraphy (top Bibra and top
Dampier Limestones respectively, further discussed in Sections 4.2, 5.1 and 5.3). Tamala
Limestone (Middle–Lower Pleistocene) and Depuch Limestone (Late Pleistocene) are also
present in Shark Bay, but they have been excluded from the table since there is no evi-
dence of their occurrence in the study area.
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The Dampier Limestone (Logan et al., 1970a; van de Graaff et al., 1983)
is the oldest marine dominated unit recognised in the Shark Bay area
(Table 1). Dated as Middle Pleistocene, it was deposited in shallowma-
rine (less than 3 m) tidal channel flats, storm beaches, and beach ridge
environments (Hocking et al., 1987). It outcrops in the coastal areas of
the Edel and Peron Provinces. In east Hamelin Pool the marine carbon-
ate rocks of the Carbla Oolitemember of the Dampier Limestone are ex-
posed (Logan et al., 1970a; Playford et al., 2013).

The Bibra Limestone (Logan et al., 1970a; van de Graaff et al., 1983)
is a thin intertidal deposit of bioclasts and corals, widespread in out-
crops in Shark Bay (Logan et al., 1970a; Playford et al., 2013). It is esti-
mated to have been deposited during the marine phase of the late
Pleistocene interglacial (Marine Isotope Stage 5) high sea level stand
(van de Graaff et al, 1983; Hocking et al., 1987; O'Leary et al., 2008).
The last marine transgression (MIS 1) is referred to as the Holocenema-
rine phase (Table 1).

The Depuch Limestone (Logan et al., 1970a) is a red brown, strongly
cemented calcarenite and calcirudite derived by erosion and reworking
of the Tamala Limestone (Playford et al., 2013) and can be found in Edel
Province.

The presence of well-developed barrier banks associated with a
semiarid to arid climate (1:10 ratio of rainfall/evaporation) and
a restricted tidal exchange produced and preserves the hypersaline
(56–70) conditions in the Hamelin Pool and L'Haridon Bight embay-
ments (Logan and Cebulski, 1970; Logan et al., 1974; Walker et al.,
1988; CALM, 1996, Hancock et al., 2000). Predominant southerly
winds, 1–2 metre tidal range and large salinity and temperature gradi-
ents also strongly control the dynamics of the entire bay (Logan et al.,
1974; Nahas et al, 2005).

3. Materials and methods

Initially, Faure Sill was mapped by delineating geomorphic and hab-
itat boundaries. GIS Software (Geographic Information System;ArcGIS®
by Esri) and datasets formed the basis of the descriptive analysis of sea-
floor features. High resolution (50 cm/pixel) orthophotos and aerial
photos (1:25,000 scale) provided by the Department of Parks and
Wildlife (DPaW) and sourced from Landgate (Western Australia), com-
bined with ground truth data were used in order to draft detailed maps
(refer to Fig. 6). Ground truth information was drawn from existing lit-
erature, particularly from Logan et al. (1970a,b) and Logan et al. (1974),
from information collected as part of the Curtin Shark Bay Project
(Jahnert and Collins, 2011, 2012, 2013) and from the present project
(32 cores and surficial sediment samples along the seismic lines). Two
full coverage GIS based maps were created for Faure Sill. The sediments
and benthic substrates map (Fig. 3) shows 34 different types of surficial
sediment facies and for the morphological elements map, storing geo-
morphic features and bedforms (Fig. 4), 27 different aspects of the sub-
strate were recognised.

A follow up shallow geophysical survey provided useful informa-
tion on the thickness and seismic characteristics of the sediment
packages and geometry of the seismic reflectors, giving good quality
data on the Holocene and Pleistocene stratigraphic features of bank
growth, down to a depth of about 15 m below the seafloor. The sur-
vey was carried out using a nonlinear (parametric) subbottom profil-
er (SBP) SES2000 Compact System (Innomar Technologie GmbH;
Rostock, Germany), mounted vertically on the port side of the survey
vessel. A Sokkia GSR2650 LB Differential Global Position System
(DGPS) antenna was mounted on the top of the pole supporting
the SBP, to provide an accurate position. During the survey, about
270 km of tracks were acquired, mainly oriented east–west and
north–south. The penetration of the SBP varied across the survey
area depending on the subsurface conditions. The processing soft-
ware used was Innomar ISE version 2.9 (Interactive Sediment layer
Editor) and SonarWiz 5 (Chesapeake Technology Inc.); the interpre-
tation of the seismic sections has been performed based on a velocity

of sound in sediments of 1600 m/s. Seismic velocity was chosen in
accordance with the lithology of the area, which can be generalised
as loose sand, very soft clay and medium dense to dense sand and
gravel (see Hamilton, 1970; Leighton and Robb, 2008).

Lastly, a stratigraphic survey used a vibracorer (from Quaternary
Resources, Australia). To integrate and assess the results obtained
with the seismic survey, 32 sediment cores were collected. A Sokkia
GSR2650 LBDGPS, interfacedwith a laptop computer runningOpenCPN
2.5.0 (open source navigation software), was used to position the vessel
on the pre-established core location coordinates. Later, each core was
cut into 1metre sections and relocated to the Sedimentology Laboratory
in the Department of Applied Geology, at Curtin University. Then, after
splitting each section, cores were photographed and studied. Core log-
ging included an evaluation of colour (using the Munsell Soil Chart —
Munsell, 1954), bioturbation, texture and lithology and a record of any
major stratigraphic changes. Finally, samples were collected for further
analyses, such as X-ray diffraction (XRD), foraminiferal identification
(Parker, 2009) and radiocarbon AMS 14C dating.

Dating values derived from four cores were used to assess the age of
reflectors and facies and to calculate accumulation rates in the bank and
delta areas. The datingwas conducted by the RadiocarbonDating Centre
(Australian National University, ACT), using the accelerator mass spec-
trometer method (AMS). One species of foraminifera (Amphisorus
hemprichii, Ehrenberg, 1839) was targeted and picked for dating.
20 mg of the sample was the minimum weight required for dating
(Fallon et al., 2010). Reworked, abraded or micritised specimens were
excluded, since they could lead to unreliable dates and outliers in
data. The quantity of Amphisorus in some intervals was scarce, limiting
the choice of specimens. The conventional ages and their error, rounded
to the nearest year (Fallon et al., 2010), are expressed in radiocarbon
years using the Libby half-life of 5568 years and following the conven-
tions of Stuiver and Polach (1977). The curve Marine09 was used as a
calibration dataset to convert conventional ages into calibrated years,
assuming a delta R of 70 ± 50. The marine calibration incorporates a
time dependent global ocean reservoir correction of about 400 years
(Stuiver and Reimer, 1993; Stuiver et al., 2005).

4. Results

4.1. Morphology and substrate mapping

A sediments and benthic substrates map (Fig. 3) and a morphologi-
cal elements map (Fig. 4) were derived through an initial remote sens-
ing analysis of the Sill. Superficial sediment facies, geomorphic features
and bedforms reveal the composite nature of the complex.

4.1.1. Sediments and benthic substrates of the Faure Sill System
Sediments and benthic substrates were grouped according to their

tidal zone position: hinterland, supratidal, intertidal and subtidal
(Fig. 3). The hinterland is dominated by eolian Pliocene and Pleistocene
deposits of the Peron Sandstone (quartz sandstone) and “birridas”,
which are interdune depositional basins of granular gypsum and quartz
sediment fills (Jahnert and Collins, 2012) to the west, while to the east,
Cretaceous Limestone (Toolonga Calcilutite), Quaternary alluvial and
colluvial deposits of the Wooramel Delta and quartz sand dominate
(Jahnert and Collins, 2012). Supratidal and intertidal facies include
evaporites, hypersaline coquinas, microbial mats, stromatolites and
sandy sediments. Nearshore, subtidal substrates are mainly microbial
deposits (stromatolite and cryptomicrobial structures, also lithified mi-
crobial pavement and bivalve coquinas). The Faure Bank consists of
mobile mixed bioclastic quartz sands at surface. In the south, the
embayment plain of Hamelin Pool comprises bivalve coquina, serpulids
and algae with a superficial veneer of microbial organic material
(Jahnert and Collins, 2012); while in L'Haridon Bight the basin is
mainly composed of bioclastic, silty sand (Collins and Jahnert, 2014).
Bioclastic and lithoclastic sand, covered by a muddy layer, occupies
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the northern side of Faure Bank. Bioclastic particles are mainly seagrass
epiphytes, including coralline algae, foraminifera and other constitu-
ents, together with small bivalves. Seagrass is sparse over the bank
surface but relatively dense on channel margins, and is mainly
Amphibolis antarctica (Labillardière) Sonder & Ascherson ex Ascherson
1868 (Walker, 1990).

4.1.2. Morphological elements of the Faure Sill System
The morphological elements of the Faure Sill System (Fig. 4) con-

sist of channel and tidal fan associated features (longitudinal and lat-
eral bars, flood and ebb tide fans and levees) and bank elements,
including patch, fringing and barrier banks, with surficial sand
sheets, usually with ripples or megaripples (see Fig. 5E). L'Haridon,

Fig. 3. Sediments and benthic substrates of the Faure Sill System. Note the preponderance of light and dark green, associatedwith substrates related to the presence of seagrass. PP=Peron
Peninsula; NG = Nanga Peninsula; FI = Faure Island; P = Pelican Island; WD = Wooramel Delta; G = Gladstone Embayment.
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Hamelin and Gladstone basins enclose the southern side of the bank
and an embayment plain flanks the northern border. In the hinter-
land of the delta complex, numerous abandoned channels are pres-
ent, evidence that the Wooramel River has switched its path during
Pleistocene and Holocene time. The sublittoral platform which
fringes the southern coast of Faure Sill includes oolite shoals and lith-
ified pavement.

4.2. Acoustic classification of sediment bodies

Post processing and interpretation of SBP data provided useful infor-
mation on the thickness, lateral distribution and internal architecture of
sediments, up to 15 m below the seafloor.

A number of significant acoustic reflectors were identified and con-
sidered on the basis of their position and acoustic impedance. From

Fig. 4.Morphological elements of the Faure Sill System. Note the well-developed channels (in red). Fringing and barrier banks are colour coded in dark greens. Ebb tidal fans are mainly
located in the north-western side of the Faure Sill, but at smaller scale they are present also along themargins of theWooramel Delta. Flood tidal fans (light green) are along the southern
bank margin. PP = Peron Peninsula; NG = Nanga Peninsula; FI = Faure Island; P = Pelican Island; WD = Wooramel Delta; G = Gladstone Embayment.
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top to bottom the identified horizons are Seafloor, HR1, HR2, HR3 and
HR4 (Table 1). Age data is based upon the work of Logan et al. (1970a,
b) andO'Leary et al. (2008). The profiles show furtherminor discontinu-
ities, located in the Holocene sediment package, between Seafloor and
HR1.

Seismic reflectors from HR1 to HR4 are acoustically quite similar
and sometimes can be discerned only by analysing their stratigraphic
position and horizontal distribution. They mainly appear as irregular
surfaces, generally flat and not always well defined, due to signal pene-
tration or amplitude anomalies; these are primarily located where the
seagrass is particularly dense. Air bubbles, originating from the plants'
photosynthetic activity, can have a strong impact on the propagation
of sound in water, causing a stronger scattering and reflection (Wilson
et al., 2012). In some areas, generallywhere thewaterwas very shallow,
the acoustic penetration was very limited due to harder bottom or sea-
bed multiple echoes which masked the data.

HR4 is the deepest horizon found in the profiles acquired and can be
considered the acoustic basement of the area. It has been detected only
close to the Wooramel Delta and at the eastern side of Monkey Mia,
where it deepens to 8.5 m below the seabed (12.1 m below sea level).
HR4 caps Unit 5 (Peron Sandstone, see Table 1) whose base has not
been recorded, either on seismic data or in any core sample.More contin-
uous and observable in Dubaut andWooramel banks is the horizon HR3,
which, from the profiles, has a depth that ranges from 1.4 to 11.4 m
below the seafloor (5.0 to 13.3 below sea level). Unit 4 (identified as
Carbla Oolite) is below the discontinuity HR3 and above the acoustic
basement HR4. From a stratigraphic point, the deepest reflector that
can be followed beneath almost all the bank is HR2 (top Dampier Lime-
stone, Unit 3). In the middle of the central bank, it can be detected as
deep as 9.3 m below the seafloor (approximately 12.7 m below sea
level). Where top and base reflectors are resolved, it is possible to calcu-
late the thickness,which ranges froma fewcentimetres to amaximumof
more than 4.7 m between Herald Loop and Gladstone Channel (refer to
Fig. 2 for location), averaging 1 m. A clear and marked acoustic response
derives from HR1 (top Bibra Limestone), which can be considered the
main acoustic reflector in the area. This horizon occurs at a depth that
ranges between 1.9 and 11.5 m below sea level and can be interpreted
as an erosional surface that separates Bibra Limestone (Unit 2) and the
Holocene sequence (Unit 1). Unit 2 is bounded by HR1 and HR2 and its
thickness can reach up to 4 m, but more commonly it is around 1 m.

Above the reflector HR1, the Holocene sedimentary package is well
represented (Unit 1). Its thickness ranges between 0.10 m and about
8 m and SBP profiles reveal a complex internal structure within this
unit, with many relict features, such as numerous oblique to sigmoid
prograding acoustic reflectors, often truncated. An intra-Holocene hori-
zon is identifiable in the whole bank. It is a probable palaeotopographic
surface, often expressed as buried channels, later infilled with softer
sediments and itmay indicate lowstand erosionwithin theHolocene se-
quence of generally rising sea levels and vertical bank growth.

A classification system for sediment bodies based on acoustic char-
acteristics and distribution and the morphological features of the bank
was developed and includes fivemain types: 1. Bank top sediment bod-
ies; 2. Channel associated sediment bodies; 3. Tidal fan associated sedi-
ment bodies; 4. Shoreline attached sediment lobes; 5. Patch banks,
Fringing Banks and Barrier Banks. Characteristics of these sand bodies
are summarised in Table 2.

The internal architecture of selected Holocene sediment bodies is il-
lustrated in Fig. 5.

1a) Bank top — Linear ridges: the central and shallowest areas of the
Faure Sill are characterised by elongate seagrass ridges, having an
east–west linear trend. They are well stabilised, mainly composed
of Amphibolis, and represent an important surface aspect of the
bankwhere seagrass has vegetated and stabilised tidally generated
linear bedforms. In Fig. 5A, the high rate of deposition is clearly ev-
ident. The first metre of sediment is characterised by intense

progradation, with a north–south direction. The surficial sediment
is sandy, allowing a penetration of the signal to 4–6 m below the
seafloor (cf Fig. 3). At this depth a strong and continuous reflector
(HR1), harder than the overlying sediment, is recorded. A second
weaker andmore discontinuous reflector (HR2) is documented be-
tween 6 m and 7 m below the seabed.

1b) Bank top— Flat topped sand sheets: sand flats and sand sheets bor-
der Faure Island and the northern part of the Nanga Peninsula with
their maximum extent found in the south and south–east parts of
the island. They are sparsely populated by seagrass and are mor-
phologically flat.

2a) Channel associated — Longitudinal channel bars: longitudinal
channel bars are present in everymajor channel. They aremorpho-
logically elongate north–south and mainly channel parallel. In
Fig. 5B, longitudinal channel bars are highlighted in orange; they
do not have any particular internal architecture, which indicates
the material is homogeneous. The underlying sediments (in blue)
are about 1–2 m thick, with a wedge shape. Both the top and the
bottom (HR1) are good reflectors, but there are numerous, weaker
and very irregular internal reflectors within this earlier generation
of a bar complex. Between HR1 and the sediment highlighted there
is an earlier package of sediments, where very little internal reflec-
tion is recognisable.

2b) Channel associated — Lateral spillover sheets: spillover packages
involve lateral accretion near channel margins and upward bank
growth. This sand body type is associated with all major channels
and tidal fans and they are often associatedwith small buried chan-
nels, filled with 1–2m of sediments, usually parallel to themodern
channel, but significantly narrower.

2c) Channel associated — Interdistributary channels: besides the main
tidal channels, which permit an exchange of water between Ham-
elin Pool and L'Haridon Bight and the rest of the bay, there are sev-
eral drainage channels, variably distributed along the southern part
of the bank. Some profiles reveal distinct sets of palaeodistributary
channels that characterise a buriedmorphologywithin the tidal fan
areas (Fig. 5C).

3a) Tidal fan associated — Distributary mouth bars: east–west profiles
show well-defined accreting lobes within distributary mouth
bars, between the embayment plain of Hamelin Basin and the
Faure bank. These features are about 2–5 m thick and are
interrupted by occasional buried channels. North–south seismic
lines confirm the oblique reflection configuration that occurs with
the progradation pattern on the bank margin. The lateral accretion
pattern within coalescing distributary mouth bar lobes is clearly
shown in Fig. 5D in a flood tidal complex along the southern bank
margin. The horizonHR1 is not recognisable throughout due to sea-
bed multiple echoes which are particularly strong in these profiles.
Where visible, it is flat and about 5 m below the seafloor.

3b) Tidal fan associated — Ebb tidal fans: mainly situated in the North
West bank, close to Monkey Mia, well-developed ebb tidal fans
consist of bare thin Holocene sediments, terminating with a sea-
ward sloping lobe. Although the major terminal fans can be found
at the end of Herald Gut and Petit Channels, minor fans occur also
along the margins of the Wooramel Delta, at the mouths of
Wooramel active channels (mapped in yellow in Fig. 4).

3c) Tidal fan associated — Levees: the area between Dubaut Bank and
the Herald Gut ebb tide fan is characterised by the presence of
subtidal shallow levees and channel margin spill over sheets.
They are well developed structures, stabilised by thick seagrass
on top. The internal architecture is poorly defined and almost re-
flector free, probably due to seagrass cover impeding penetration.
The surface morphology is essentially flat.

4) Shoreline-attached sand lobes: between Gladstone Basin and
Hamelin Pool (Kopke Point), a shallow sand lobe complex is
present. Bare sand flats and megaripples cover the surface. The
seismic profiles reveal a distinct progradation throughout the
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margins of the complex. In the south, a flood tide progradation pre-
vails, and in the northern margin ebb tide progradation is present.
The lobes are characterised by a complex reflector configuration,

with numerous oblique to sigmoid reflectors in the N–S section.
Progradation is controlled by tidal currents with lesserwind driven
circulation. Megaripples (i.e.: subaqueous dunes according to
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Ashley, 1990) are several hundredmetres long, with a wavelength
about 25–35 m (Fig. 5E).

5) PatchBanks, Fringing Banks, Barrier Banks: some banks present dif-
ficulties for profiling due to extremely shallow water over bank
surface. Turtle and Pelican patch banks border the Faure Channel,

and the topographic highs of the Peron Sandstone control the
bank thickness. Based on the position of the HR2 reflector, Faure
Channel was likely formed in the lowstand following Dampier
time, and this has also determined its position during Bibra andHo-
locene time.

Fig. 5.Examples of stratigraphic profiles of sediment bodies.Main acoustic reflectors have been illustrated to highlight their occurrence. In green: reflector HR2; in yellow: reflector HR1; in
blue and orange: palaeosurfaces in Late Holocene sedimentary package; in red: seafloor. Vertical axes represent the depth below sea level (every profile starts at 0 m). A) 1a: Bank top—

elongate linear ridges vegetated by seagrass. The first metres of sediment are characterised by intense progradation of bank sediments, with a south–north direction and a high rate of
deposition. The surficial sediment is sandy. B) 2a: Channel associated— longitudinal channel bars (orange) are homogeneous and without internal structure. The underlying sediments
(blue) are about 1–2m thick, with a wedge shape and bar likemorphology. C) 2c: Channel associated— interdistributary channels. Some profiles reveal distinct sets of palaeodistributary
channels that characterise a buriedmorphologywithin the tidal fan areas. D) 3a: Tidal fan associated— distributarymouth bars. The lateral accretion patternwithin coalescing distributary
mouth bar lobes characterises the flood tidal complex along the southern bank margin. E) 4: Shoreline attached sand lobes. Note progradation towards Hamelin Pool to the south.
Megaripples are several hundred metres long, with a wavelength about 25–35 m, east–west oriented.
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4.3. Composition and mineralogy of bank lithofacies

The nature and occurrence of the acoustic reflectors and units
recognised in the seismic analysis were ground truthed with a follow
up core study (Fig. 6). Core logging and successive analyses have
assistedwith the interpretation of the results obtainedwith the seismic,
allowing a lithological understanding of particular sediment packages.
Although minor differences in terms of position and frequency occur,
seismic reflectors correspondwell to actual changes in facies and lithol-
ogy in the cores.

The Faure Sill is composed of three different types of sediment: sand,
mud and clay (Fig. 3 and Fig. 6). Bioclastic muddy sediments are by far
the most common bank lithofacies. Bioclastic, quartzose, sandy facies
are associated with terminal ebb tidal fans, in the north–western area
of the Faure Sill (Figs. 4 and 6). Bioclastic, sandy facies are also common
in the upper part of terminal prograding flood tidal fans, located in the
southern portion of the bank, bordering the northern Hamelin Pool
basin (Figs. 4 and 6). The sand size ranges from coarse (generally cross
bedded) to fine (frequently thinly laminated). Seagrass peats and skel-
etal particles are also a significant component. Shelly facies are typically
associated with buried palaeochannels. Bioclastic, muddy facies are as-
sociated with lower terminal prograding flood tidal fans and carbonate
bank and with delta related sediments (Figs. 4 and 6). Kaolinite clays
are found in the channel base unit of theWooramel Delta area (Fig. 6).

In general, coarsening upward sequences characterise cores of bank
buildup.Whereasmuddy bioclastic facies are found in lower parts of the
bank, likely reflecting dense seagrass cover of Posidonia spp., an efficient
trapping of fine sediment, more sandy bioclastic sediments are found in

upper parts of the bank and its terminal fans, where seagrass cover is
sparse Amphibolis and tidal and wave reworking increases with bank
shoaling (see Fig. 6).

In a previous work, Hagan and Logan (1974, p. 73) have found that
the dominant skeletal constituents of the bank are coralline algal parti-
cles and whole and fragmented foraminifers and molluscs. Nonskeletal
sediment components are commonly quartz, lithoclasts and ooids.

Three cores were subsampled for XRD analysis. Core FPC1 was col-
lected in the middle of the bank and cores FWD2s and FWD7s are
from the Wooramel Delta area (refer to Fig. 6 for their location). Bank
sediments are strongly bioclastic (from42.7% to 75.15%), and aremainly
composed of calcareous seagrass epiphytes. With the exception of
sandy, bioclastic, bank top sediments, muddy carbonates in the lower
and middle part of the sequence make up most of the package. Quartz
content is locally significant where the underlying Peron Sandstone
experienced channel erosion or where topographic highs of Peron
Sandstone shed quartz to the surrounding seagrass banks as erosion
proceeded. The “amorphous” group in Fig. 7 is a mixture of poorly or-
dered terrigenous clay minerals representing about 20–40% of the sed-
iment in each sample, rising to 54% near the Wooramel Delta.

4.4. Age model and sediment accumulation rates

Radiocarbon dating was used to assess the age of reflectors and fa-
cies and to calculate accumulation rates in the bank and delta areas, in
particular the timing of channel infill and abandonment.

Four cores (FSB1, FSB2s, FWD2s, FPC1, refer to Figs. 6 and 8
for location) were chosen for Radiocarbon AMS 14C dating, based on

Table 2
Sediment body types of the Faure Sill, based on shallow geology investigation.

Sediment body type Morphology Scale Biota/internal architecture/facies Example

1) Bank top: linked with the presence of seagrass and pre-Holocene topographic highs
a. Linear ridges Elongate E–W; tidally generated

seagrass stabilised.
H = 1–2 m
L = 000s of m

Amphibolis ribbons; bivalve lags.
Intense progradation.
Sandy top.

Central and shallower areas across
the Sill (Fig. 5A).

b. Flat topped sand sheets Flats; sheet to wedge like. H = 1–3 m
L = 00s of m

Sparsely populated by seagrass.
Progradation. Muddy bioclastic sand
on top and sandy bioclastic mud.

South-western edge of Faure Island,
northern part of the Nanga Peninsula,
western side of the Faure Sill.

2) Channel associated: five exchange channels branching off in many minor drainage channels
a. Longitudinal channel bars Present in every major channel;

elongate along the main stream flow;
channel parallel

H = 2 m
W = 00s of m
L = 000s of m

Moderate density seagrass cover
(Amphibolis). Homogeneous internal
architecture. Quartzose sand.

Associated with all major channels
(e.g. Herald Bight and Herald Gut).
(Fig. 5B).

b. Lateral spill over sheets Sheet like, elongate N–S along
bank/channel margins.

H = 0.5 m
L = 00s of m

Bare muddy sand carbonate facies. Associated with all major channels
and tidal fans.

c. Interdistributary
channels

Flat topped, triangular bars, flare
down current.

H = 1–2 m
L = 000s m

Minor seagrass. Distinct sets of
palaeochannels. Laminated silty sand
and sandy mud.

Variably distributed along the
southern part of the bank (Fig. 5C).

3) Tidal fan associated: terminal prograding flood and ebb tidal fans
a. Distributary mouth bars
(flood tidal fans)

Deltoid to lobate terminal bars,
frequently coalescing, prograding
basinward.

H = 1–4 m
L = 000s of m

Bare sandy top, overlying carbonate
mud. Frequently cross bedded,
oblique to sigmoid acoustic reflectors.

Southern edge of the Faure Sill,
between Nanga Peninsula and
Gladstone Embayment (Fig. 5D).

b. Ebb tidal fans Main channel, flanked by linear bars,
terminating with a seaward sloping
lobe.

H = 1–2 m
L = 0–00s of m

Bivalves and small foraminifera, no
seagrass. Silty sand with fine to
medium, well-rounded quartz.

North west bank, close to Monkey
Mia, at the end of Herald Gut and
Petit Channels. Along the margins of
the Wooramel Delta.

c. Levees Channel margin spill over banks, Flat
surface.

H = 1–4 m Seagrass stabilised along the margins.
Reflector free. Muddy sand on top
and sandy mud downward.

Herald Loop fan delta, Herald Gut ebb
tide delta.

4) Shoreline attached sand lobes
Shoreline attached sand
lobes

Sheet like, basin ward prograding,
megaripples.

H = up to 1.5 m
Wavelength ≈ 25–30 m,
L = 000s
Thickness = 7 m

Bare sandflat, intense progradation.
Laminated sands and carbonate
muddy apron facies.

Close to Gladstone Embayment
(Kopke Point). (Fig. 5E).

5) Patch Banks, Fringing Banks, Barrier Banks
Patch banks, fringing banks,
barrier banks

Surrounding or associated with
topographic highs.

Variable
H = 1–7 m

Seagrass and bioclastic sand (top)
and sandy bioclastic mud at base.

Herald, Petit and Dubaut Fringing
Banks, Pelican and Turtle Patch Banks,
Wooramel Bank.

10 G. Bufarale, L.B. Collins / Marine Geology 359 (2015) 1–21



morphological elements and facies association in the bank. The
samples were selected assuming that intervals close to a contact be-
tween sedimentary units may represent an erosional event, a change
in depositional energy or the dominant process, or in sediment supply.
Moreover, samples between sedimentary contacts give information
about long term sediment accumulation rates. In Table 3 the age results
and their error, rounded to the nearest year (Fallon et al., 2010), are pre-
sented, togetherwith the depths of the samples below sea level and sea-
floor. Accumulation rates derived from radiocarbon ages combinedwith

sediment thicknesses obtained through seismic data were used to esti-
mate the age of Faure Sill onset and other bank events.

In Fig. 9, the Holocene ages for all the four cores are plotted against
depth (below sea level, in metres). The regional Holocene sea level
curve has been compiled from coral reef data derived from Collins
et al. (2006), Twiggs and Collins (2010) and coquina ridge data from
Jahnert and Collins, 2013. Based on inspection of Fig. 9 and Table 3
every core sampled has its own peculiar accumulation pattern, with dif-
ferent rates within the same core, as shown in the last four columns of

Fig. 6. Core interpretationwith subbottomprofiler track plot lines. Lithofacies are colour coded and grouped intomajor facies units in the legend. The cores sampled for dating and further
analyses are highlighted in pink (see further in Sections 4.4 and 5.3).
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Table 3. The sedimentation record consists of both depositional and hi-
atal intervals.

Core FSB2s (Fig. 8A), located in the eastern part of the complex,
is the only core sample where pre-Holocene sediments were
reached and dated, below 3 m. FSB2s can be subdivided into two
sections. Section 1 (see Fig. 9), corresponding to the surficial sand
body, has a very slow rate of accumulation (averaging 0.59m of deposi-
tion in 1000 years), if compared with the deeper and older muddy sed-
iments (Section 2), where the accumulation rate surpasses 1.80m/ka. In
Section 2 and elsewhere age inversions are present, the oldest date of
the section has been considered, in order to reduce errors caused by
the inverse correlation between estimated accumulation rate and dura-
tion (cf. Sadler, 1981; Cohen et al, 1993). The foraminiferal sample col-
lected at 1.05 m (from the top of the core and 3.27 m BSL) is between
two consecutive time gaps of sediments, respectively of 2445 years
from the upper sampling point (at 0.63 m) and 1878 years from the
lower sample (at 2.00 m). Channel migration and erosion are likely
within this area, resulting in hiatuses in the accumulation record. The
change in accumulation rates from the shallower sandy portion of the
core to the deeper section can be plausibly linked with the density of

seagrass. Depositional rates for muddy sediments associated with
seagrass are significantly greater than for quartz sands, commonly de-
rived from erosion of the Peron Sandstone.

Core FPC1 (Fig. 8B) is situated between a terminal prograding flood
tidal fan and the carbonate bank. The core intersects an abandoned dis-
tributary channel of the Faure Channel, indicated by the dating com-
bined with the seismic dataset. Similar to FSB2s, the growth rates of
FPC1 can be divided into sections. Section 1 (Fig. 9), corresponding to
the first 2.75 m of the core (from the top of the core and 5.95 m below
sea level), represents infill of a palaeochannel, recognisable from the
seismic profile. It has some inversions of ages, with older foraminiferal
samples situated above younger ones, interpreted as resulting
from reworking of multiple sediment sources or downward mixing
and activities of burrowing organisms. The oldest age of this section
(390 years BP) has been used when calculating the accumulation rate.
During the last 390 years BP, a significant amount of sediment was de-
posited in this location, with an accumulation rate of about 6.93 m/ka.
The high rate represents very rapid deposition of prograding sandy
and laminated infill in the most recent part of bank growth. Between
2.75 and 3.75 m of depth below the seafloor (5.95 and 6.95 m BSL), in

Fig. 7. Results of XRD analysis, expressed in % of weight. Triangular diagram summarises the XRD results for the cores. In green= delta muds (FWD2s and FWD7s); yellow= bank sands
(FPC1); orange=bankmuds (FPC1) and red=clay (FWD2s). The “amorphous” group representsmixeddisordered terrigenous clays. The value indicated by the “a” arrow corresponds to
the base of the palaeochannel in FPC1 (2.75 m from TOC). The “b” arrow shows theWooramel channel base unit. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. Seismic profiles (see Fig. 5 for colour codeof depicted reflectors and Fig. 6 for locations and colour scheme) and relative photos of the cores chosen for dating. Eachnumber on topof a
red bar represents the position and the age (cf. Table 3) of the sample. The red trianglesmark hiatus boundaries. A) FSB2s: shallow fringing bank (NWNanga Peninsula). The firstmetre of
core is mainly sandy. Then, the percentage of mud increases till 2.6 m (from TOC) where it becomes clayey mud, with only a small fraction of sand. Note that about 1.7 m of Pleistocene
sediment has been collected, starting at 3.3 m. B) FPC1: rapid infill of eroded bank topography (palaeochannel). From TOC to 2.90m, the core intersected a palaeochannel. The sediments
are intensely layered,where seagrass peats alternatewith fine bioclastic sand. Below the palaeochannel boundary, the sediment transits to interbedded greymuds and silty sandwith dark
grey mud beds. C) FSB1: channel dissected, seagrass vegetated, shallow carbonate bank. Located in the middle of the Faure complex, it is dominated by muddy carbonate and weakly
bioclastic muds. D) FWD2s: fringing bank and channel, delta associated. Situated in the subtidal portion of the Wooramel Delta, the core is characterised by the presence of a goethite
and kaolinite clay interval at the base.
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Section 2, the rate drops to 1.52 m/ka. Radiocarbon dating has revealed
two hiatuses between two consecutive depths of sampling. Between
3.75 and 3.90 m (6.95 and 7.10 m BSL), more than 3300 years of
sediment is absent and between 3.90 and 4.15 m of depth (7.10 and

7.35 BSL), there is a second hiatus of approximately 2300 years. The hi-
atuses are recognisable also in the core logging and most likely charac-
terise erosional phases in bank development, during active channel
migration in a distributary region. Section 3, representing the last two
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samples dated, at the bottom of the core, has an accumulation
rate slightly higher than Section 2, corresponding to 2.07 m/ka.
Sections 2 and 3 are similar to the rate found in the other central bank
core FSB1.

Core FSB1 (Fig. 8C) is located in the middle of the Faure Sill, in the
north central part of the carbonate bank. Its accumulation trend is
very regular, with a constant depositional rate from the top to the bot-
tom of the core. The total recovery for this core sample was 4.01 m
and it covers a time span of 1686 ± 53 years, equivalent to a mean ac-
cumulation rate of ~2.25 m/ka. The radiocarbon dating indicates that
the sedimentation is mainly confined to the late Holocene.

Core FWD2s (Fig. 8D) is located in the eastern part of the complex, in
the carbonate bank associatedwith theWooramel Delta. Thefirst dating
sample, taken at 0.05 m of depth, is 1285 years BP. The core was taken
on the edge of a channel, marking an erosive event or a subsidence of
sediment to the bottom of the channel, a possible cause of the lack of
sediment near the top of the core. The accumulation rate of the core
has three distinct intervals with different slopes. In Section 1, till

0.60m of depth (4.15mBSL), the surficial sediment has a rate of growth
of 0.78m/ka. Similar to FSB2s, a time gap also occurs in this location; be-
tween 0.60 and 0.90m of depth, there is a hiatus of almost 1740 years. It
follows a period of deposition (0.82m/ka in Section 2) and another gap
of more than 1100 years between Sections 2 and 3, the last portion of
the muddy carbonate sediment, which has an accumulation rate of ap-
proximately 0.44 m/ka. Although the recovered core is 2.47 m long, it
has not been possible to date the deeper grey green and red clayey sed-
iment (about 0.6 m thick), found near the base of the core, due to an ab-
sence of Amphisorus for dating.

Accumulation rates varied in time and magnitude during the Holo-
cene, suggesting that bank growth fluctuated in different settings, in ac-
cordance with organism productivity in seagrass, local tidal conditions,
water depth and facies.When the conditions changed, bank growth rate
responded. In the case of the cut-and-fill channel in core FPC1 (Fig. 8B),
the growth was significantly accelerated. In other circumstances, a lim-
itation or interruption to growth resulted. However, with a switch in
conditions these areas reactivated. Such changes are reflected in cores

Table 3
Depths for each sample (from seafloor and fromsea level, inmetres) and the conventional and calibrated ages, obtainedwith 14C AMSdating. Column 9:Dh (m) = length inmetres of the
interval. Colum 10: Dt (y) = difference between the highest and lowest age in the corresponding interval. Last column reports the growth rates for different sections in the cores. Ap-
parent growth rates were calculated from the difference between the highest and the lowest age of the corresponding section. The gaps in the cores indicate erosional intervals and
are highlighted in the table in red. 1) Gap = 2445 ± 59 y (transition mud to sand). 2) Gap = 1878 ± 53 y (transition weakly bioclastic mottled mud to moderate bioclastic clayey
mud). 3) Transition Pleistocene to Holocene sediments, 4) Gap = 658 ± 50 y (base buried channel). 5) Gap = 3319 ± 60 y (transition strongly to moderately bioclastic clayey car-
bonate mud). 6) Gap = 2307 ± 68 y (transition weakly to strongly bioclastic mud). 7) Gap = 1737 ± 59 y (transition sandy mud to clayey mud). 8) Gap = 1102 ± 71 y (transition
clayey mud to sandy mud). Note that gaps 1 and 7 are overlain by sandy (rather than muddy) bank sediments which become dominant. Further discussion is in this section.
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FPC1, FSB2s and FWD2s, where there are more “breaks” than “beds”
represented in the cores in chronological terms.

5. Discussion

5.1. Shallow stratigraphy

Generally, the main acoustic reflectors in the seismic profiles coin-
cide with an abrupt variation of sediment types, which is evident from
the sediment core analyses. Based on stratigraphic position, lithology
and radiocarbon age, the seismic reflector HR1 can be confidently iden-
tified as the top of pre-Holocene Bibra Limestone. The underlying seis-
mic reflector HR2 has been intersected by only one core (FED3, Fig. 6)
and no dating has been performed, but, on the basis of its stratigraphic
position and lithological information, including calcrete clasts at the
contact, it is considered to be the top of the Dampier Limestone. Both
the pre-Holocene units have generally similar subsurface expression
and lithology (with calcarenite concretions at contacts) and the seismic
reflectors represent surfaces of impedance contrast beneath the Holo-
cene bank buildup. No core reached the horizons HR3 and HR4; conse-
quently their identification is on the basis of their stratigraphic position
and the available literature (Logan et al., 1970a; Kendrick et al., 1991;
O'Leary et al., 2008). Found only close to Wooramel Delta and around
the topographic highs (Peron Peninsula, Faure Island, Nanga Peninsula),
the reflectors could indicate two pre-Dampier (Middle and Lower
Pleistocene) units. HR3 could represent the top of an earlier pre-
Dampiermarine phase or could be amarine equivalent of the Carbla Oo-
lite member (MIS Stage 9/11, but poorly dated, O'Leary et al., 2008).
Consequently, the identification of HR4 and its underlying unit is uncer-
tain. Based on its geometry and stratigraphic position it could be part of
the Peron Sandstone. Discontinuities seen in outcropping Peron Sand-
stone could be expressed asHR3 andHR4. These surfacesmay have pro-
vided a template for later deposition, including location of channels over
pre-existing topographic lows, control of thedepositional topographyof
the Bibra and Dampier Limestones, determination of Holocene buildup
patterns, distribution and thickness, and nucleation of bank growth
around topographic highs.

The Holocene stratigraphic sequence within the Faure Sill has a
thickness that ranges from a few centimetres to about 8 m. With the

exception of the areas close to topographic highs and themain channels,
the Holocene sediments in the central area of the bank are 4–7 m thick.
In the eastern and western regions (respectively Petit and Dubaut
Banks and Wooramel Bank), the base of the Holocene is more surficial,
deepening, on average, from 2 to 4 m from the seafloor. The Holocene
stratigraphic sequence not only presents a broad variety of internal ge-
ometries, but also has different sedimentological characteristics.

5.2. Morphostratigraphic elements and facies associations

The Faure channel–bank complex can be broadly subdivided into 5
regions (Fig. 10). Each shares similar morphological elements, lithology
and stratigraphy, as follows: 1) Terminal ebb tidal fans, 2) fringing bank
and flood tidal channels, 3) carbonate bank, 4) terminal prograding
flood tidal fans, with shoreline attached sandflat, 5) delta associated
fringing bank (Wooramel Delta).

1) Terminal ebb tidal fans occur in the north western area of the bank,
approximately betweenMonkey Mia and Faure Island (Fig. 2). Mor-
phologically, they can be compared with the ebb delta model de-
scribed by Hayes (1980), where a main ebb channel, flanked on
either side by channelmargin linear bars, terminateswith a seaward
sloping terminal lobe of sand. InDubaut Bank (Fig. 2), themain asso-
ciated channel is Petit Channel. It is expressed in the northernmost
portion as several minor channels, separated by levee deposits and
broad sheets of sand (Fig. 4). In the southern part, it coalesces with
Herald Gut Channel.Within the channel complex, longitudinal chan-
nel bars run parallel to themain stream (Fig. 5B). At least four termi-
nal lobes, prograding seaward, produce a large scale coalescent ebb
tidal fan (Fig. 4).
An idealised facies association for this subcomplex has been devel-
oped, based on the core data (Fig. 6). The basal unit, above the pre-
Holocene basement, is fine grained, silty quartzose sand, with bi-
valves and small foraminifera. The quartz component of the sedi-
ments is likely derived from the underlying Peron Sandstone. The
unit is overlain by silty sand with fine to medium, well-rounded
quartz. In contrast to the basal unit, the middle unit lacks bivalves
and is coarser. The uppermost unit is composed of weakly bioclastic
cross bedded quartzose sand. The idealised vertical stratigraphic se-
quence describes the growth and development of this area of the
bank in terms of energy conditions, fluctuation in accommodation
and source material. In the lower part of the unit, clustered bivalve
beds were most likely deposited by tidal currents. The bivalves are
in a horizontal position, with the concavity downward and in a
coarser grained mix, likely indicating a strong directional current
flow. The lithology of the channel bars differ from the idealised
facies association for the terminal ebb tidal complex. They are pre-
dominantly quartz dominated, with a minor bioclastic component,
displaying an upward coarsening and an increase in quartzosemate-
rial (cf. Fig. 5B).

2) Fringing bank and flood tidal channels have their best expression in
the western side of the bank, between the south western edge of
Faure Island and the north eastern edge of the Nanga Peninsula
(Fig. 2). The main channels are Petit Channel and Herald Gut
Channel, which are two of the deepest exchange channels in the
bank, also branching into many minor drainage channels. Herald
Gut Channel is the only connection that L'Haridon Bight has with
the open ocean while Petit Channel flows into Hamelin Pool. In
terms of facies assemblage, this subcomplex is mostly composed of
bioclastic carbonate mud with mottled burrow traces, transitioning
to sandy bioclastic mud and topped by medium grained muddy
bioclastic sand (as in core FSB2s, Fig. 8A). The channel sediments
are predominantly composed of quartzose sand, with well-
rounded to subrounded grains and occasional darker pigmented
particles. They are generally weakly bioclastic and foraminifera and
calcareous algae are present. The channels have a critical role in

Fig. 9. Bank accumulation curves plotted with Holocene sea level curve. The numbers in-
dicate sections described in this paper and time gaps (in red) are missing (erosional?) in-
tervals. In the graph, pre-Holocene samples have been omitted. Note onset and
continuation of sandy sediments in last 2000 years BP. The sea level curve is basedmainly
on coral reef records and sediment from Collins et al. (2006), Twiggs and Collins (2010),
Jahnert and Collins (2013). Bank ages are based onAMS 14C dating (this study). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to theweb
version of this article.)
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controlling the depositional patterns in the terminal ebb and flood
part of the western lobe of the bank. During the growth of the
bank, material from the surrounding Plio-Pleistocene highs has
been eroded, deposited into the channels and distributed at either
ends of the ebb and flood tidal fans. Evidence of Holocene channel
migration between Faure Island and Nanga Peninsula is discernible
within the seismic profiles and core collected in Petit Channel (see
Figs. 5C and 8B). The presence of levees and longitudinal channel
bars confirms this migration.

3) Carbonate bank morphologies can be found over the entire central
complex. Small to medium scale ripples cover the entire bank and
run subparallel to seagrass stabilised ridges, with an east–west di-
rection (Fig. 3). All around the southern side of the topographic
highs of Turtle and Pelican Banks, linear ridges represent an impor-
tant surface aspect of the bank where seagrass has vegetated and
stabilised tidally generated linear bedforms (Fig. 5A). Besides the
main tidal channels, which cut the bank and permit an exchange of
water between Hamelin Pool and the open ocean, there are several
drainage channels, variably distributed along the southern part of
the bank. Some profiles reveal distinct sets of palaeodistributary
channels recognisable in both seismic and sedimentological data
(cf. Figs. 5C and 8B core FPC1). It does appear therefore, that during
the Holocene, the channels most likely experienced periods of
migration and abandonment through the bank, with different
palaeocurrent directions and several phases of erosional and deposi-
tional events (cut and fill). From the top to the bottom of the bank
the following facies are found: 1) weakly bioclastic sandy carbonate
mud, clayey, 2) moderately bioclastic, sandy, carbonate mud, clayey
and 3) strongly bioclastic carbonate mud. The facies' occurrence is
mainly linked with the presence of seagrass but is also related to
the pre-Holocene topographic highs, which the carbonate bank fa-
cies have grown around. Data from core logging have shown also
that the central eastern carbonate bank experienced the influx of

some terrigenous derived material and clays. These deposits could
be related to storm or cyclone events which caused flooding of the
Wooramel River.

4) Terminal prograding flood tidal fans, with shoreline attached sandflat
form a well-defined subcomplex situated in the southern edge of
the Faure Sill, between Nanga Peninsula and Gladstone Embayment.
Morphologically, it displays a continuous belt of coalescent flood
tidal fan lobes (terminal submarine fans of Davies, 1970b), up to
2.5 km long, running parallel to the entire slope length between
the bank and Hamelin Basin. Faure Channel and Herald Loop Chan-
nel break the continuity of the belt with numerous bifurcated
minor channels. Longitudinal seismic profiles show that the lobes
have a complex internal structure, composed of surficial cross bed-
ded or prograding layers, becomingmore horizontalwith deepening
in the sequence (Fig. 5D). Transverse seismic lines confirm the
oblique configuration that occurs with the basinward progradation
pattern on the bankmargin. In a few areas of the subcomplex, Holo-
cene carbonate sand lobes have a flat topped geometry in a discor-
dant relationship with the underlying inclined beds, possibly as a
consequence of non-deposition (with minor erosion) linked to sea
level height. In very shallow water conditions, the updip deposition
is obstructed resulting in successive beds built out and prograding
basinward. Linear ridges of seagrass, running in an east–west direc-
tion, characterise the northern portion of the fan (cf. Fig. 5A). The de-
posits are characterised by coarsening upward sandy units, generally
cross bedded, up to 2 metre thick, overlaying a fine grained sandy
unit, with thin seagrass peats and a minor muddy component. The
deepest units have the typical facies association found in the bank;
carbonate mud with variable fractions of sand and bioclasts. The de-
velopment of fan lobes is indicative of a prevalent basinward flow.
Close to Gladstone Embayment (Kopke Point), there is a prominent
shoreline attached sandflat, where the water shallows (to b3 m)
and stronger currents develop, generating ripples and megaripples

Fig. 10. Faure channel–bank complex can be subdivided into five regions (see 1 to 5 in legend) based onmorphological elements, lithology and stratigraphy. In the figure, basins and em-
bayment plain, land and tidal channels are also marked.
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(Fig. 5E). These tidally-produced features can be up to 1.5 m high
and several hundred metres long, with a wavelength of 25–35 m.
The seismic profiles reveal a distinct progradation throughout the
margins of the complex. In the south, a flood tide progradation pre-
vails, and in the northern margin ebb tide progradation is present.
Progradation is controlled by tidal currents with lesser wind driven
circulation. In the deepest areas of the channels (N4.5 m), lenticular
to elongate sets of sand bars are bounded by flood oriented cross
bedding. Facies analysis showed that the composition of the sedi-
ments collected along the terminal bars and lobes varies from coarse
to medium grained bioclastic sands (top of the cores) to silty fine
grained laminated sands and to carbonate muddy apron facies
(bottom of the cores). In the cores, evidence of an internal architec-
ture is clear, with overall excellently preserved cross bedding. Dark
pigmented grains emphasise these features. The transitional contact
between the surficial carbonate sands and the underlying sediment
occasionally lacks distinctness, due to a strong bioturbation.

5) Delta associated fringing bank (Wooramel Delta) occupies the east-
ernmost part of the Faure Sill and is strongly influenced by the
Wooramel River and the Wooramel seagrass bank (Fig. 4. Logan
et al., 1970a). The semiarid Wooramel River has a limited influence
on sedimentation, with sandy fluvial sediments confined to the del-
taic wedge. Terrigenous clay periodically spread across the bank fol-
lowing discharge events associated with occasional (usually cyclone
associated) runoff activity (Davies, 1970a). The delta progrades
southward into Gladstone Embayment and seaward over Holocene
carbonate sediments of the intertidal and subtidal zones (Davies,
1970a). North–west longshore currents created by tidal and wind
regimes, redistribute the sediment in subparallel longshore
sand bars and sand ridges. Numerous tidal channels, linked to the
Wooramel River, cut the intertidal and subtidal zones of the delta.
The delta front, which in the southern part is more than 10 km
from the hinterland, has a steep slope before flattening offshore, at
depths greater than 5 m.
Four coreswere collected and logged in the delta region (Fig. 6). The
units and facies in these cores show a clear terrigenous influence
(Figs. 6 and 8D). The sediments are mainly clay rich carbonate
mud. The upper section, which is up to 2 m thick, consists of clayey,
weakly bioclastic sandy carbonate mud. Deepening, the sediment
becomes slightly more bioclastic, with bioturbation and burrow
mottled mud (Fig. 6). In core FWD2s, the lower section abruptly
changes from dark brown clay rich mud to green grey kaolinite
clay (layer thickness of 15 cm) and then, at the base of the core,
sharply becomes orange dark red clay, with an organic component
and no texture or colour variations over the interval. The middle
clayey layer could indicate that a rapid terrigenous input into the
delta occurred as pulses into the bank, forced by possible storm
surges and flooding (Fig. 8D). Davies (1970a, p. 148) described a
similar submarine core, collected a few kilometres north, in a sub-
marine levee. He considered that the red alluvium at the base of
the section grading upward into reduced green clayey sand, marks
the transgressive Holocene unconformity between Holocene bank
sediments and Plio-Pleistocene alluvium. The sequence seen near
theWooramel Delta can be considered as a possible result of events
that influenced the amount of terrigenous material in the bank. Ter-
rigenous sediments are concentrated in the vicinity of theWooramel
River (Logan et al., 1970a, and this study); therefore bank cores, lo-
cated close to the delta appear to be more affected by major storm
events and run-off from flooding.

5.3. Holocene bank growth and accumulation

Radiocarbon dating assisted linking the sedimentological data to the
Holocene event chronology and calculating the bank accumulation rate.
This new information has revealed a highly dynamic geological record
and appears to be broadly consistent with previous onset and evolution

data (Davies, 1970a; Logan et al, 1970a, 1974; Hagan and Logan, 1974;
Walker and Woelkerling, 1988), while adding significantly to seismic,
facies and geological understanding.

The Holocene bank accumulation rates vary by more than an order
of magnitude, ranging from 0.44 m/ka in the lowest Holocene section
in the Wooramel Delta to 6.93 m/ka in the upper section of core FPC1,
where a rapid deposition of prograding and laminated sand filled a
palaeochannel (Table 3). Table 4 summarises the average accumulation
rates for each facies considered. These values are comparable with
the rates of vertical accretion estimated by Davies (1970a, p. 161).
Rao (1996) stated that in Australian carbonate environments, the max-
imum accumulation rates are from about 1.5 m/ka in tropical waters to
1.0 m/ka in cold water. In general terms, the Faure Sill is 7 m thick and
has a basal age of close to 7 ka, giving an approximate accumulation
rate of 1 m/ka. Excluding the “outlier” filled channel rate (see Table 4)
the average accumulation rate for all dated cores was 1.3 m/ka. Howev-
er, rates obtained are facies dependent (see Table 4).

Considering the Holocene accumulation curves plotted in the con-
text of the regional Holocene sea level trend (Fig. 9), the cores in the
central area of the bank (FPC1 and FSB1) have a similar trend and the
two marginal cores (FSB2s and FWD2s) are comparable with each
other. After the end of the Last Ice Age, in Late Pleistocene–Early Holo-
cene time, under the input of water derived by themelting of ice sheets,
sea level rose about 130m from~18,000 to ~6800 years BP, culminating
in a highstand of 2.5 m above the present level (Nakata and Lambeck,
1990; Lambeck and Nakada, 1990). An initial post drowning erosional
phase of pre-Holocene substrates would have accumulated before es-
tablishment of pioneer seagrass and epiphyte communities became sig-
nificant, possibly over several hundred years duration.Within the bank,
this date approximately coincides with the oldest determined Holocene
date (6708 ± 58 years, in FPC1) but because the core didn't reach the
pre-Holocene surface (HR1; see Fig. 8), bank initiation could be signifi-
cantly older than this date. Based on seismic profiles, the most recent
pre-Holocene reflector HR1 (interpreted as top of the Bibra Limestone)
can be found at depths of at least 11.5mbelow the present sea level, and
would have been submerged by 8500 years BP (Figs. 9 and 11.1). Initial
erosion of topographic highs of the Peron Sandstone is likely to have
shed quartz dominated sand sheets over the drowning substrate.

The first seagrass communities started their colonisation and contri-
bution at the onset of a protobank, trapping and binding sediments (cf.
Scoffin, 1970) and producing in situ sediments, such as coralline algal
fragments, other calcareous epiphytes (Walker and Woelkerling,
1988) and bioclastic remains. During the transgressive period, until
the highstand at ~2.5m above the present sea level, the bank continued
to develop. By 6800 years BP, bank buildup had advanced but lagged
significantly behind sea level (Fig. 11.2). Thereafter declining sea level
is likely to have caused a base level fall of 2 m (Fig. 9) with possible
bank erosion (expressed as hiatuses in 14C dating).

Based on 14C dating of coquina ridges near Telegraph Station (south
Hamelin Pool, Shark Bay) Jahnert and Collins (2013) estimated that sea
level generally fell by about 1 m in less than 2200 years, standing at
~1.5 m above the present sea level, at ~4.5 ka BP (Fig. 11.3). Such a
fall could be associated with the hiatuses found in the dating of the
cores FSB2s, FPC1 and FWD2s (Fig. 9 and Table 3). In both the marginal

Table 4
Range and average accumulation rate in the analysed facies, based on four dated cores.

Facies Range of accumulation
rate (m/ka)

Average accumulation
rate (m/ka)

Bank 0.59–2.25 1.7
Filled channel ?–6.9 6.9
Delta 0.44–0.82 0.7
Maximum range and average
accumulation rate

0.44–6.9 3

Average for all facies
(filled channel excluded)

– 1.3
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cores (FSB2s and FWD2s), about 2000 years of sediments (from ~4.0 to
~5.9 ka BP) are missing in the stratigraphic record, suggesting the pos-
sible occurrence of an erosive event, amplified in shallow water areas
and associated with a decreased accumulation in deeper parts. In a re-
gressive context, a brief and moderate sea level increase followed, ac-
companied by minor deposition.

Generally, declining sea level continued until a low stand at about
1000 years BP, when the sea level was about 1 m below the present.
Jahnert and Collins (2013) found evidence of an exposure surface
(1040–940 14C years BP) in a lithified carbonate pavement in Garden
Point and Rocky Point (Shark Bay). The results of the core dating
show that the bioclastic sands, characterising the surficial sediments
in the terminal prograding flood tidal fan, are very recent (from

964 ± 45 years BP to present). This suggests that fan sedimentation is
continuing in the very recent history of the bank.

In the present day bank, narrow linear ridges, parallel to the pre-
dominant currents, have taken the place of the dense seagrassmeadows
which gradually disappeared from the shallowest areas. Between the
bank and the deep basins and channels, where the slopes are relatively
steep, the seafloor is bare or has only occasional scattered seagrass. De-
position in such environments is mostly tidal current dominated, and
only particles with a larger diameter, such as coarse grained sands, are
deposited. In contrast to the carbonatemud foundwhere the seagrasses
are more developed, the bioclastic sands are usually found in cross bed-
ded fans, prograding outward from the bank with clinoform geometry.
Sedimentation and deposition has adjusted downward and basinward

Fig. 11. Reconstruction of the Holocene chronology of the Faure Sill, based on the data from this study. Dashed lines represent isochrones. The colours are a generalisation of the lithology:
orange= pre-Holocene substrate, green= bioclastic carbonate mud, yellow= bioclastic sand. The arrows refer to the trend of the sea level (fall or rise). FSB1, FPC1 and FSB2s are three
cores described in the text. Heights of sediments on cores are based on radiocarbon dating levels obtained (Table 3); uncertainty exists on height of bank growth (panel 2) prior to ero-
sional events (panel 3). The profile is not to scale, but is a simplification of themain topography. The transect length is about 35km,W–E oriented. On the vertical axis, the scale is inmetres,
0 corresponds to the present sea level. Sea level data are based on the composite sea level curve in Fig. 9. 1) Early Holocene. The pre-Holocene substratewas largely exposed,with a sparse
cover of bioclastic sand to mud. 2) Middle Holocene. The sea rapidly rose till reaching the highstand level and completely flooding the bank region. During this period, the seagrass
meadows were at their apex, playing a significant role in trapping sediments and producing muddy carbonate deposits in situ. 3) Late Holocene. The irregular downward trend of sea
level has been responsible for several distinct erosional and depositional events. 4) Most recent part of Holocene. The sea level dropped till reaching the lowstand level. Sandy bank
top facies were initiated (yellow). 5) Present conditions of the bank. Note the culmination of sandy bank top sediments, now fully developed.
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as the sea level dropped. This is confirmed by the upward coarsening se-
quences seen in the sandy fan and bank top trend from silty fine grained
sands to coarse grained cross bedded bioclastic sands.

5.4. Role of the seagrass banks in Shark Bay

Shark Bay has distinctive and exceptional examples of active geologi-
cal and biological processes and ecosystems. Faure Sill, with its peculiar
hydrological structure, is an areawhere seagrassmeadows, carbonate de-
posits and sediments create highly dynamic and diverse environments. It
is recognised worldwide that seagrass meadows are fundamentally in-
volved inmodifying a coastal marine environment, in its physical, chem-
ical, geological and biological aspects (Walker, 1990; Gibbes et al., 2014).
In Shark Bay, particularly within the Faure Sill, since their appearance in
the early Holocene, seagrasses have had a primary role in reshaping
and transforming the geomorphology and ecosystems of the area. Pro-
duction and deposition of a significant amount of bioclastic and epiphytic
sediments is strictly linked with the seagrass presence. Accumulation
rates of seagrass associated sediment are higher than adjacent sedimen-
tary environments. While the calcareous epiphytes represent a signifi-
cant component, roots, rhizomes and leaves also reduce the speed of
currents facilitating deposition, trapping fine sediments (Walker, 1990).
With the formation of a sill between the open ocean and the embayment
waters, together with the semiarid climatic condition of the area, the
southern embayments of Hamelin Pool and L'Haridon Bight have become
meta- to hyper-saline (Logan and Cebulski, 1970; Logan et al, 1974).
These environments, incompatible with the growth of seagrass are in-
stead suitable for the establishment of unique microbial systems, stro-
matolites, oolitic and coquina systems, particularly of Fragum erugatum,
Tate, 1889 (Jahnert and Collins, 2011, 2012, 2013).

Seagrasses perform a range of services (Gibbes et al., 2014). They
provide shelter and food for numerous species of molluscs, crustaceans
and fish, including many commercially valuable species, like Pagrus
auratus Bloch & Schneider, 1801 (Heithaus, 2004). Shark Bay supports
an internationally significant population of dugongs (Dugong dugon
Muller, 1776) which feed on Amphibolis antarctica (Walker, 1990) and
it has the largest breeding population of loggerhead turtles in Western
Australia (Caretta caretta Linnaeus, 1758), (Preen et al., 1997). The
seagrass is important also for small and large cetaceans. Particularly,
Monkey Mia is famous worldwide for the contact between humans
and some members of the local population of bottlenose dolphins
(Tursiops truncates Montagu, 1821), (Preen et al., 1997). Tiger sharks
(Galeocerdo cuvier Péron & Lesueur, 1822) are linked too with the shal-
low seagrass ecosystem, as the local fauna represent their most com-
mon prey items (Heithaus, 2001). Seagrass meadows are not only
essential for an entire shallow benthic ecosystem, but they also play a
critical role in producing, sequestering and storing organic carbon
(Grimsditch et al., 2012; Duarte et al, 2013; Lavery et al., 2013) and con-
siderable contribution to carbon, nitrogen and phosphorus cycles in the
ocean (Fourqurean et al., 2012). Fourqurean et al., 2012 established that
the total storage of organic carbon and nutrients in the seagrass linked
sediments of Shark Bay is on average 243.0 Mg Corg ha−1, substantially
higher than the median values for the world's seagrass ecosystems
(139.7 Mg Corg ha−1). Moreover they believe there is a positive correla-
tion between surficial Corg and salinity: Corg is higher in hypersaline
environments, as the hypersalinity coincides with a decrease of energy
(Fourqurean et al., 2012). This hypothesis is supported by Lavery et al.
(2013). These recent insights highlight the importance of the
Shark Bay seagrass communities in carbon sequestration, potentially
providing a globally significant climate change mitigation benefit
(Grimsditch et al., 2012).

6. Conclusions (595)

Through shallow seismic and sedimentological analysis, this investi-
gation has been able to characterise the Faure Sill in terms of its seismic

architecture, facies, chronology and growthhistory, and to determine its
relationship to the adjacent Wooramel Delta, providing new insights
and a better understanding of the sedimentological facies and geomor-
phological features of the bank.

Traditionally, evolution of the Shark Bay banks has been described in
terms of fringing banks with a coalescence of patch banks, forming bar-
rier banks such as the Faure Sill. The Faure channel–bank complex is an
example of a system characterised by the presence of tidal channels
with ebb tidal and flood tidal fan morphologies at bank margins and
frequent channel associated sediment bodies. Morphostratigraphic ele-
ments and facies associations are indicative of sediment supply, accom-
modation and fluid dynamics changes (tides, currents and waves) as a
function of the variation of the sea level over the time.

• During the Early Holocene, the pre-Holocene substratewas largely ex-
posed, then a flooding event (not earlier than 8.5–8.0 ka BP) could
have caused erosion of the palaeosurfaces and quartz shedding from
eroding pre-existing topography. After this initial lag phase seagrass
bank establishment progressively contributed bioclastic sediment,
initiating the early stages of bank growth. In Middle Holocene time,
the transgressing seas rapidly rose until reaching the+2mhighstand
level around 6800 years BP, with bank accumulation accelerating.
During this period, the seagrass meadows reached their apex, playing
a significant role in binding and trapping sediments and producing
muddy carbonate deposits. During the succeeding slow decline to
present sea level (Late Holocene), bank growth continued to fill
available accommodation and channel–bank morphology continued
to develop. Seismic profiles and geochronology reveal abandoned
channels, rapid infill of eroded bank regions, progradation of terminal
fans, and distinct erosional and depositional events, with one promi-
nent hiatus of up to 2000 years duration recorded. Nevertheless, the
bank continued to fill the available accommodation, with develop-
ment of sandy, bank top sediment bodies. The latest Holocene to pres-
ent, the bank is nearly emergent at low tide, with depths of 0.5 m
commonly recorded, and relatively sparse seagrass cover in shallow
areas. Tidally generated bedforms are widespread, however prolific
seagrass growth continues in intervening channels.

• The growth of the bank has been controlled by three major factors:
1) the pre-Holocene topography which, with its highs and channels,
shaped the accommodation for the sediments during the Holocene
onset; 2) the seagrass that not only acted as a sediment trap, but
also by suppling habitats for organisms, provided a large volume of
biogenic carbonate deposits, generated in situ; 3) sea level fluctua-
tions that largely controlled the hydrodynamic conditions, such as
the amount of tidally oscillating waters and their velocity, influencing
erosion, transportation and deposition, and the channel–bank mor-
phology.

• The system of deltas and banks represented by the Gascoyne and
Wooramel Deltas and the Wooramel and Faure seagrass banks con-
tains juxtaposed clastic and carbonate facies and stretches along
200 km of the coastal Carnarvon Basin (Fig. 1). To the south, the
mixed carbonate–clastic system consisting of the Faure channel–
bank complex and Wooramel Delta grades into the hypersaline mi-
crobial, oolitic, coquina and evaporite systems in Hamelin Pool within
Shark Bay. This system could be regarded as a partial analogue for the
Plover Formation, in the Browse Basin (North West Shelf, Western
Australia). The Plover Formation is an important hydrocarbon reser-
voir which comprises Early to Middle Jurassic coastal plain and
fluviodeltaic deposits, with marine carbonate and igneous and
volcaniclastic intervals (Blevin et al, 1998; Longley et al., 2002;
Barber et al. 2004; Tovaglieri and George, 2014).
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High-resolution seismic profiles were conducted across the metropolitan area of the Swan River estuary (Perth,
Western Australia) to explore the sub-surficial stratigraphic architecture, down to a depth of about 40 m below
the river bed. The acoustic profiles revealed a complex system of palaeochannels where three main unconfor-
mities (R1, R2, R3) bound as many seismic units (U1, U2, U3), over the acoustic basement. Integrating these
data with sediment borehole analysis, LiDAR data and available literature of the geology and stratigraphy of
the area, it was possible to determine the development of these stratigraphic units, in response to Late Pleisto-
cene and Holocene sea level fluctuations and conditioned by pre-existing topography and depositional
palaeoenvironments during the last ~130,000 years. The deepest unit (U3) can be interpreted as the Perth For-
mation, which consists of interbedded sediments that were deposited in a large palaeo-valley downcutting
into the underlying acoustic basement (bedrock: Tamala Limestone and Kings Park Formation), under a fluvial
to estuarine setting, existing between ~130 and 80 ky BP (in the Last Interglacial).
The middle unit (U2), composed of heterogenic fluvial (possibly lacustrine) and estuarine sediments, represents
the SwanRiver Formation. Similarly to the Perth Formation, the formation infills channels incised in older forma-
tions and reflects the hydrogeological conditions linkedwith sea level fluctuation changes during the Last Glacial
low stand. Holocene (last ~10 ky) fluvial and estuarine deposits form the shallowest unit (U1). These sediments
have a highly variable internal structure, ranging fromheavily layered, filling palaeochannels, to hard and chaotic,
atop pre-existing topographic highs. The wave-dominated Swan River system shares several similarities with a
number of estuaries worldwide, such as Burrill Lake (NSW, Australia) and Arcachon Lagoon (Aquitaine, France).
This research represents the first environmental high-resolution acoustic investigation in themiddle reach of the
Swan River estuary.

© 2017 Published by Elsevier B.V.
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Wave-dominated estuary
Late Pleistocene
Sea level fluctuations
High-resolution seismic stratigraphy
Swan River palaeochannels
Palaeodrainage evolution

1. Introduction

Understanding the geomorphic development and sedimentary evo-
lution of riverine, estuarine and deltaic environments under the high
amplitude sea level changes that characterise the Pleistocene and Holo-
cene Epochs has been the focus of a number of studies worldwide.

For instance, research performed along the lower Murray River
(South Australia) and the adjacent Lacepede Shelf revealed that the
stratigraphic and structural architecture of the area is the product of
both climate and sea level variations throughout the Pleistocene and
theHolocene, resulting in formation of dunes, karst features and ancient
infilled channels and lagoons (i.e. Bourman et al., 2000; Hill et al., 2009).
Similarly, sea level fluctuations, together with palaeo-topography, have
controlled the Quaternary sequence stratigraphy of the Brisbane River

(Queensland, Australia. Evans et al., 1992). Palaeochannels and cut-
and-fill structures, formed as a response to sea level changes during
the Late Pleistocene and Holocene, have also been widely recognised
across Europe, America and Asia, for example along the Atlantic French
and Spanish coasts (Chaumillon et al., 2010; Menier et al., 2011; Blanco
et al., 2015), the Gulf of Mexico (Anderson et al., 2014), in Tokyo Low-
land (Tanabe et al., 2015), and beneath the Mekong River and Red
River deltas in Cambodia and Vietnam, respectively (Tamura et al.,
2009; Hori et al., 2004).

Herewe investigate the role that sea level oscillations, hydrodynam-
ic conditions and pre-existing geomorphological settings had in control-
ling the development and evolution of the Swan River (SW Australia)
during the past ~130 thousand years (ky). The study area differs from
the previously mentioned studies in that the immediate coastal region
is characterised by a mixed carbonate siliciclastic sedimentary system.

This study aims to construct a more detailed picture of Late Pleisto-
cene andHolocene sequence stratigraphy and sedimentary architecture
of the middle reach (Melville Waters) of the Swan River, using high-
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resolution shallowseismic data, ground truthedwith geotechnical bore-
hole data, in order to better understand how changing sea level driven
fluctuations (base level) have influenced the evolution of the estuary
throughout this period.

1.1. Previous work

The Swan River estuary is located in the south west of Western Aus-
tralia and flowswestward through the PerthMetropolitan area, into the
Indian Ocean, at the City of Fremantle. Baker (1956) carried out the first
scientific study of the Quaternary sedimentation in the Perth Basin, in-
cluding the Swan River. He produced seven geological cross-sections
using borehole data in various bridge andwharf sites (Fig. 1, highlighted
in pink). On the basis of these cross-sections and further geotechnical
studies (Jones and Marsh, 1965; Ove Arup, 2001; Coffey Geosciences,
2002), Gordon (2003a, 2012) proposed an inferred location of three
palaeoriver channel systems within the upper reach and Perth Waters
of the Swan River estuary (Fig. 1). In addition, a number of recent geo-
technical studies (i.e. Golder Associated Pty Ltd., 2008, 2012) took
place along the northern shore of the Swanmiddle reach (PerthWaters,
between the Narrows Bridge and Barrack Square jetties, see Fig. 1) as
part of the Elizabeth Quay development, a major waterfront project
that involved the construction of an extensive artificial inlet. Boreholes
and localised geophysical investigations (subbottom profiling, seismic
refraction and electrical resistivity imaging) identified potential
palaeochannel structures and a total of three primary seismic reflectors
above the bedrock.

These palaeoriver channels represent the geomorphological and
sedimentary response of the Swan River estuary to orbitally driven
changes in sea level, spanning ~130 ky to present. This period captured
the peak of the Last Interglacial (MIS 5e; 127 to 116 ky) with sea levels
between3 and 6mabove present. The period between 110 ky and 80 ky
saw sea level oscillating between−10 and−30 m below present (MIS
5d, c, b and a). After 40 ky global cooling saw sea levels fall to around

−125 m at the Last Glacial Maximum (LGM), which peaked around
18 ky BP. Global deglaciation after 18 ky saw rapidly rising sea levels
reaching near present elevations around 7 ky BP (Bufarale and Collins,
2015).

Thus, sea level-driven changes in base level and the influence this
had on fluvial sediment dynamics, together with the pre-existing geo-
morphology, likely played a major role in controlling the development
of the Swan River estuary during the Last Glacial cycle (Churchill,
1959, cf. geological heritage in Chaumillon et al., 2010; Menier et al.,
2011).

The sedimentology and geology of the Swan River and its estuary
have, so far, been principally studied in a geotechnical context for plan-
ning and construction of bridges and harbour works andmainly limited
to the middle reach and mouth of the Swan estuary. Much of this data
remains largely unpublished, or is present in the form of state govern-
ment and consultancy reports (e.g. Australian Hydrographic Services,
1971; McKimmie Jamieson and Partners, 1987; Main Roads Western
Australia, 1998; Ove Arup, 2001; Coffey Geosciences, 2002; Coffey
Geosciences, 2010; Golder Associated Pty Ltd., 2008).

2. Geological and regional setting

The Perth Region is located in the south west of Western Australia
and stretches between 31° 20′ S (Gingin Brook and Moore River) and
32° 35′ S (South Dandalup River), covering an area of about 4000 km2

(Davidson, 1995). The region is largely occupied by the 30 km wide
Swan Coastal Plain, bound to the west by the Indian Ocean and to the
east by the north-south orientated Darling, Gingin and Dandaragan
Scarps. These scarps represent the western margin of the Darling Pla-
teau, a weathered Archaean crystalline low-relief plain (Davidson,
1995).

The Swan Coastal Plain lies along a passive continental margin and,
together with the Rottnest Shelf, represents the surficial sediments of
the Perth Basin. Formed as a north-south rift valley during the

Fig. 1. Locality map showing the study area and locations mentioned in the paper. Simplified palaeochannels proposed by Gordon (2003a, 2012) are represented by 3 shades of blue,
representing 3 cutting events. Baker's (1956) cross section locations are highlighted in pink. This study focused on the wide, underfilled middle reach of the Swan estuary, whereas
Gordon's studies were restricted to the upper reach of the estuary. Simplified bathymetric contours, limited to the studied area, are also shown. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
(Source: Department of Transport).
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Phanerozoic, the 1000 km long Perth sedimentary basin is infilled by a
15 km thick sequence of continental andmarine sediments, from Perm-
ian to Late Cretaceous in age (Playford et al., 1976; Kendrick et al., 1991;
Commander, 2003). The geological history relevant to the study started
in the Early Tertiary, when a Cretaceous river valley or submarine can-
yon system was inundated and infilled with Palaeocene and Eocene
shallow marine to estuarine sediments of the Kings Park Formation
(Table 1. Quilty, 1974; Collins, 1987; Hudson-Smith and Grinceri,
2007; Mathew, 2010). Overlaying the Kings Park Formation (onshore)
is the N150 m thick Plio-Pleistocene age Kwinana group sediments
which comprise marine, fluvial, aeolian, alluvial and lacustrine sedi-
ments and record the periodic sea level fluctuations and flooding of
the inner shelf and Swan Coastal Plain. The outcropping formations
present within the survey area are reported in Fig. 2.

The Swan Coastal Plain is fed from six main drainage basins, the larg-
est of which is the Swan River and includes three major tributaries: the
Canning, Avon and Helena Rivers. The Swan River estuary covers a large
portion of Perth's northern and eastern urban areas (~40 km2) flowing
westward through the Perth Metropolitan area and into the Indian
Ocean at the City of Fremantle. In the estuary, the surficial sediments
are mainly clastic, ranging from mud (low energy areas, such as the
deep central portion of the basin) to sand (higher energy zones, sand
flats and beaches. Quilty and Hosie, 2006). A bioclastic component is
also present, composed of faecal pellets, foraminifera, whole and
fragmented molluscs and other benthic invertebrates (Quilty and Hosie,
2006). Seagrass (Halophila ovalis), which covers between 75% and 99%
of the shallow waters (b2 m, in the lower reaches of the Estuary), is
often associated with coarse, shelly sediments (Hillman et al., 1995).

The Swan River estuary has an open connection to the Indian Ocean
and is influenced by local wind-driven waves and, to a smaller extent,
by tides (diurnal microtidal range of 0.4 m. Eliot et al., 2006). This sys-
tem can be regarded as a wave-dominated estuary (Radke et al.,
2004). Like the majority of the coastal waterways along the southwest-
ern coast of Australia, the Swan River estuary conforms reasonably well
to the wave-dominated estuary facies model (Dalrymple et al., 1992;
Radke et al., 2004). In accordance with the Dalrymple et al.'s (1992)
model, the Swan estuary is composed of three different morphological
components: upper reach, narrow and highly sinuous (river-dominat-
ed), middle reach, with a wide and partially filled central basin (mixed
energy), and funnel-like shape lower reach (marine-dominated). The
reaches are separated by topographic sills which, like in many wave-
dominated estuaries (Dalrymple et al., 1992), affect local hydrodynam-
ics, salt wedge propagation and water exchange with the ocean
(Stephens and Imberger, 1996; Stephens and Imberger, 1997).

The region is characterised by a dry Mediterranean climate, with
precipitation mostly confined to the autumn and winter months
(Kennewell and Shaw, 2008). Consequently, the Swan system exhibits
a strongly seasonal streamflow with events occurring between May
and September, when the rainfall and runoff are higher (Rehman and
Saleem, 2014). Marine saline waters can reach up to 35 km upstream
but, being mainly controlled by barometric effects, tidal dynamics,
storm surge and wind, the penetration of the salt wedge can be ob-
served up to 60 kmupstream, under exceptional climatic circumstances
(Stephens and Imberger, 1996).Weather conditions also play a very im-
portant role in the circulation andmain changes in themeanwater level
of the estuary.

Table 1
Stratigraphic column (modified after Smith et al., 2012) and geological formations of the Swan Coastal Plain present within the survey boundaries (refer to Fig. 2 for the surface geology).
Note 1: Tamala Sand is the result of weathering and remobilisation of relict material of the Tamala Limestone which has been blown eastward. Note 2: The Swan River Formation can be
found along the middle and lower sections of the Swan and Canning Rivers. The development of this formation can be linked to the fluctuations of sea level. The Swan River Formation
subcrops the modern Swan River Holocene estuarine and floodplain clays and sands. Note 3: The Perth Formation reflects the complex palaeoclimate and sea level oscillations that
characterised the Last Interglacial period. Threemain lithological units (sand, silt and clay)were deposited into a palaeochannel eroded during the earlier lower sea level conditions (Pen-
ultimate Glacial period) by the ancestral Swan River, into the Kings Park Formation.
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2.1. Estuary morphology

Two shallow sills (b5 m depth), one at the Fremantle Traffic Bridge
and the other between the Narrows and The Causeway bridges (see
Fig. 1 for location), divide the system into three main segments, the
upper reach, middle reach and lower reach:

Upper Reach – In the upper section of the estuary, upstream from
Heirisson Island (see Fig. 2), the tidal river is narrow and sinuous,
with a depth ranging from b2 m to about 6 m (Chalmer et al., 1976;
Atkinson and Klemm, 1987).

Middle Reach – Themiddle sector of the estuary includes Perth Wa-
ters and Melville Waters (see Fig. 2). Between the Narrows and The
Causeway bridges (Perth Waters), the Swan River estuary is wide and
very shallow,with an average lowestwater level of b1m. From theNar-
rows bridge to Blackwall Reach (Melville Waters), the river is more ex-
tensive, with a central basin (that according to Dalrymple et al., 1992
can be called unfilled estuary) that deepens seaward, reaching 24 m of
depth, and marginal shallow sand flats and spits fringing the shoreline
(see Fig. 1. Chalmer et al., 1976; Collins, 1987; Quilty and Hosie, 2006).

Lower Reach – The lower segment, downstream from Blackwall
Reach to the Fremantle Traffic Bridge, was defined by Quilty and Hosie
(2006) as a “coastal dune limestone corridor”. In this last section, the
Swan estuarine passage is characterised by a narrow straight that fol-
lows the joints and structures in the limestone, forming right angles
and cliffs through the Tamala Limestone. In contrast to the middle
reach, this portion of the estuary shallows seaward, to b5 m, at the Fre-
mantle Harbour.

Although the exact geological nature of these sills is unknown (no
seismic data was collected along these features and pre-existing litera-
ture is scarce), it is likely that they formed under a combination of
pre-existing topography and more recent sediment accumulations (as
in Dalrymple et al., 1992; Dalrymple and Choi, 2007).

It must be noted that harbour development, dredging and foreshore
reclamation, dating back to the end of the 19th Century (Tutton, 2003),

have significantly changed many areas of the Swan River estuary
(Chalmer et al., 1976; Collins, 1987; Radke et al., 2004). The removal
of sediment buildup and rocky outcrops, especially at the estuary
mouth, caused an increase in marine water intrusion, tidal exchange
and salinity, resulting in a proliferation of marine aquatic plants
(Hodgkin and Hesp, 1998). Urbanisation and agriculture have also had
an impact on the sediment transport and composition, causing signifi-
cant changes in runoff and inputs of salt, nutrients and sediments in
the estuary (Atkinson and Klemm, 1987; Hamilton et al., 2001).

3. Methods

About 30 km of high-resolution shallow seismic profiles have been
collected, processed and analysed along the Swan River estuary, be-
tween the Narrows Bridge and Blackwall Reach (Fig. 2, survey track
plot sketched in yellow). Survey run lines were devised to capture a
range of substrate architectures and geometries, to a maximum depth
of 40m below the river bed. Transects perpendicular to the river course
revealed the location andwidth of buried palaeochannels. Profiles along
the strike of the river permitted the correlation and interpretation of
acoustic horizons.

The seismic datawere acquired using anAA201boomer system (Ap-
plied Acoustic Engineering Limited, Great Yarmouth, UK). A hand-held
GARMIN eTrex Global Positioning System (GPS) was employed to ob-
tain and record position (accuracy: typically b4 m). The seismic data
were digitally recorded in SegY format (Rev 1), using SonarWiz 5
(V5006.0032. Chesapeake Technology Inc., Mountain View, CA) as ac-
quisition and post-processing software.

Acoustic reflectors have been interpreted, where possible, through
sedimentary analysis and correlation of borehole logs, which were
drilled by a number of agencies primarily for geotechnical investigations
(Main RoadsWestern Australia, 1998; Golder Associated Pty Ltd., 2008;
see Gordon, 2012). The most recent of these were 4 boreholes cored
near Dalkeith for the Perth Flying Squadron Yacht Club by Coffey

Fig. 2. Simplified surface geology (redrawn afterDavidson, 1995 andGozzard, 2007a), superimposed on Landgate (Western Australia) aerial image. Formation ages are included in Table 1.
Geophysical survey track plot and survey boundaries are alsomarked, in yellow. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version
of this article.)
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(Coffey Geosciences, 2010; see Fig. 1 for location and Fig. 3). The data
was also correlated with the information provided by two geophysical
surveys, undertaken by Australian Hydrographic Services (1971) and
McKimmie Jamieson and Partners (1987) as part of a proposeddredging
and reclamation project, in the Outer and Inner Harbour in Fremantle.

Formations and sediment ageswere acquired from literature, in par-
ticular Murray-Wallace and Kimber (1989), Hearty (2003), Gozzard
(2007a), Gordon (2012), and Brooke et al. (2014). Due to the character-
istics, scope and planning of the core drilling, we were unable to carry
out any radiocarbon dating specific to this project. Palaeomorphology
reconstruction of the Last Glacial Swan River was performed with
ArcGIS 10.2 software (Esri) using a combination of seismic profiles
and bathymetric data of themodern riverfloor (fromSwanand Canning
River 2010–2011 Hydrographic Surveys, Department of Transport).

4. Results and interpretation

The seismic analysis of the subbottom profiles shows that the shal-
low architecture underneath the Swan River estuary is dominated by

palaeochannels. The seismic profiles contain numerous acoustic reflec-
tors, some of which have distinctive features and can be recognised
across the study area, and others which are discontinuous and only re-
corded in some locations. Four main reflectors (river bed, R1, R2 and
R3) were identified, which define three acoustic units (U1, U2 and
U3), which sit atop of the acoustic basement (Table 2). In some places,
there was no penetration beyond the river bed surface.

4.1. Seismic units and sedimentary facies

4.1.1. Seismic unit U1
Subbottom profiles reveal an irregular but laterally continuous,

strong reflector, here defined as R1. The sediments bound between
the river bed and R1 form seismic unit 1 (U1). U1 has a variable thick-
ness ranging from being barely discernible to up to 14 m thick and is
characterised by a number of different seismic features. Where thicker
than 2.5 m, U1 is intensely bedded and typically infills palaeochannels.
The layers are parallel to subparallel and pinch out updip (divergent
fill), converging against pre-existing highs. Minor reflector R1a runs

Fig. 3. Seismic profile adjacent to the Perth Flying Squadron Yacht Club (Dalkeith), showing two sets of palaeochannels. A: uninterpreted seismic profile, with schematic core. B:
interpreted seismic profile. R1 represents the main reflector, at the base of intensely bedded deposits (U1). R2 has been incised into an older substrate and covered by tripartite
sediments (U2). From this seismic profile it is not possible to depict the base of the unit (U3) underlying the acoustic reflector R2. Aerial photo images provided by Landgate (Western
Australia). Depths are in metres, below the sea level.

Table 2
Facies identified in the seismic profiles.

Seismic unit Limits Max
Thickness

Internal structure Lithology Interpretation (see further details
in Section 4.2)

U1 River bed
to R1

14 m From heavily layered, filling palaeochannels, to hard and chaotic, atop of
pre-existing topographic highs

From silty sand
to clay

Holocene, fluvial channel-fill
deposits

U2 R1 to R2 27 m Inhomogeneous (beds or without internal structure) Sand, silt and
clay

Swan River Fm.

U3 R2 to R3 21 m Interbedded Sand, silt and
clay

Perth Fm.

Acoustic
basement

Top: R3 NA Laminated to massive – Tamala Limestone/Kings Park
Formation
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sub-parallel to the seafloor and is useful to subdivide U1. The strata of
the upper sub-unit are thinner (up to 0.30 m of thickness), more lami-
nated and laterally more continuous than in the lower sub-unit (up to
1 m). The Dalkeith boreholes (Coffey Geosciences, 2010) show the
upper sub-unit to bemainly composed of thinly bedded unconsolidated
silty sand, with mainly horizontal or gently undulated laminations (Fig.
3). In contrast, the lower sub-unit consists of thick bedded clay units,
which are horizontally layered over the pre-existing topographic lows,
such as channels or depressions. In the zones where unit U1 is thinner
than 2.5 m, the substrate appears to be harder and more cemented,
with no internal layering.

4.1.2. Seismic unit U2
From the seismic profiles, a second and deeper seismic reflector,

which is here defined as R2, can be observed. It has an irregular surface,
mostly forming depressions, separated by areas of hill-like undulating
bathymetry; flat areas are rare. Bounded between reflectors R1 and
R2, is an older sequence, named here seismic unit U2, and directly un-
derlies seismic unit U1. U2 is inhomogeneous, characterised by a series
of internal, moderate to strong acoustic reflectors, which are locally dis-
continuous (Fig. 3). Based on the borehole data (Coffey Geosciences,
2010), seismic unit U2 can be subdivided into three sub-units. This
tripartition is evident also in the seismic profiles, where 2 sub-reflectors
(R2a and R2b) can be recognised (Fig. 3). The lower sub-unit (between
R2b and R2) is composed of parallel, partially continuous strata of firm
to stiff clay (Coffey Geosciences, 2010), with traces of sand, fills minor
stream channels and cuts into the underlying older deposits. Locally,
this deeper sub-unit is capped by a poorly defined sequence where
compacted sand is the main component (middle sub-unit, bound by
R2a and R2b). This sub-unit is partially truncated by the overlaying,
semi-horizontal sandy clayey deposits (upper sub-unit, bound by R1
and R2a). The three sub-units are intermittently visible in the seismic
profiles, but this absence may be more ambiguous than real, possibly
due to a lack of velocity contrast between their lithologies.

In some areas, R1 and R2 (and relative acoustic units) have been lo-
cally depicted as inferred reflectors (i-R1 and i-R2, see further in Section
5.1), since their seismic pattern wasmasked by an acoustic wipe-out on
the subbottomprofiler record. This type of signal has been recorded also
in tie lines, confirming that this pattern is a real feature in the sediments.

4.1.3. Seismic unit U3
Due to equipment limitation and lack of acoustic contrast in the local

lithology, the substrate below the reflector R2 is less definite. There are
several discontinuous internal reflectors that cannot be accurately
depicted as they are intermittent and quite irregular. Between Dalkeith
and Blackwall Reach, a gently undulating third acoustic reflector (here
name R3) is definite enough to be depicted (Fig. 4). The geotechnical
data (Coffey Geosciences, 2010) regards the deposits between reflectors
R2 and R3, which form the seismic unit U3, to include interbedded ho-
rizons of silt, sand and clay. U3 is characterised by discontinuous and ir-
regular minor internal reflectors; concave-up, onlapping strata are also
locally recognisable.

4.1.4. Acoustic basement
The acoustic basement lies below seismic unit U3. Capped by the re-

flector R3, the acoustic basement is characterised by minor seismic re-
flectors that disappear progressively with depth, indicating a strong
absorption of the acoustic energy, likely suggesting a hard and
compacted lithology.

4.2. Interpretation of the seismic data

High-resolution subbottom profiles have revealed a complex buried
palaeochannel networkwithin themiddle reach of the SwanRiver estu-
ary, allowing for a detailed analysis of the architecture of the
palaeodrainage within the study area.

Based on these newly acquired seismic profiles, available sedimenta-
ry analysis (Coffey Geosciences, 2010) and literature of the geology and
stratigraphy of the area (Gordon, 2003a; Gordon, 2003b; Gozzard,
2007a; Gozzard, 2007b; Gordon, 2012; technical reports: McKimmie
Jamieson and Partners, 1987; Golder Associated Pty Ltd., 2008, 2012),
the depositional history of the Swan River estuary from Late Pleistocene
to present comprises three phases, resulting in three 3 different
lithostratigraphic units, from the oldest tomost recent the 1) Perth For-
mation (U3), 2) Swan River Formation (U2), and 3) the Holocene (U1).

A number of studies have demonstrated that sea level fluctuations
linked with Glacial and Interglacial periods are the primary control in
the sedimentary development and evolution of fluvio-estuarine deposi-
tional environments (Blum and Tornqvist, 2000; Lambeck and Chappell,
2001; Blum et al., 2013). The impact of repeated sea level oscillations

Fig. 4. Seismic profile showing the top of the acoustic basement (Tamala Limestone) forming a topographic low, successively partially infilled bymore recent formations. Tamala Limestone
outcrops on both the shores of the Swan River (Chidley Reserve and PointWalter Spit) and the upper limit can be picked also along the seismic profiles. The channel-like geometry of the
basement has conditioned the modern bathymetry. Note the fluid curtain rising from Tamala Limestone (see further discussion on the nature of these fluids in Section 5.1). Aerial photo
images provided by Landgate (Western Australia). Depths are in metres, below the sea level. SOL: start of line, EOL: end of line.
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has also had amajor influence in the development of the Swan River es-
tuary, as evidenced in the subaerial landscape and buried features along
the present river course (Hearty, 2003).

4.2.1. Acoustic basement
There are two sedimentary units that form the acoustic basement of

the study area: Tamala Limestone (western part of the survey area) and
the Kings Park Formation (eastern part of the survey area). In the west-
ern portion of the Melville Waters, where the Swan River estuary nar-
rows and the water depth increases (from 5 to N20 m), Tamala
Limestone is observed outcropping along both the river banks. On the
western bank (SOL, Fig. 4) the cliff of Chidley Reserve is N20° steep
and the limestone cliff continues below the water level. On the eastern
bank (EOL, Fig. 4) the shore has, instead, a gentle slope, outcropping in
the Point Walter Spit. This morphology is reflected in the bathymetry
(see Fig. 1) and the subbottom profiles acquired in the area corroborate
this observation. In Fig. 4, reflector R3 (top of Tamala Limestone) is in
fact shallow, at the start and at the end of the line (17 and 21 m,
below sea level, respectively), and progressively deepens to almost
40 m below sea level in the central part of the profile, forming a topo-
graphic low, partially infilled by the more recent formations.

A few kilometres upstream, near the Narrow Bridge, the incised
shales/siltstones of the Kings Park Formation are found under the
Perth Formation (Coffey Geosciences, 2002; Golder Associated Pty Ltd.,
2008, 2012). From the seismic profiles, the horizontal extent and
upper and lower contacts of Tamala Limestone and the Kings Park For-
mation are not detectable.

4.2.2. Perth Formation
The deepest palaeochannel identified in the Swan River seismic pro-

fileswas interpreted as a downcutting, into the underlying Tamala lime-
stone and Kings Park formations (acoustic basement). Although it is not
possible to depict this erosional surface (acoustic reflector R3) for the
entire study area, the log data from the drilling between Goongoongup
Bridge and Victoria Quay Berths confirms that it deepens uniformly
from Guildford to Fremantle (Baker, 1956; Gordon, 2012).

At the onset of the Last Interglacial (LIG), between 135 and 127 ky,
the sea level swiftly rose about 100 m and reached at least 2 m above
the present sea level by 127 ky BP (Stirling et al., 1995; O'Leary et al.,
2008). The riven downcutting experienced during the previous Glacial
period ceasedwith the rise of base level and onset of estuarine sedimen-
tation (net deposition). The incised palaeovalley was infilled with at
least 20 m of interbedded estuarine sand, silt and clay deposits. Accord-
ing to Gozzard (2007a), Mathew (2010) and confirmed by the litholog-
ical facies analysis from the boreholes collected by Coffey Geosciences
(2010) in Dalkeith, and the other available geotechnical information
(Golder Associated Pty Ltd., 2008, 2012), it is likely that the deposits be-
tween the reflector R2 and R3 represent the Perth Formation (U3). This
fluvial and estuarine complex constitutes the fill of a palaeovalley,
aligned with the present Swan River estuary. The basal part of the
Perth Formation, consisting mainly of clay sediments, was deposited
in the lower portion of the palaeochannel. The middle portion is domi-
nated by sandy and coarser sediments, indicating a greater energy and
volume of the palaeo-Swan River. In the upper and younger section,
the Perth Formation is composed of silt and clay, deposited in a quieter
estuarine environment. Mathew (2010), through X-ray Diffraction
(XRD) analysis and Scanning Electron Microscope (SEM) imaging,
showed that the upper deposits of this formation have a large amount
of iron-stained grains of kaolinite and quartz, possibly derived from
the erosion, transport and successive deposition of the granite forming
the Darling Scarp during warm and humid climate conditions.

Gozzard (2007a) assigned an age of ~130–80 ky to the Perth Forma-
tion, by correlating it to previous studies (Murray-Wallace and Kimber,
1989; Kendrick et al., 1991) that dated the marine fauna sampled from
exposures along themiddle and lower reaches of the Swan River, which

can be can be considered the marine equivalent of the estuarine Perth
Formation.

4.2.3. Swan River Formation
The peak of the Last Interglacial (sub-stage MIS-5e; c. 127–116 ky)

was followed by ~40 ky (from MIS 5d until MIS 5a, about 80 ky ago)
of general cooling (Lambeck et al., 2002; Hearty, 2003; Woodroffe and
Webster, 2014). This progressive reduction of the temperatures culmi-
nated about 18 ky BP, when the sea level reached its lowest stand at
−130 m below the present sea level (Last Glacial Maximum, LGM.
Hearty et al., 2007; Lambeck et al., 2014). During this low stand period,
the ancestral Swan River had another episode of downcutting (Fig. 5A).
The seismic profiles revealed the presence of a second palaeochannel,
incising into the Kings Park and Perth Formations. The morphology
and pattern of the palaeo-riverine bottom, where detectable, appear
to be quite different from that of the present river floor. The river gradi-
ent was significantly higher than the present following the termination
of the LIG and prior to the onset of the LGM, extending in the study area,
from−9m below the present river level to−40m,with a difference in
height of ~30 m, versus b25 m in the present time (the deepest

Fig. 5. Top: sea level curve in the past 250 ky. Odd numbers refer to Interglacial Marine
Isotope Stages (MIS) and even numbers indicate the Glacial MIS (modified after Lisiecki
and Raymo, 2005; Berger, 2008 and Saqab and Bourget, 2015). Bottom: schematic cross-
section showing the evolution of the morpho-stratigraphy in the middle reach of the
Swan River (Melville Waters) through the Late Quaternary, based on seismic profiles
and Gozzard (2007a). Horizontal axis: ~3 km; vertical axis: depth/elevation values are
in metres, referred to the present sea level. Orange lines represent the width of active
valley. A) During the Last Glacial period, a deep inset valley cut the pre-existing Kings
Park Formation and Perth Formation, during a low sea level stand. B) Changes in sea
level caused by fluctuations in the climate during the last 50–70 ky of this Glacial period
resulted in an alternation of erosion and deposition during which the palaeochannel
was filled with the variegate sediments of the Swan River Formation. C) Last Glacial
Maximum (MIS 2, ~18 ky BP). As the sea level reached its lowest point, the most recent
palaeochannel was cut and successively (D) infilled with fluvial deposits through the
Holocene interglacial conditions.
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surveyed point is 24 m, between Peppermint Grove and Minim Cove).
This difference can be explained as a typical fluvial response to sea
level changes (i.e., change in base level): the palaeochannel had a higher
gradient due to the fact that sea level was lower over the Last Glacial
cycle with the palaeo-Swan River incising into underlying strata in
order to maintain a balance with a lower than the present base (sea)
level (cf. Schumm, 1993; Blum and Tornqvist, 2000).

During the LGM, fluviatile heterogenic deposits of sand, silt and clay
were deposited under various hydrological settings. From the borehole
data (Coffey Geoscience, 2010), the complex nature of the sediments
composing the seismic unit U2 is clear and can be referred to
Gozzard's (2007a) description of the Swan River Formation (Fig. 5B).

The sequence of the Swan River Formation consists of a series of
three stacked interbedded deposits, at least 22 m thick (in the survey
area), formed in a riverine, estuarine and marine setting (bottom to
top). Sand and gravel sediments dominate the upper section of the
river (between Guildford and Perth/The Causeway). In the middle
reaches, the content of finer sediment (silt and clay in lenses) increases.
In the lower portion (in Fremantle) sand, silt and clay take over
(Gozzard, 2007a).

4.2.4. Holocene deposits
At the peak of the LGM sea level reached its lowest point around

130 m below the present sea level (e.g. Lambeck and Nakada, 1990;
Lambeck et al., 2014). The coastline is reasoned to have been at least
12 kmwestward fromRottnest Island, located 18 kmwest of Fremantle.
The palaeo-Swan River joined the submarine Perth Canyon, approxi-
mately 22 km northwest of Rottnest (Playford, 1977), incising into the
underlying formations. Due to a greater longitudinal profile gradient,
the river started to cut down into the generally horizontally deposited
estuarine sediments of the Swan River Formation, down to a depth of
30 m below the present sea level (as determined from the seismic pro-
files acquired for this study). The morphology of the channel where the
Swan River was flowing at the Late Glacial and Early Holocene (Channel
2, Fig. 6) is easily recognised in the seismic profiles along thewhole sur-
vey area. At the termination of the LGM, the sea level rose and the valley
became an estuary; the flow velocity slowed and up to 14m of deposits
was trapped as a palaeovalley-fill along the Swan River. Based on the
lowest depth of Channel 2, it is likely that the accumulation of these sed-
iments (unit U1) started to take over around 10 ky ago, when the sea
level reached a depth of at least 30 m below the present sea level. U1
represents the most recent deposits of the survey area, formed during
the Holocene.

5. Geomorphic evolution of the Swan River estuary

During the Last Glacial cycle, the main channel of the palaeo-Swan
River (Channel 2, Fig. 6) was deeper and significantly narrower than
the present, with the modern shallow areas adjacent to South Perth,
Crawley, Ardross and Bicton probably forming emergent fluvial ter-
races. This palaeoriver was likely to be very fast-flowing, with transport
exceeding deposition, resulting in a channel mostly free of finer sedi-
ment (at least, in themiddle reach). Two shallow islands were probably
present (Fig. 6A), linked to buried topographic highs that were
overstepped by the river in the Mid-Holocene. Similarly to the modern
setting, a palaeo-Canning River flowed into the Swan River (Fig. 6A).
Channel 2 is in line with the modern thalweg (Fig. 6A), demonstrating
that the sedimentation subsequent to the Holocene sea level rise has
only partially filled it. The seismic profiles also show evidence of a dis-
tributary channel separating southward from the main stream (Fig.
6B). The abandoned palaeochannel was about 300 m wide and up to
12 m deep. The base has a clear erosional contact, indicating that the
channel was active and cutting into the underlying Swan River Forma-
tion. During Holocene sea level rise (around 10 ky BP), the first areas
to befloodedwere the old channels, with sediments that started to infill
these palaeochannels, levelling the river bed. Similarly to the profile in

Fig. 3, there is a subdivision of the Holocene infilling sediment. The
lower portion (5–7 m thick) appears to be composed of clay, arranged
in thick layers and could indicate a phasewhen the channel was partial-
ly abandoned, causing a reduction of the water flow. The upper sedi-
ments (~5 m of thickness) appear to be constituted by unconsolidated
sandy silty and thinly laminated, possibly corresponding to a stage of in-
termittent flow, progressively converted to channel abandonment. Con-
sidering the amount of deposition, it is likely that a substantial volume
of water was flowing in the tributary channel, capable of carrying a
large quantity of sediments, until the palaeo-waterway become
inactive.

Based on high-resolution topographic (elevation) data of the region
(see Fig. 1), it is not possible to locate the alternative pattern of the an-
cestral tributary channel across the Swan Coastal Plain due to the large
eolian dune build-up and extensive urbanisation; however, with a fur-
ther seismic survey along the coastline, it may be possible to detect
where the palaeochannel extended towards the shelf.

5.1. Fluid blankets

In some locations, seismic units U1, U2 and U3 appeared partially
concealed by an acoustic wipe-out (Fig. 7). The masking is likely to
have been caused by absorption of the seismic signal due to fluid escape
fromunderlying deposits. This pattern, called fluid blankets or fluid cur-
tains in relation to the volume of fluid content, is associated with thick
sediment deposits in valley bottoms, palaeochannels or buried depres-
sions (Baltzer et al., 2005). The origin and processes of this fluid-flow
is still poorly understood, but it could possibly be linked to a

Fig. 6. A: sketch map of the palaeomorphology of Channel 2. The modern thalweg is
marked in green. Although the modern and palaeo Swan River have a similar trend, the
MIS 2 palaeochannel was likely significative narrower than the contemporary one.
Aerial photo provided by Landgate (Western Australia). B: acoustic profile of the
abandoned tributary. Depths are in metres, below the sea level. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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combination of the thickness and nature of the sedimentary deposits in
the Swan Coastal Plain and the presence of a high water table.

From the seismic profiles, this kind of structure can be found only in
associationwith thebottomof palaeochannels,masking their base. Plot-
ting the distribution of these features in the coastal dune systems map,
they appear to be approximately aligned with the three interdune wet-
land belts, which run sub-parallel, with a north-south direction in the
coastal plain, both north and south of Perth (Fig. 7A). It is likely that
the buried fluid-escape structures are linked with freshwater springs,
rising from the unconfined, superficial aquifer that, in the Swan estua-
rine system, rests on the Kings Parks Formation and Tamala Limestone
(Davidson, 1995). In addition, it is worth mentioning that Aboriginal
people and early European settlers reported running freshwater springs
in the area, especially west of the Narrows Bridge (Kennedy Fountain),
where the Old Swan Brewery was built and the permanent high quality
water was, in the past, used during beverage production (Vinnicombe,
1992). Considering that the survey was carried out at the end of the
winter (September), it is expected that, having been recharged by the
seasonal rainfall, the water table had risen creating a water pressure
gradient that may have initiated a shallow groundwater flow into sub-
aqueous springs or seeps (Fig. 7B).

This kind of acoustic signature could also be linkedwith the presence
of a biogenic gas, such as methane, derived by the decomposition of or-
ganic matter, typical in estuarine environments (Baltzer et al., 2005). It
is possible that in the area, a combination of the two occurrences is the
cause of the limited imaging of the buried sediment structures. Evidence
of fluid rise within the sediments have been found also during a seismic
investigation carried out in 2008 along the Perth CBD Foreshore (Golder
Associated Pty Ltd., 2008), where the presence of gas prevented the im-
aging of the sediments in approximately 50% of the study area.

6. Comparisons with other palaeo-estuarine systems

The Swan River system fits reasonably well to Dalrymple et al.'s
(1992) model of a wave-dominated estuary: a funnel-shaped geometry
(differing from the model only at the river mouth, where the pre-
existing topography significantly controls its shape), a straight-
meandering-straight channel morphology (from the source, going sea-
ward) and a tripartite zonation, as a function of water depth and hydro-
dynamic conditions, that is reflected in the facies distribution. At
present, submerged sandy barriers across the river mouth, typical of a
wave-dominated system, are not found in the Swan River estuary, as
they were dredged for the Fremantle Harbour reclamation during the
Nineteenth century (Tutton, 2003).

The Swan River estuary shares several similarities with a number of
estuaries worldwide. Table 3 and Fig. 8 compare the Swan River with
analogous environments in Australia (Burrill Lake, NSW) and France
(Arcachon Lagoon, Bay of Biscay). Despite diversities in size and
shape, the three estuarinewater bodies have similar environmental set-
tings, lying on a tectonically stable, wave-dominated coastline, with low
tidal ranges (micro- to mesotidal). High-resolution seismic profiles car-
ried out in the three locations revealed a complex internal architecture,
characterised by three main episodes of cut-and-fill (Sloss et al., 2006;
Allard et al., 2009; this study), that record asmany transgressive and re-
gressive events (low stand and high stand stages of sea level). Notewor-
thily, fluid rise is also present in each location. Sets of palaeochannels
are clearly recognisable in the seismic data of the Swan River and
Arcachon Lagoon, but not identifiable in Burrill Lake. This may be due
to the fact that the latter is the narrowest of the considered environ-
ments (Fig. 8C), therefore the lowstand river channel has remained con-
fined and could not migrate during the time.

The main differences include the thickness and the age of the sedi-
ments over the bedrock. Arcachon Lagoon has the thinnest sediment
package. With only ca 10 m section (Allard et al., 2009), the deposits
on top of the rock foundation are about 1/3 thinner than in the other
2 locations (Table 3). This difference can be explained by combining an-
nual rates of coastal retreat and relative sea level rise (Klingebiel and
Gayet, 1995). According to Klingebiel and Gayet (1995), coastal erosion
along the Arcachon Bay is about 1 to 2 m/year, therefore sediments de-
posited during recent transgressive events may have not be preserved.
In addition, dating of sediment cores have shown that from 5.0 to
2.5 ky BP, the sea level in the area was about at −5 to −4 m below
the present, then increased to −2 to −1 m below present sea level in
the following 1.5 ky, before slowly stabilising at present time
(Klingebiel and Gayet, 1995). Conversely, along the Australian coasts,
evidence of a Late Holocene highstand is present, with a sea level
about 1 m higher than the present, at 6 ky BP, in both the Swan River
and Burrill Lake areas (Lambeck and Nakada, 1990). It is likely that sed-
imentation has been greater and perpetuated for longer in these loca-
tions, resulting in thicker deposits.

7. Conclusions

This paper reports the results and new insight of the first environ-
mental high-resolution seismic investigation in the middle reach of
the Swan River estuary (Melville Waters). Three major acoustic reflec-
tors and 4 seismic units can be recognised within the survey area,

Fig. 7. A: Dune systems in the Swan Coastal Plain (re-drawn after Bastian, 1996). Note the
north-south trend of the dune system. The locationswhere fluid risewas recognised in the
seismic profiles are marked in black. The rectangle indicates the inset area in Fig. 7C. B:
Schematic diagram illustrating the formation of fluid escape in the hypothesis of the
presence of subaqueous springs (profile not to scale). In late winter, after heavy rainfall,
the water table is higher. These conditions result in the groundwater having a greater
pressure of and consequent formation of seepage that flows into the Swan River. Details
are discussed in the text. C: Intersecting cross-section between Profiles 1 (length:
~1000 m) and Profile 2 (length: ~650 m). Areas where there is a fluid escape are
depicted with dash lines. In this reach, the acoustic basement is likely to be Tamala
Limestone. Inset: aerial photo provided by Landgate (Western Australia).
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Table 3
Summary of characteristics of three wave-dominated estuaries: Burrill Lake (NSW, Australia), Arcachon Lagoon (Aquitaine, France) and Swan River (WA, Australia).

Swan River, south western Australia
(this study)

Burrill Lake, south eastern Australia (Sloss et al., 2006) Arcachon Lagoon, south western
France (Allard et al., 2009)

Estuary type Wave-dominated barrier estuary Wave-dominated barrier estuary Lagoon
Tidal regime Microtidal Microtidal Mesotidal
Morphology Meandering valley upstream, with a

wide central basin and narrow
corridor downstream

Relatively shallow and narrow bilobate valley, connected to the ocean by a
shoaled sinuous channel

Equilateral triangular shape, with
20-km-long sides and connected to
the ocean by a tidal inlet

Bedrock Calcarenite and calcareous siltstone Permian quartz sandstone and monzonite rock Mesozoic–Cenozoic sedimentary
rocks (Leorri and Cearreta, 2004)

Total
catchment
area

~120,000 km2 (Swan-Avon
catchment. Viney and Sivapalan, 2001)

80 km2 4140 km2 (Castel et al., 1996)

Sand barrier at
the mouth

Dredged Yes Yes

Tectonic
conditions

Stable Stable Relatively stable (Klingebiel and
Gayet, 1995)

Sediment
thickness
(over
bedrock)

From b1 m to at least 27 m (with
limitation from acoustic penetration)

From 2 to up to 30 m ~10 m

Sedimentary
succession

Basal unit (130 to 80 ky BP):
interbedded sand, silt and clay
Middle unit (75 to 18 ky BP): sand, silt
and clay
Top unit (Holocene): silt sand, with
clay

Basal unit (Late Pleistocene): quartzose sand.
Middle unit (Holocene): bipartite. Base: quartzose carbonate-rich sand (7.8
and 7.0 ky BP); top: quartzose sand (4.5 ky BP).
Top unit (ca. 1000 years to present): sand, with seagrass (downstream);
estuarine silty clay, with considerable organic material (central basin);
organic-rich sandy mud deposits and seagrass (upstream).

Basal unit (older than 7.500 ky BP):
coarse-grained sand.
Middle unit 1 (7.5–5.5 ky BP): coarse
sand.
Middle unit 2 (5.5–2.8 ky BP): sand
with shells and clay.
Top unit 1 (2.8–1.5 ky BP): silt and
sand, with shell lags.
Top unit 2 (1.5 ky BP-present): silts
and organic debris

Fig. 8.Wave-dominated estuaries of B) Arcachon Lagoon (southwestern France) and C)Burrill Lake (south eastern Australia) considered for a comparisonwith theA) SwanRiver. Note the
three locations have been shown with the same scale in order to appreciate better their difference in shape and size, especially between B and C.
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forming complex buried cut-and-fill systems (palaeochannels). Com-
bining this data with terrestrial LiDAR data, pre-existing literature and
sedimentological analysis, it has been possible to characterise the buried
palaeochannels in terms of their seismic architecture, geomorphology
and facies, providing a better understanding of the development and
evolution of the estuary, as primarily driven by sea level rise and fall
during the Late Pleistocene and Holocene. Relative ages of depositional
episodes were determined from pre-existing literature and analysis of
the sea level curve.

1) Pre-LIG (Mid–Late Pleistocene lowstand): the palaeo-Swan River
flowed through a large valley (acoustic reflector R3), downcutting
into the underlying bedrock (acoustic basement), which comprises
Tamala Limestone, to the western part of the survey area, and
Kings Park Formation, to the east.

2) LIG to LGM: a rapid sea level rise (135–127 ky BP, sub-stage MIS-5e)
marked the transition from riverine to estuarine setting, with a con-
sequent increment of sediment deposition. The incised palaeovalley
was infilled with tripartite deposits of Perth Formation (U3. From
bottom to top: clay, silt and alluvial sand). Following the termination
of the Last Interglacial highstands (127 to 80 ky, until MIS 5a), an
orbitally driven reduction in global temperatures (Last Glacial peri-
od) caused a drop in sea level, during which the ancestral Swan
River had another episode of downcutting. A narrow and deep
palaeochannel incised the Perth Formation and the underlying bed-
rock (R2) and was successively infilled with estuarine and alluvial
deposits of the Swan River Formation (U2), until the sea level
reached its lowest position at −130 m below present (LGM), by
21 ky BP.

3) LGM to Holocene. During the Last Glacial Maximum, a further
palaeochannel (Channel 2, R1)was cut. Through the following trans-
gression, when the sea level was at least 30 m below the present
level (~10 ky BP), deposition of Holocene sediments (U1) started
to infill Channel 2, till reaching the present conditions and becoming
an estuary.

Like several other examples around the world, for instance Burrill
Lake (NSW, Australia) and Arcachon Lagoon (Aquitaine, France), the
geomorphic record of Late Pleistocene and Holocene sea level fluctua-
tions in themetropolitan area of the SwanRiver is characterised by a se-
ries of palaeochannels, which developed during glacial low sea level
stands, and related channel-fill deposits which formed during intergla-
cial highstands.
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Abstract 

The coral reefs of the Kimberley bioregion are situated in an area that is 
considered a significant ‘biodiversity hotspot’ and are poorly known and of 
recognised international significance. This paper is a review of ongoing research as 
part of one of the first geoscientific reef studies of the Kimberley Biozone. Remote 
sensing, sub-bottom profiling and associated sedimentological work have been 
employed to produce a regional geodatabase of coral reefs and determine the 
Holocene internal architecture and growth history of the coral reefs. Satellite image 
analysis has revealed that fringing reefs in the Kimberley bioregion grow very well 
and differ geomorphologically from planar reefs both inshore and offshore. The 
acoustic profiles have depicted multiple reef build-ups, demonstrating the reefs’ 
long-term resilience. This research has provided a better understanding of the 
Kimberley reefs and demonstrated their capacity to succeed in challenging 
environments and generate habitats characterised by high complexity and species 
diversity. 

Introduction 

The Kimberley region is located on the north-western continental margin of Australia 
(Figure 1) and is characterised by unique and complex geology and geomorphology, 
significantly influenced by the macrotidal system (up to 11 m), which result in 
expansive intertidal zones.1 The Kimberley coastal region is a large-scale ria coast 
with a well-developed indented rocky shoreline and many offshore islands with 
unique geology and geomorphology.2 Regional structure has determined much of 
the contemporary landforms and related ecosystem development, and controlled the 
architecture of the drowned landscapes over which coral reef systems have 
developed.3 Thus, there are strong geomorphological controls on reef development. 
Coral reefs have developed over a broad shelf as shelf edge, inner shelf and coastal 
inshore reefs for over 800 km across a geomorphically complex coastal zone and, 
whilst the offshore reefs have been studied,4 little is known about these inshore 
coastal reefs.5 

It is not known whether Kimberley reef morphology conforms to the established 
geomorphic models, such as those identified from the Great Barrier Reef (GBR),6 or 
has developed as distinctive morphologies driven by the extreme environmental 
conditions unique to the Kimberley. Here, regional reconnaissance mapping was 
used to assess reef morphology within the complex geophysical environments of the 
Kimberley coast. Questions such as the impact of extreme tides, high terrestrial 
sediment loads, exposure of the reefs for long periods during the tidal cycle, and 
relatively warm waters, all remain to be addressed. 

While the offshore reefs have grown vertically as successive sea-level events 
drowned the shelf during the Quaternary, the inshore reefs have interacted with 
complex antecedent geomorphology during coastal inundation, as well as 
intermittent terrestrial inputs, developing around and over rocky islands, headlands 
and platforms. However, patterns of geomorphology and substrates are poorly 
understood and little documented regionally.7 It is not known whether most 
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Kimberley reefs are veneers over rock platforms or are long-lived features, recording 
processes and patterns of growth, community composition and structure, hiatuses, 
sea levels and climate changes through post-glacial time (see note 6). Access to 
such records is needed to determine long-term adaptive responses of Kimberley 
coral reefs to oceanographic and coastal processes that are near the environmental 
limits of coral growth. 

The primary aim of this project is to understand the past history of coral reef growth 
for several Kimberley reef types, using a combination of remote sensing, sub-bottom 
profiling (SBP) and, where possible, reef stratigraphy in order to provide the first 
geomorphological analysis of the inshore reefs. The analysis will add value to the 
many Western Australian Marine Science Institution (WAMSI) biological studies 
being carried out in parallel to this geological investigation. This paper reviews 
ongoing research in WAMSI Project 1.3.1 on Coral Reef Geo- morphology and 
Growth History of Kimberley Reefs. 

 

Figure 1. Map of the Southern Kimberley region. The marine bioregions (Commonwealth of 
Australia, A Guide to the Integrated Marine and Coastal Regionalisation of Australia Version 4.0, 
Department of the Environment and Heritage, Canberra, Australia, 2006) are shown in grey 
(NWS: North West Shelf; CAN: Canning; KS: King Sound; KIM: Kimberley). The main reefs 
studied in this study are labelled, Cock- atoo Reef is in the Buccaneer Archipelago. 
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Materials and methods 

In the absence of any previous chronological, stratigraphic and geomorphic data for 
the inshore Kimberley reefs, three approaches were attempted in related and 
interactive sub-projects in this study. These were a remote sensing approach used 
to regionally map the many island and hinterland associated reefs, to analyse 
geomorphic patterns of reef growth and to determine the living communities and 
substrates; a targeted stratigraphic and chronologic study of reef growth, using one 
of the rare reef exposures in a mine pit at Cockatoo Island; and a seismic study to 
determine reef thickness, the number of stages of reef growth, and an attempt to 
analyse the regional growth pattern using available chronologic data from the 
Cockatoo Reef study. These objectives were determined in consultation with 
agencies responsible for marine park management in the area. The work in this 
paper is preliminary in nature and ongoing. 

Remote sensing data 

Coral reefs occur extensively in the Kimberley Bioregion (KIM), forming major 
geomorphic features fringing both islands and mainland coasts. Here remotely-
sensed images were used to map the spatial distribution of reef habitats and to 
characterise reef geomorphology. Multiple data sources (see Table 1) were 
integrated using ESRI’s ArcGIS to validate results, which were then verified against 
ground truth control points in order to produce consistent, accurate habitat and 
geomorphic maps. Remote sensing data were mainly from Landsat 7 and aerial 
photography, using unsupervised classification, supported by ground truth whenever 
available. 

Table 1. Data sources.  

 

Reef and mine pit mapping 

The two main iron ore pits on Cockatoo Island have been excavated to a depth of 
approximately 50 m below sea level and extend out onto the island’s modern reef 



  Appendices 

265 

 

flat. The fringing reef and the pre-existing substrate have been exposed in a 
complete vertical section along the face of the pit. Stratigraphic logging, sampling 
and photographing of the section were completed by Solihuddin, Blakeway, Collins 
and O’Leary.8 In order to establish a geochronology of the reef growth, in situ coral 
samples were collected at selected levels and dated using accelerator mass 
spectrometry radiocarbon dating methods. Dating was recalibrated using CALIB 
Version 5.0.2, calibration curve Marine04 and calibrated in years Before Present (cal 
yBP) with 2 σ (68.2%) probability range. 

The coral distribution along stratigraphic horizons within the mine pit was compared 
and correlated with the distribution of living coral communities along the adjacent 
reef flat and fore-reef slope, using towed camera transects during high tide and on 
foot during spring low tides (see note 8). 

Sub-bottom profiling 

A total of 300km of high-resolution shallow sub-seafloor imaging data was acquired 
during a sub-bottom profiling (SBP) study, using an AA201 boomer SBP system 
(Applied Acoustic Engineering Limited, Great Yarmouth, UK). A dual frequency 
Differential Global Positioning System (DGPS) Fugro SeaSTAR 8200 XP/HP with 
Trimble Antenna was used to obtain an accurate position (decimetric accuracy). 
Data were digitally recorded in SegY format (Rev 1), using SonarWiz 5 
(Chesapeake Technology Inc., Mountain View, CA) as acquisition and post-
processing software. 

Results 

Kimberley reef classification scheme 

Before providing an integrated analysis of remotely sensed, stratigraphic and 
seismic results, it is necessary to propose an organised classification framework for 
the specialised, macrotidal Kim- berley reefs, which are diverse, and which have 
unique characteristics. 

Previous studies have attempted to apply reef classification schemes developed for 
the GBR to Kimberley reefs.9 Although their applicability has been noted, the greater 
diversity of Kimberley reefs made their use limited. In more recent geoscientific 
studies,10 including new reef core data, radiocarbon dating and seismic profiles as 
well as GIS data allowed the proposal of a new modified classification scheme for 
the reefs in the Kimberley bioregion (Figure 2). 
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Figure 2 (previous page). Preliminary reef classification scheme based on adaptation of 
previous studies and geoscientific data from this study. Modified after Bufarale et al and Kordi 
et al (see note 10). 

Geomorphology, habitats and substrates 

Preliminary analysis using unsupervised classification of Landsat data, and ground 
truth observations, of substrate types for the reefs studied to date has shown 
distinctions between high inter- tidal, fringing, planar and patch reefs. The most 
striking features of these reefs are the dominance of sand and coral rubble on their 
reef flat. They are also characterised by a widespread distribution of rhodolith-rich 
substrates, present as terraces and also near the reef crest. For example, at 
Montgomery Reef, the reef flat is approximately 30% sand and coral rubble while 
the reef terraces and crest are about 6% rhodolith dominated substrates (Figure 3). 

 

Figure 3. Example of processing of satellite imagery, for Montgomery Reef (see Figure 1 for 
location), modified after Kordi et al (see note 10). 

The satellite image analysis has demonstrated that the geomorphic and associated 
habitats of the inner- to mid-shelf platform reefs have similarities with high intertidal 
reefs such as the abundance of rhodoliths and coral rubble over the reef platform 
and the presence of terraced reef flat. The low-gradient fore-reef slope zones in 
inner- to mid-shelf platform reefs are predominantly colonised by soft and encrusting 
flat coral and bryozoans, with domal and plate corals becoming significant. This can 
be seen clearly at Adele Island (see Figure 1 for location), where the coral 
communities colonising the reef slope represent about 31% of substrates on the 
platform surface (Figure 4). 
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Figure 4. A preliminarily geomorphic, substrates and habitat map of Adele Reef, surrounding 
Adele Island. Sample data provided by the REEFKIM database, modified after Kordi et al (see 
note 10). Coral communities dominate the fore-reef slope. For location, see Figure 1. 

Stratigraphy and geochronology  

Solihuddin, Blakeway, Collins and O’Leary documented stratigraphy and 
geochronology of mine pits at Cockatoo Island.11 The following section is based on 
their results. 
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Stratigraphic and palaeoecological data, combined with radiometric dates (Figure 5), 
have revealed that the lower section of the mine pit is Proterozoic basement (Figure 
6). A thin layer (1–2 m) of thick sedimentary talus breccia containing haematite 
boulders separates the basement from a younger coral-rich unit, containing mainly 
domal corals with minor encrusting and branching forms, dated as belonging to the 
last interglacial (LIG) (Figure 5). On top of this reef sequence, a second, thinner, 
haematite boulder breccia layer is present which is overlain by Holocene reef (see 
note 11). The Holocene reef unit is up to ∼13 m thick (Figure 5) and two distinct 
facies dominate the unit: muddy domal and branching coral framestone. Coral clasts 
are visually dominated by branching corals mainly of the genus Acropora and 
massive corals including Porites; diverse molluscan fauna is also present. Towed 
camera observations highlighted a few differences between the Holocene and the 
living reef (see note 11). Porites and Faviids are the most abundant genus, along 
with Sargassum which sparsely colonises the intertidal coral zone, whilst branching 
Millepora and Porites cylindrica, which increase seaward and are not present in the 
fossil record, have a medium density (see note 11). The contemporary live corals 
are uncommon in the measured Holocene sections, suggesting that the Holocene 
reef communities lack reef flat habitat. The Holocene reflects mostly subtidal growth, 
whereas the present reef is largely intertidal or very shallow subtidal (see note 11).  
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Figure 5 (previous page). (a) Cockatoo mine pit section, looking SW (refer to Figure 1 for the 
location). (b) Idealised reef stratigraphic column. (c) Idealised vertical accretion rates. 
Haematitic breccia marks base of Holocene reef. Older reef is presumed LIG reef. Modified after 
Solihuddin et al (see note 11). 

Radiocarbon results (see note 11) have indicated that the earliest Holocene reef 
growth started on the pre-transgressive haematitic breccias, at a depth of ∼18 m 
below mean sea level (bmsl) by approximately nine thousand years before present 
(ky BP). Vertical accretion rates show initial rapid reef growth after the initial flooding 
(at 9–8 ky BP), followed by an abrupt decline after about 8ky BP, until about 5ky BP 
when the accretion rate was low (see note 11). In the following period, the coral 
accretion showed gradual but sustained growth following sea-level rise closely 
(Figure 5(c)) (see note 11). 

Seismic facies 

New data on Holocene reef growth and its relationship to antecedent foundations of 
the Kimberley reefs were obtained through a shallow seismic survey. Selected reef 
sites (Figure 1) were chosen in order to evaluate most of the Kimberley reef 
morphotypes described in the reef classification scheme (Figure 2). During the post-
processing and interpretation of the acoustic data sets, two major acoustic horizons, 
HL and LP, were recognised based on their relative position, appearance and 
internal architecture. In mid-ramp reefs (Adele Island), two further deeper seismic 
reflectors were described. The seismic profiles were calibrated using, for the inner 
shelf reefs, the mine pit mapping stratigraphy of the proximal part of Cockatoo Island 
(see note 11)12 (Figure 6), and for the mid-shelf reefs, palynological and well 
completion reports for a well drilled in 1982 on the northern tip of Adele Island.13 

 

Figure 6. Seismic profile adjacent to Cockatoo mine pit section (Figure 5(a)) mapped by 
Solihuddin et al (see note 10) showing the position of Proterozoic (LP, blue), LIG (HL, green) 
and overlying Holocene reef intervals across the fringing reef (see inset for location of sections. 
SOL: start of line; EOL: end of line). Note the sediment mound in front of the reef flat. Depth 
values are in metres, below the sea level. Landgate aerial photography provided by DPaW 
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(modified after Bufarale et al (see note 14)). Note significant subsidence of LIG surface (HL, 
green). 

The first 150 m of the Adele Island well consists of multiple stacked limestone 
sequences. Within the equipment range, the seismic profiles (see Figure 7) reveal 
the presence of four stages of reef build-up, identified as Holocene (Marine Isotope 
Stage 1 MIS 1, last 12ky BP), LIG (MIS 5e, ∼125ky BP), Penultimate Interglacial 
(MIS 7, ∼200 ky BP) and MIS 9 (∼300 ky BP), as comparable to the Marine Isotope 
Curve (Figure 8). 

 

Figure 7. Left: Profile showing multiple stages of reef build up (MIS 1, 5, 7, 9, respectively) in the 
northern portion of Adele Reef. Depth values are in metres, below the sea level. Right: Location 
of the profile (in yellow) and track plot of all the seismic profiles performed in Adele and 
Churchill reef (in red). Landgate aerial photography provided by DPaW (modified after Bufarale 
et al (see note 14)). 

Holocene and Pleistocene reef thicknesses vary respectively between 10 and 22 m 
and 10 and 15 m, in relation to the accommodation locally available (see Bufarale et 
al14): where the Proterozoic rock foundation is shallower, the reef is thinner due to a 
limited capacity to vertically grow, relative to ultimate sea level (e.g. in Sunday 
Island). Vice versa, wherever the antecedent substrate is profound, the colonisation 
could benefit from a greater amount of accommodation (i.e. Montgomery Reef and 
Cockatoo Reef, Figure 6 and see note 14). 

Conclusion 

The Kimberley Coral Reef Geomorphology and Growth History Project researchers 
are using information and experience gained from participation in WAMSI 1 within 
the current WAMSI 2 project research. Our data and newly generated products 
reflect the three areas of activity in the study: remote sensing, SBP and associated 
sedimentological work. 

The work in this paper is preliminary in nature and ongoing. Fringing reefs in the 
Kimberley bioregion grow very well, despite the inshore Kimberley environment 
being extremely turbid. Preliminary study using Landsat satellite images reveals that 
the fringing reefs in the Kimberley bioregion differ geomorphologically from planar 
reefs both inshore and offshore. The most noticeable distinction is the absence of 
rhodolith banks and coral rubble over the reef platform as well as reef terraces. The 



  Appendices 

271 

 

reef flat which slopes gently seaward consists of intertidal coral, macroalgae and 
sediment deposits. 

 

Figure 8. Marine oxygen isotope index and sea-level changes for the last 500 ky BP (after).15 
Inner shelf reefs: Holocene reef (last 12ky BP), LIG reef (∼125 ky, MIS 5e) have grown on 
Proterozoic rock foundation. Mid-shelf reefs: two additional older reef units are identified (∼19 
ky BP, MIS 7 and ∼300 ky, MIS 9). 

The acoustic profiles have depicted two acoustic reflectors across the inner shelf 
reefs, marking the boundaries between Holocene reef (Marine Isotope Stage 1, 
MIS1, last 12,000 years) and MIS 5 (last 125,000 years) and an ancient 
Neoproterozoic rock foundation over which Quaternary reef growth occurred. In the 
mid-shelf reefs (Adele complex), three acoustic horizons can be characterised. 
Correlating the seismic data with the reef chronology determined in Cockatoo and 
Adele Island, it has been possible to highlight the evolution of multiple stages of reef 
building, stacked by repeated high sea levels (Adele, 3 stages, at least; Sundays 
Group, Buccaneer Archipelago and Montgomery Reef, 2 stages; some patch reefs, 
1 stage). The foundation over which reef growth occurred is the two-billion-year-old 
land surface seen in many Kimberley islands composed of Neoproterozoic rocks. 
Thus, Kimberley reefs are not thin growths over bedrock as sometimes postulated 
recently. 

These new data sets have provided a better understanding of reef growth and have 
demonstrated the reefs’ long-term resilience, with multiple reef build-ups, and their 
capacity to succeed in challenging environments through the late Quaternary. The 
interaction between complex pre-existing topography, subsidence of the LIG 
substrates and global sea-level fluctuations, controlled by ice-age fluctuation events, 
have influenced the successive reef morphology, controlling the available 
accommodation for reef growth. Simultaneously with these long-term mechanisms, 
short-term processes such as macrotidal conditions, terrigenous inputs from inland 
(resulting in high turbidity) and warm ocean temperatures, have contributed to 
generating a coral-dominated habitat characterised by high complexity and species 
diversity. 
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 Abstract 

The mid-shelf reefs of the Kimberley Bioregion are one of Australia’s more remote 
tropical reef provinces and such have received little attention from reef researchers. 
This study describes the geomorphology and late Holocene accretion history of 
Adele Reef, a mid-shelf platform reef, through remote sensing of contemporary reef 
habitats, shallow seismic profiling, shallow percussion coring and radiocarbon 
dating. Seismic profiling indicates that the Holocene reef sequence is 

25 to 35 m thick and overlies at least three earlier stages of reef build-up, interpreted 
as deposited during marine isotope stages 5, 7 and 9 respectively. The cored 
shallow subsurface facies of Adele Reef are predominantly detrital, comprising small 
coral colonies and fragments in a sandy matrix. Reef cores indicate a ‘catch-up’ 
growth pattern, with the reef flat being approximately 5–10 m deep when sea level 
stabilised at its present elevation 6,500 years BP. The reef flat is rimmed by a broad 
low-relief reef crest only 10–20 cm high, characterised by anastomosing ridges of 
rhodoliths and coralliths. The depth of the Holocene/last interglacial contact (25–30 
m) suggests a subsidence rate of 0.2 mm/year for Adele Reef since the last 
interglacial. This value, incorporated with subsidence rates from Cockatoo Island 
(inshore) and Scott Reefs (offshore), provides the first quantitative estimate of hinge 
subsidence for the Kimberley coast and adjacent shelf, with progressively greater 
subsidence across the shelf. 

Introduction 

Adele Reef is a large (200 km2) platform reef located 15.5°S, 123.5°E on Australia’s 
northwest shelf, approximately 80 km from the mainland Kimberley coast and 200 
km from the shelf edge (Figure 1). Adele Reef is approximately 22 km long and 9 km 
wide, and is topped by a 4 km2 vegetated sand cay. Four smaller submerged reefs, 
Churchill, Albert, Mavis and Beagle reefs, lie to the east. The surrounding shelf is 
70-80 m deep and is incised by channels to approximately 90-100 m depth (Figure 
1). 

The regional climate is semi-arid and monsoonal, with two seasons: a ‘wet’ season 
from November to April and ‘dry’ season from May to October. Monsoon storms in 
the wet season bring intense rainfall, averaging 800-1,500 mm. The dry season is 
characterised by warm to hot temperatures and low humidity (DEWHA, 2008). Sea 
surface temperatures around Adele range from 22 to 28 °C (Pearce and Griffiths, 
1991). The predominant swell is from the southwest and the predominant winds are 
westerly to south-westerly. The region is cyclone-influenced (average three per 
year. Lough, 1998) and has semidiurnal tides with a maximum range of 7 m. 

Previous research on Adele Reef has described its surface geomorphology 
(Teichert and Fairbridge, 1948; Brooke, 1997), petroleum potential (Ingram, 1982; 
Marshall, 1995) and reef flat habitats (Richards et al., 2013). The stratigraphic 
sequence beneath the northern tip of Adele Island was investigated in a petroleum 
exploration well drilled in 1982 (‘Adele Island 1’. Ingram, 1982; Marshall, 1995). The 
first 156 m of the borehole intersected multiple stacked sedimentary units consisting 
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of Holocene and Pleistocene limestone, with abundant shell fragments and coral 
remains in the upper 30 m (Ingram, 1982). Palaeogene sandstone was found below 
160 m, overlying a Cretaceous and Upper Jurassic sand/silt sequence; Proterozoic 
basement was intersected at 798 m (Ingram, 1982). 

 

Figure 1. Map of the study area in the Kimberley Bioregion showing the bathymetry contour 
derived from 250 m resolution digital elevation model (DEM) sourced from Geoscience Australia 
(note: there is some uncertainty in the depths due to the coarse nature of the bathymetric grid). 
Light blue Reef habitat. 
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In a recent survey by the Western Australian Museum, Richards et al. (2013) 
reported the discovery of a unique rollolith habitat along the south-western margin of 
Adele Reef. This includes mobile corals (coralliths) and red crustose coralline algae 
(rhodoliths) that have coalesced to form low- relief banks on the outer reef flats. This 
atypical habitat likely formed in response to a combination of wave action and strong 
surface currents driven by the 7 m macrotidal range (Richards et al., 2013). 

Compared to the relatively well-studied oceanic reefs such as Scott Reefs and the 
Rowley Shoals (Collins, 2011), and the inshore reefs of the Buccaneer Archipelago 
(Collins et al., 2015; Solihuddin et al., 2015, 2016; Bufarale et al., 2016), the 
Holocene development of the mid-shelf platform reefs of Australia’s northwest shelf 
remains unknown. The present study attempts to address the information gap by 
investigating modern habitats, geomorphology and the late Holocene accretion 
history of Adele Reef through remote sensing, shallow sub-bottom pro- filing, reef 
core stratigraphy and radiocarbon dating. 

Materials and methods 

Landsat 8 imagery 

Contemporary reef communities and associated habitats were mapped using a 
Landsat 8 multispectral satellite image taken on the 23rd May 2015 (path 110, row 
071). This image was corrected geometrically to the WGS 84 reference datum. A 
digital unsupervised classification from Erdas’ ER Mapper utility was used to define 
reef habitat zones based on a grouping of the reflectance spectra of Landsat 8 
bands 2 (0.45-0.52 μm, blue), 3 (0.52-0.60 μm, green) and 4 (0.63-0.68 μm, red). 
Ground-truth observations of reef habitats from the current study and from the 
Woodside Collection Project (Kimberley) 2008-2011 (http://www.museum.wa.gov. 
au/Kimberley/marine-life-kimberley-region; accessed November 2015) were 
assigned to the corresponding Landsat 30x30 m pixels. All pixels with similar 
spectral characteristics were then automatically assigned to that ground-truthed 
habitat.  

Seismic survey 

A high-resolution shallow seismic survey of the reef subsurface was undertaken 
using a boomer/sub-bottom profiler sys- tem (AA201 Applied Acoustic Engineering 
Limited, Great Yarmouth, UK). A differential global positioning system (DGPS, Fugro 
Seastar 8200XP/HP) provided accurate positioning (decimetric differential accuracy, 
typically ±20 cm). Sub-bottom profiling data were digitally acquired, recorded, post-
processed and analysed using SonarWiz 5 (Chesapeake Technology Inc., Mountain 
View, CA). Interpretation of the seismic reflectors depicted in the profiles was 
performed using a combination of inshore reef seismic data from Bufarale et al. 
(2016) and petroleum well-log data from Adele Island 1 (Ingram, 1982; Marshall, 
1995). Geoscience Australia’s 250 m bathymetry dataset was analysed using 
ESRI’s Arc Hydro Tools Terrain Pre-processing toolset to map the position and 
bathymetry of shelf palaeochannels. 
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Reef coring, logging and sampling 

Eight percussion cores were collected from Adele Reef. Coring sites were selected 
to ground-truth the seismic interpretations and to ensure a spatially representative 
record of reef accretion. A manual slide hammer or a hydraulic post driver was used 
to drive lengths of a 6 m long, 80 mm diameter aluminium pipe with near-100% core 
recovery. Compaction was measured onsite and corrected by linear stretching of the 
core logs. Logs were plotted to local mean sea level (MSL), which is 3.9 m above 
the lowest astronomical tide (LAT) and referred to metre below sea level (mbsl) in 
this article. Core locations were recorded by handheld GPS with an accuracy of ±5 
m. 

Core logging and sampling documented sediment characteristics including (1) the 
ratio of reef framework to matrix (after Embry and Klovan, 1971), (2) visual 
assessment of sediment textural characteristics using the Udden-Wentworth 
nomenclature (Wentworth, 1922) and (3) generic coral identification (after Veron, 
2000). Reef framework analysis and facies descriptions followed the terminology 
proposed by Montaggioni (2005), which highlights the growth forms of the dominant 
reef builders and environmental indicators. Between 300-500 g samples of matrix 
sediment were collected for carbonate content analysis using the carbonate bombe 
technique (weight% loss after treatment with 50% HCL) following guidelines from 
Müller and Gastner (1971). A pipe dredge was used to collect subtidal sediment 
samples and these were analysed using the same methods as applied to the core 
samples. 

Radiocarbon dating 

Three to five coral specimens from the top, middle and base of each core were 
selected, based on size and preservation, for accelerator mass spectrometry (AMS) 
radiocarbon dating in order to establish a geochronological record of late Holocene 
reef accretion. Individual coral specimens were ultrasonically cleaned and cut into 
pieces with minimum weight of 50 mg. All samples were dated at Beta Analytic Inc. 
USA and recalibrated using the CALIB Version 7.0.4 and the Marine13 calibration 
curve (http://calib.qub.ac.uk/marine; accessed January 2016). A weighted mean 
Delta-R (ΔR) value of 58±21 (average calculation from three nearest points: Cape 
Leveque NE side, King Sound, Port George) was used as the best current estimate 
of variance in the local open water marine reservoir effect for Adele Reef and 
adjacent areas (Reimer et al., 2013). Ages discussed in the text are in calibrated 
years before present (cal years BP) with the 68.2% (2σ) probability range for all 
dated samples. 

Results 

Contemporary reef biogeomorphic zones 

The Landsat-derived reef geomorphology and associated habitat map (Figure 2), 
supported by ground-truth observations, allowed delineation of six distinct 
biogeomorphic zones: (1) sand cay, (2) coral rubble and carbonate sand, (3) 
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coralgal pavement, (4) crustose coralline algae, (5) mixed assemblage of coralliths 
and rhodoliths and (6) soft and hard corals. Each of these habitats is described in 
detail below. 

Sand cay. The sand cay forms a NW-SE elongated, 12x3 km unvegetated 
island consisting of poorly sorted coarse carbonate sand with approximately 30% 
coral, 30% mixed shell fragments and foraminifera tests, and 40% unidentified sand 
to silt grain-size fractions. Comparing the Landsat image with aerial photographs of 
Teichert and Fairbridge (1948) indicates that the intertidal sand is relatively stable in 
the south where it encircles Adele Island (the vegetated sand cay), but forms mobile 
sand waves in the north (Figure 2). 

Coral rubble and carbonate sand. Coral rubble and coarse carbonate sand is 
the dominant reef flat sediment facies. This habitat is distributed around the sand 
cay and on the outer reef flat especially along the north side of the reef platform. 
The sediments around the sand cay are exposed at every low tide whereas those on 
the outer reef flat and especially on the NE side are exposed only below mean low 
water spring (MLWS). 

Coralgal pavement. An extensive coralgal pavement is distributed over the 
intertidal reef flat and forms low- relief ridges on the outer reef flat. The pavement is 
colonised by approximately 10% macroalgae, primarily Sargassum, and 20% coral 
colonies of the genera Goniastrea, Acropora, Porites and Favites (Figure 3, AR1-
AR3). A broad 1-2 km wide intertidal coralgal pavement, completely exposed at 
MLWS, separates the sand cay from the outer reef flat. 

Crustose coralline algae. Crustose coralline algae occur in a 100-1,000 m 
wide zone along the outer reef flat, which is broadest on the southern side of the 
platform and narrows on the eastern (leeward) side. This zone forms a broad low-
relief reef crest and intergrades with the coralliths and rhodolith assemblage. 

Mixed assemblage of coralliths and rhodoliths. Coralliths and rhodoliths with 
a maximum diameter of (respectively) approximately 8 and 5 cm accumulate in 
anastomosing ridges approximately 15-20 cm high towards the outer edge of the 
reef crest (Figure 3, AR4). They are sub-spherical and mobile, and appear to 
develop where seawater flows off the elevated reef at low tide. Soft and hard corals: 
On the SW side of the reef, the forereef slope gently dips seawards to a broad 
submerged terrace at 25-30 m depth, and then dips steeply to the surrounding shelf 
seafloor at 70-90 m depth. The upper few metres of forereef slope are colonised 
mainly by soft corals, branching Acropora and encrusting Montipora up to 1 m in 
diameter.  
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Figure 2. Map of Adele platform geomorphology and associated habitats, derived from Landsat 
8, 23 May 2015. 
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Figure 3. Contemporary reef habitats of the Adele Reef platform with ground-truth locations. 
AR1: crustose coralline algae with platy Acropora, Favia, Goniastrea and macroalgae 
(Sargassum). AR2: crustose coralline algae with branching Porites, Goniastrea and Sargassum. 
AR3: extensive shallow pool on reef flat colonised by Sargassum, Favia and crustose coralline 
algae. AR4: rhodolith banks exposed at low spring tides form low-relief reef crest on the SE reef 
flat. AR5: coral rubble and Sargassum on the SE outer reef flat. AR6: Sargassum on coral 
rubble and carbonate sand substrates. AR7: branching Acropora and Lobophyllia on the SE 
outer reef flat. AR8: robust branching coral near the narrow drainage channel of Fraser Inlet. 

Reef architecture and seismic structure 

Interpretation of the acoustic horizons across the Adele Reef platform suggests that 
there are at least three separate stages of reef accretion, bounded by seismic 
reflectors R1, R2 and R3 (Figure 4).  

R1 reflector. R1 (Figure 4; depicted in green in Figure 5) is a high-energy 
reflector, typically expressed as a horizontal surface that parallels the modern 
surface morphology between 25 and 35 mbsl. The shallowest reef unit (unit 1, or 
U1) be- tween R1 and the modern reef surface is up to 30 m thick. 

R2 reflector. R2 (Figure 4; depicted in yellow in Figure 5) is a low to medium 
amplitude reflector and was encountered in the northern portion of Adele Reef, 
around 40 mbsl. Unit 2 (U2), between R1 (-30 mbsl) and R2 (-40 mbsl), is mostly 
acoustically transparent and up to 10 m thick. 
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Figure 4 Characteristics of the acoustic features identified in the seismic profiles of Adele Reef 
(after Bufarale et al., 2016). 

R3 reflector. The low amplitude reflector R3 (Figure 4; depicted in pink in 
Figure 5) was detected only within Fraser Inlet, at a depth of about 65 mbsl. Since 
the bottom of this channel is relatively deep (~30 mbsl), the substrate that overlies 
this reflector is thinner than elsewhere, allowing deeper penetration of the acoustic 
signal. Seismic unit 3 (U3) is constrained between R2 and R3 and it is at least 20 m 
thick, with no recognisable internal architecture. Reflector R3 covers a deeper 
seismic unit, the lower limit of which cannot be detected within the acoustic profiles. 

The forereef slopes are characterised by an irregular topography (Figure 5A) that 
likely represents pinnacle reefs, or perhaps linear ridges, rimming the reef platform. 
These features occur at various depths, typically rising from between 27 and12 
mbsl. Most of these structures have an average relief of about 3 m and occur in 
small groups of three to five pinnacles/ridges. Larger pinnacles/ridges of up to 8 m in 
height occur in deeper water (>20 mbsl). 
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Figure 5. Cross-sections showing multiple stages of reef build-up (MIS 1, 5,7, 9 or 11 
respectively). A) Profile 1, oriented W-E, intersects the northern portion of Adele Reef (modified 
after Collins et al., 2015). B) Profile 3 runs longitudinally through Fraser Inlet and profile 2 cuts 
the southern branch of the inlet. The Holocene reef is 25-35 m thick, with drowned pinnacle 
reefs on the western forereef slope. Along Fraser Inlet, a series of pinnacle reefs are buried 
within muddy sediments (left insert). The location of the profiles is shown in the insert at lower 
right. 

Bathymetric and seismic profiles across the Adele group of platform reefs reveal a 
series of deeply incised channels separating the platforms. The channels are 
relatively broad (between 7 and 30 km) and are oriented in a north-south to 
northwest-southeast direction, aligning with the river channels along the mainland 
coast (Figure 6). The channel separating Adele and Churchill Reef platforms is 
around 6 km wide and more than 90 m deep. Based on seismic reflection data and 
the sediments collected with the pipe dredge, the base of this incised channel 
contains approximately 7 m of thinly bedded fine-grained sediments. 
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Figure 6. Bathymetric and seismic profile across Adele Reef and adjacent platforms (see inset 
for location). Bathymetry data were sourced from Geoscience Australia’s 250 m DEM. Note the 
deep incisions between the platforms. Seismic units within the platforms are interpreted as 
stacked phases of reef accretion during sea-level highstands (MIS 1, 5, 7 and 9 or 11). Dashed 
lines are inferred. 

Reef stratigraphy and geochronology 

The eight percussion cores collected around Adele Reef com- prised five on the 
northwest and three on the southeast sides of the platform. Core penetration ranged 
from 1.84 to 5.06 m. The cored reef facies are primarily detrital; no reef framework 
was encountered and few colonies were unequivocally in growth position (Figure 7). 
However, the predominance of detrital facies is at least partly due to the selection of 
coring sites; coralline algal pavement was avoided because it could not be 
penetrated. 

The coarser detrital clasts are predominantly coarse gravel to cobble-sized 
fragments of domal (dome-shaped) corals, with occasional branching coral 
fragments. Coral genera recorded include, in estimated order of abundance, Favia, 
Goniopora, Porites, Galaxea, Acropora, Cyphastrea, Favites, Astreopora, Heliopora, 
Lobophyllia, Fungia and Pavona. Matrix sediment is dominated by carbonate sand 
with an upward coarsening sequence from mud to coarse sand. The carbonate 
content ranges from 75% (A08) to 91% (A09), and generally increases up section. 
The non-carbonate materials are terrigenous mud and organics. 
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Figure 7 (previous page). Core photograph of Adele Reef showing representative Adele Reef 
facies where the cores were collected. 

Twenty-two coral samples were collected from the cores for radiometric dating 
(Figure 8, Table 1). Due to the thick Holocene reef build-up (up to 30 m based on 
seismic data), the shallow reef coring (maximum core penetration of ~5 m) only 
penetrated the late Holocene. Therefore, the timing of reef initiation and the style 
and rates of reef aggradation over the full growth sequence is unknown. The oldest 
date, ~5,240-4,960 cal years BP, was obtained from the base of core A03 at 7 mbsl 
on the NW (seaward) side of the island. The reef sequence on the relatively 
sheltered SE side of the island is apparently younger, the oldest date there being 
~3,155-2,940 cal years BP at 5 mbsl in core A08. At both sites, the reef accreted 
relatively rapidly (mean 4.2 and 3.3 mm/year respectively) until it attained present 
LAT level (Lowest Astronomical Tide) at approximately 4,000 cal years BP in core 
A03 and 2,000 cal years BP in core A08, and subsequently decelerated to 
approximately 1.0 and 2.0 mm/year respectively. Near-surface samples were dated 
to ~3,225-3,025 cal years BP at 2.9 mbsl in core A04 and ~360-245 cal years BP at 
1 mbsl in core A08 (Figure 8, Table 1). 

 

Figure 8. Lithostratigraphic and chronostratigraphic summary of Holocene reef facies for Adele 
Reef. The dominant facies was domal coral but the sections also contain fragments and 
colonies of branching coral. 
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Table 1. AMS Radiocarbon dates from selected samples across Adele Reef. 

 

Discussion 

Reef stratigraphy and sea-level changes 

Seismic surveys across Adele Reef reveal multiple stacked seismic units that likely 
represent distinct phases of reef accretion during sea-level highstands. The seafloor 
and seismic reflectors R1, R2 and R3 correspond to the top of each seismic unit. 
Although it is not possible to establish the age of each seismic unit due to the 
limitations in core penetration (max. depth 5 m), the age can be inferred based on a 
comparison with seismic, stratigraphic and chronological data from the outer-shelf 
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Scott Reefs, 200 km NW of Adele Reef (Collins et al., 2011), and the inner-shelf 
Kimberley reefs 70 km SW of Adele Reef (Solihuddin et al., 2015). 

Reflector R1, identified at a depth of 25-35 mbsl on Adele Reef (Figure 5), was also 
recorded on the inner shelf of Cockatoo Island and the shelf-edge Scott Reefs (see 
Figure 1 for location). On Cockatoo Island, an open cut iron ore pit has exposed a 
complete Holocene section, allowing the R1 reflector to be directly correlated with 
the logged stratigraphic contact. Solihuddin et al. (2015) found that the depth of the 
R1 reflector at 15 to 20 mbsl corresponded closely with the Holocene/Last 
Interglacial (LIG) stratigraphic contact in the mine pit, measured at 15 to 18 mbsl. At 
Scott Reefs, the R1 reflector occurs from 26 mbsl (interpreted as a palaeoreef crest; 
Collins et al., 2011), a similar depth to Adele, down to 58 mbsl (interpreted as a 
palaeoreef lagoon; Collins et al., 2011). Shallow boreholes made by Woodside 
Energy Ltd in 2006/07, and analysed by Collins et al. (2011), found that the Scott 
Reefs Holocene sequence rested unconformably on a karstified LIG reef exposure 
surface. U-series analysis of corals beneath the R1 reflector at Scott Reefs returned 
ages of 125,000 and 130,000 cal years BP. Therefore, it is inferred that R1 on Adele 
Reef also marks the LIG unconformity surface, and seismic unit U1 is a Holocene 
reef sequence up to 30 m thick. 

Reflector R2 occurs at a depth of 30-40 mbsl on Adele Reef. A similar second 
reflector was identified on Scott Reefs at a depth of 58 m, and was interpreted as a 
marine isotope stage (MIS) 7 exposure surface, based on a U-series age of 208,000 
cal years BP (Collins et al., 2011). Based on the Scott Reefs observations, R2 at 
Adele Reef is also interpreted as representing the MIS 7 exposure surface. R2 was 
not observed in any of the inner shelf seismic surveys (Bufarale et al., 2016) or in 
the mine pit stratigraphic section of Cockatoo Island (Solihuddin et al., 2015), 
perhaps indicating that this area remained above sea level during MIS 7. 

Reflector R3 is the lowermost unconformity at 65 mbsl (Figure 5). R3 was only 
observed along seismic lines within the 30 m deep Fraser Inlet. Its apparent 
absence along the main Adele Reef platform may be due to energy loss with 
increasing depth, i.e. R3 may be more extensive but not detected. The Adele Island 
1 stratigraphic log shows limestone to a depth of 160 mbsl, so it is likely that R3 is a 
middle to late Pleistocene unconformity surface. It may correlate to the third 
stratigraphic unconformity at 90 mbsl in Scott Reefs (Collins et al., 2011). A coral 
sample immediately below this unconformity returned a U-series age of 313,000 cal 
years BP (Collins et al., 2011), suggesting that the R3 reflector at Scott Reefs, and 
potentially also at Adele Reef, is the MIS 9 exposure surface. 

Fraser Inlet presently has a broad flat sandy mud floor; however, seismic profiling 
along and across the axis of the channel reveals a buried complex of pinnacle reefs. 
The pinnacle reefs are considered to be of early Holocene age as they sit atop the 
R1 reflector. Sedimentation was probably minimal during the early-middle Holocene 
catch-up phase; however, as the reef platform reached sea level around 3,000 years 
BP, sediment delivery into Fraser Inlet probably increased, eventually burying the 
pinnacles. 
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There is evidence of cross-shelf fluvial incision as seen in a series of deep channels 
that dissect the main platforms of Adele, Churchill and Beagle reefs. The channel 
floors have depths of more than 65 mbsl and likely represent glacial lowstand 
palaeoriver channels, possibly tributaries of the Fitzroy, Isdell and Prince Regent 
rivers (Figure 6). 

Mode of Holocene growth 

The early to mid-Holocene history of Adele Reef remains unknown due to the limited 
core penetration. Holocene sea level reconstructions (Collins et al., 2006, 2011) 
suggest that the subaerial LIG surface of Adele Reef would have been transgressed 
at ~10,000 years BP. Subsequent colonisation and accretion was relatively rapid, as 
the reef was already up to 20 m thick at the time of the earliest core dates (~5,000 
years BP). The internal seismic structure of the Holocene reef appears uniform, 
consistent with simple vertical aggradation of an extensive low-relief cover of coral 
and sediment, as inferred for Cockatoo Island where the complete Holocene section 
was sampled (Solihuddin et al., 2015). Adele Reef at this time may have resembled 
the coral-rich submerged banks re- ported from the Timor Sea by Heyward et al., 
(1997). The flanks of the platform are topographically complex and appear to be 
slowly prograding through pinnacle reef growth and platform-derived sedimentation. 

The cores indicate a ‘catch-up’ growth pattern in the late Holocene, with the reef 
surface being approximately 5-10 m deep when sea level stabilised at its present 
elevation 6,500 years BP (Collins et al., 2006). The ‘catch-up’ pattern on Adele Reef 
coincides with a ‘catch-up’ phase from 5,500 years BP at Cockatoo Island, after a 
short initial period of ‘keep-up’ growth followed by deeper submergence (Solihuddin 
et al., 2015). Accretion slowed as Adele Reef reached the intertidal zone, probably 
due to increasing wave energy and periodic emergence at spring low tides, as 
inferred for Scott Reefs (Collins et al., 2011). The central and northern parts of the 
platform reached sea level around 3,000 years BP, whereas the southern part of the 
platform reached sea level only very recently. 

Comparison with other reef systems 

The Kimberley Bioregion has abundant inner-shelf fringing reefs but relatively few 
mid- and outer-shelf reefs. This contrasts with the Great Barrier Reef (GBR), which 
has more mid- and outer-shelf reefs than inner-shelf reefs. The Kimberley and the 
GBR reefs also differ in that the Kimberley reefs are generally flat-topped platforms 
(Brooke 1997; Wilson 2013; Kordi et al., 2016) whereas most GBR reefs have a 
raised marginal rim surrounding a deeper lagoon (Maxwell 1968; Hopley et al., 
2007).  

Adele Reef differs from the inshore Buccaneer Archipelago in its relatively exposed 
oceanic setting, smaller tidal range (7 vs. 11 m), deeper surrounding bathymetry, 
lower freshwater input and lower turbidity. These contrasts result in obvious 
differences in the surface features of Adele, including the presence of a sand cay 
and the absence of mangroves. However, there are also similarities between the 
mid-shelf and inshore reefs, particularly the abundance of coralline algae and the 
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development of coralline algal ridges, although these consist largely of uncemented 
rhodoliths on Adele whereas they are often strongly cemented framework structures 
on the inshore platform (Richards and O’Leary 2015; Solihuddin et al., 2016). 

Subsurface facies of Adele Reef differ from those inshore, consisting predominantly 
of matrix-supported transported domal coral fragments and sand at Adele versus in-
situ branching Acropora-rich muddy units inshore (Solihuddin et al., 2015, 2016). 
This difference is probably due to the greater exposure of Adele to wave action and 
cyclones. Reef accretion patterns and rates appear broadly similar between Adele 
and the inshore reefs, with ‘catch-up’ growth predominating at both sites and 
accretion rates averaging <5 mm/year, although some more rapid intervals (up to 27 
mm/year) were recorded in the intensively sampled Cockatoo Island sequence 
(Solihuddin et al., 2015). 

Cross-shelf profile of Holocene reef accretion 

Figure 9 portrays a schematic cross-shelf profile of Holocene reef accretion from 
Cockatoo Island (inner shelf) to Adele Reef (mid-shelf) and Scott Reefs on the edge 
of the continental shelf (outer shelf). Stratigraphic data from Cockatoo Island and 
other inner-shelf reefs suggest that the LIG reef beneath the Holocene reef is 15 to 
20 mbsl, corresponding to a maximum subsidence rate of 0.12 mm/year (Solihuddin 
et al., 2015). Collins et al., (2011) reported the upper LIG reef surface of 26 m Scott 
Reefs, estimating the post-LIG subsidence rate of Scott Reefs to be ~0.2 mm/year. 
Similarly, seismic profiles at Adele Reef indicate that the upper LIG reef surface is 
25 mbsl (Figure 5), giving an inferred subsidence rate of ~0.2 mm/year. So while the 
subsidence of the NW is well documented, particularly in the petroleum well 
(Ingram, 1982; Marshall, 1995) and seismic data (Bufarale et al., 2016), this study is 
able to constrain rates based on the elevation of the Holocene/LIG unconformity 
surface. 

 

Figure 9. Diagrammatic cross-shelf profile of Holocene reef growth from Cockatoo Island on the 
inner shelf to Adele Reef on the mid- shelf and Scott Reefs on the outer shelf, showing 
estimated post- LIG subsidence rates of 0.12 mm/ year at Cockatoo Island, 0.2 mm/ year at 
Adele Reef and 0.2 mm/ year at Scott Reefs. 

This cross-shelf dataset of LIG reef elevations provides the first quantitative 
estimate of neotectonic subsidence rates across the NW shelf of Australia, spanning 
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the last 120,000 years. Interestingly, subsidence appears to change at a relatively 
uniform rate of 0.2 m across the mid to outer shelf, with a lower rate of 0.12 along 
the inner shelf. This difference may be a function of the underlying structural 
geology bordering the Proterozoic Kimberley basement rocks, and the offshore 
Browse Basin sediments on which both the Adele and Scott reefs are situated. The 
higher rate of subsidence across the middle and outer shelf relative to the inner 
shelf has provided additional accommodation space to build thicker Holocene 
sequences, as has been recorded on the GBR (Browne et al., 2012). 

Conclusions 

This is the first investigation of the Holocene geomorphology and accretion history of 
a mid-shelf platform reef of the Kimberley Bioregion. Sub-bottom profiles of Adele 
Reef show at least three stages of reef accretion bounded by reflectors. The 
shallowest reflector at 25-35 mbsl is interpreted as the Holocene/LIG (MIS 5) 
contact. Deeper reflectors are interpreted as boundaries between MIS 5 and MIS 7 
at depths of 30-40 mbsl, and between MIS 7 and MIS 9 at 65 mbsl. 

The Holocene sequence is up to 30 m thick. Cores from the uppermost 5 m of the 
sequence indicate that the reef accreted in a ‘catch-up’ mode, with accretion rates 
decreasing as the reef platform approached sea level. The cores were dominated by 
detrital domal coral colonies and fragments in a sandy matrix, in contrast with the in-
situ branching Acropora and mud-rich subsurface facies of inshore reefs. These 
differences likely reflect Adele’s higher-energy setting and greater exposure to 
cyclones. Coralline algae are a significant component of the contemporary intertidal 
and shallow subtidal reef sur- face but were underrepresented in the cores due to 
the difficulty of percussion coring in this habitat. 

The mean post-LIG subsidence rate of the Adele Reef platform was estimated from 
seismic records to be 0.2 mm/year. This supports a hinge subsidence hypothesis for 
the Kimberley coast and adjacent shelf, with greater subsidence on the outer shelf 
(Scott Reefs) and mid-shelf (Adele Reef) than inshore (Cockatoo Island). 
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Abstract 

The Kimberley Bioregion (NW Australia) is characterised by the largest macrotides 
of any tropical region in the world (about 11 m), frequent tropical cyclones and high-
turbidity. Despite these challenging environmental conditions, the region is also 
known for extensive and diverse intertidal coral reef habitats. While the area has 
been recognised as an international biodiversity hotspot, it is still poorly investigated 
compared to other reefal ecosystems in Australia, primarily due to its extreme 
remoteness and lack of infrastructure. 

A combination of remote sensing, sub-bottom profiling and associated 
sedimentological work produced a geodatabase of coral reefs, providing the first 
detailed geospatial study of coral reefs within the bioregion. More than 800 reefs 
have been documented and a regional reef geomorphic classification scheme, 
which includes a new “high intertidal” geomorphic class of reef, was developed. 
Reef coring shows that reef growth began soon after the post-glacial flooding of the 
antecedent substrate.  

High-resolution seismic data, acquired along selected reefs, showed that pre-
existing substrate has influenced the successive reef morphology. Global sea-level 
changes, controlled by ice age fluctuation events, are recorded as successive 
stages of the reef growth, separated by growth hiatuses. Two seismic reflectors can 
be distinguished, marking the boundaries between Holocene (Marine Isotope Stage 
1, last 12,000, 10-20 m thick) and Last Interglacial (MIS5, 125,000 BP, 12 m thick) 
reefs and an ancient Neoproterozoic rock foundation. 

Introduction 

The Kimberley region is located on the north-west of Australia (Figure 1) and is 
characterised by unique coastal and marine habitats, rich in biodiversity (Wilson 
2013; Collins et al. 2015; Kordi et al. 2016), which endure macrotidal conditions of 
up to 11 m in range (Cresswell and Badcock, 2000), high turbidity and frequent high-
energy cyclonic events (Brocx and Semeniuk, 2011). The geology and 
geomorphology of the Kimberley is also very complex, influenced by ancient folded 
and faulted Proterozoic metasedimentary and igneous rocks, resulting in an 
extremely irregular and indented ria coastline (Tyler et al., 2012). During the 
Quaternary, tectonism in terms of subsidence has been significant (around 0.11 
m/ky during the last 18 ky. Solihuddin et al. 2015), determining much of the modern 
landforms and shore marine biota (Sandiford, 2007). The progressive drowning of 
the inner shelf of the region has determined, in particular, the development of coral 
reef systems. The sea level oscillations during the Last Interglacial and Holocene 
have also conditioned the reef growth (Wilson, 2013; Collins et al., 2015; Bufarale et 
al., 2016). 

Despite been recognised as one of the most important biodiversity hotspots 
worldwide (Wilson, 2013), the extensive onshore coral reef systems remained very 
poorly studied until 2013, when the Western Australian Marine Science Institution 
(WAMSI) developed the Kimberley Marine Research Program (KMRP) Science 
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Plan. This research plan aimed to improve the understanding of the marine 
environment of the Kimberley and close the gap in the scientific knowledge of this 
area. Since then, a total of 26 projects have been studying different aspects of the 
biology, geology and ecology in the Kimberley coastal region (WAMSI, 2012). This 
paper summarises the research that was undertaken to investigate the stratigraphic 
and geomorphic evolution and distribution of several Kimberley reefs and determine 
their interaction with different substrates, morphological patterns and coastal 
processes (WAMSI Project 1.3.1).  

Materials and methods 

The research used a combination of three different methods. Remote sensing data 
were used to map the geomorphological surface cover of the Kimberley Reef and 
evaluate their extension, in order to create a geodatabase of the main reefs, 
together with a new reef classification scheme specific for this area. Geomorphic 
surveys aimed to study the geomorphology, elevation, composition and age of 
selected reefs. Coring and seismic surveys determined the reef architecture and 
thickness and determined the growth pattern and stages of reef buildups. 

Remote sensing analysis  

Aerial and satellite images were used to produce classification maps of the reef flat 
geomorphology and substrates and spatial distribution maps of the Kimberley reefs 
and islands (Kordi and O’Leary 2016a; 2016b). Using GIS Software (Geographic 
Information System; ArcGIS® by Esri) and ENVI 4.3 Software, unsupervised 
classification was performed in order to produce consistent data. Existing literature 
on Kimberley reefs (particularly from Wilson et al., 2011; Richards et al., 2013 and 
WA Museum Woodside Collection, 2008 – 2012), combined with the information 
collected during this research project, provided the necessary ground truth 
information (Kordi et al., 2016). 

Geomorphic surveys 

Access to a complete record of coral growth was possible thanks to two large iron 
ore pits on Cockatoo Island (Buccaneer Archipelago. See location in Figure 1), 
which have left exposed the whole coral reef stratigraphy and pre-existing substrate 
to depth of approximately 50 m below sea level. Solihuddin et al. (2015) logged, 
sampled and recorded the main stratigraphic information (reef framework / matrix 
ratio, texture, coral identification, matrix carbonate content) of two complete vertical 
and horizontal sections. These data were compared and correlated with the coral 
distribution along the reef flat and fore-reef slope of the fringing reef that rims the 
island, using towed camera and visual observations.  

Samples for radiocarbon dating were also collected, in order to establish a 
geochronology of the reef growth.  

Reef elevation was measured using an Odom ES3 multibeam echo sounder 
combined with a Valeport sound velocimeter, a TSS 355B motion sensor and an iX 
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Blue Octans gyro compass. A Differential Global Positioning System (DGPS) 
Trimble Net R9 provided accurate positioning (±2 cm). 

 

Figure 1. A) Reef distribution in the Kimberley Bioregion by type: fringing; planar; patch; and 
shoals. B) Distribution map of reefs with spring tidal range contours (modified after Kordi and 
O’Leary, 2016b). The reefs seismically surveyed in this study are labelled. The inset shows the 
percentage of each reef type. 

Seismic and coring surveys 

About 300 km of high-resolution shallow seismic data were acquired, using an 
AA201 boomer SBP system (Applied Acoustic Engineering Limited, Great 
Yarmouth, UK), combined with a DGPS Fugro SeaSTAR 8200 XP/HP. The seismic 
profiles were digitally recorded using SonarWiz 5 (Chesapeake Technology Inc., 
Mountain View, CA) as acquisition and post-processing software. 

The information provided by the Cockatoo Reef study (from Solihuddin et al., 2015) 
provided a calibration for the acoustic datasets. The reef proximal to the mine pits of 
Cockatoo Island was examined in detail, serving as a base for the seismic 
correlation. Within the Buccaneer Archipelago, the neighbouring reefs of Irvine and 
Bathurst Islands were also surveyed to verify the consistency of the seismic 
correlation. Montgomery Island was selected as special type of planar reef. Molema, 
Sunday and Tallon Islands were targeted because of their variety of fringing reef 
types (see location in Figure 1). The survey lines were planned to target the 
orientation, internal architecture and morphology of the reefs.  
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A total of 42 cores, along the seismic lines and up to 6.5 m long, were obtained by 
percussion coring and rotary drilling. The sediments were logged and dated using 
the same parameters adopted for the mine pit samples (from Solihuddin et al., 
2016).  

Results 

Classification and distribution maps 

High-resolution images, combined with other relevant data (such as bathymetric 
charts and ground-truth information) were used by Kordi et al. (2016) to map the 
extent of the Kimberley coastline and quantify the distribution of reefs and islands. 
More than 800 nearshore reefs and 2400 islands were recorded, along 5300 km of 
coastline (Figure 1), between Cape Leveque and Cape Londonderry. A total of 30 
reefs were mapped in detail, producing as many geomorphic maps. In each map 
five reef geomorphologic zones were defined (land, reef flat, lagoon, reef crest and 
fore-reef slope, see example in Figure 2). Habitats and substrates maps were also 
drawn, recording up to seven feature classes (mangroves, sand, seagrass and 
algae, coral rubble, reef pavement with algal turf, crustose coralline algae and coral 
communities). 

 

Figure 2. Map showing Cockatoo Island geomorphic and substrate classification, based on 
aerial photography interpretation (modified after Solihuddin et al., 2015). Inset: Landgate 
photography provided by the Department of Parks and Wildlife (DPaW). 

Geomorphology and geochronology 

Solihuddin et al. (2015) documented the lithostratigraphic and chronostratigraphic 
history of a coral reef exposed in mine pits at Cockatoo Island. 

Stratigraphic and palaeoecological data, combined with radiometric dates revealed 
that the lower section of the mine pit is composed of Proterozoic Elgee Siltstone, 
which represents the basal substrate for the successive reef deposits (Solihuddin et 
al., 2015). Atop the basement, a thin layer (1–2 m) of sedimentary talus breccia and 
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haematite boulders is present. Overlying the haematitic breccia, a sandy coral-rich 
unit, up to 7 m thick, can be recognised. Dating revealed that the growth of this 
buildup (mainly composes of Faviids domal corals) initiated during the Last 
Interglacial highstand (Solihuddin et al., 2015). Above this ancient reef formation, a 
second, thinner, haematite boulder breccia layer divides this unit from an additional 
reef unit. This shallower reef buildup is at least 9-13 m thick and characterised by 
muddy domal and branching coral framestone (mainly coral clasts of Acropora and 
Porites), with several fragments and whole molluscs (Solihuddin et al., 2015). 
Results from radiocarbon dating indicated that these are Holocene corals that 
started colonising the pre-existing topography approximately between 9070 and 
8840 years ago.  

Towed camera observations provided information about the living reef. Similarly to 
the mine pit findings, Porites and Faviids are the most abundant genus, along with 
Sargassum and Millepora which are not present in the fossil record.  

Coring surveys conducted on the reefs of Tallon Island, Sunday Island and 
Irvine/Bathurst islands extended the study on reef flat habitats undertaken at 
Cockatoo Island (Solihuddin et al., 2016). Multibeam echo sounding surveys 
recorded and measured the seabed elevation, providing further information about 
these reefs. Low intertidal reefs, where reef flat elevation is approximately mean low 
water spring, are largely composed of coral colonies and coral fragments in a muddy 
to sandy matrix. High intertidal reefs, which have a reef flat elevation between mean 
low water neap and mean high water neap, are dominated by coralline algae 
terraces. 

Internal reef architecture 

The post-processing of the seismic profiles showed that the stratigraphy underneath 
the modern reef flats is characterised by two main units (U1, U2), overlaying the 
rock foundation (RF). During the analysis and interpretation of the seismic datasets, 
the seismic reflectors that define U1 and U2 were considered on the basis of their 
relative vertical and lateral position and reflection characteristics. The distinctive 
features of each main reflector can be recognised across the study area and be 
identified through the correlation with the Cockatoo mine pit sections (Table 1). 

Discussion 

These new datasets provided a better understanding of Quaternary reef growth in 
the Kimberley region of Western Australia. Some of the key interacting factors in 
coral reef classification and growth include morphology, physical processes, 
antecedent topography and sea level change. By developing an understanding of 
seismostratigraphic events, it has been possible to document the subsurface 
evolution and growth history of diverse reefs in the Kimberley, at the scale of 
multiple reef building stages correlated to the Marine Isotope Curve. The seismic 
unit U1 bounded by the seafloor and reflector R1 represents the Holocene 
reef/sediment buildup (Figure 3). Between the Proterozoic rock foundation (RF) and 
the Holocene reef buildup, the Pleistocene calcretised reef unit, related to the Last 
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Interglacial (LIG, MIS 5e, ~ 125 ky BP) sea level highstand, is present (Bufarale et 
al., 2015; Collins et al., 2015; Bufarale et al., 2016). 

A comprehensive geodatabase (ReefKIM) was proposed to organise and integrate 
the results obtained through the remote sensing analysis and stratigraphic and 
seismic surveys, together with a new reef classification scheme specific for the 
Kimberley Bioregion.  

Table 1. Facies identified in the seismic profiles. 

 

ReefKIM Geodatabase 

All the project’ findings about the spatial distribution of reefs and islands, the 
habitat/substrate classification maps and the geological and biological datasets 
available for the Kimberley reefs were georeferenced and integrated together to 
create ReefKIM, a data fusion geodatabase (Kordi et al., 2016). This GIS-based 
database can be considered a significant conservation and decision-support method 
under several aspects. For instance, it provides researchers with an overview of 
essential information on many Kimberley reefs, especially those considered 
“atypical” and it can be used as a main platform for further reef census data. 
ReefKIM can also be updated with a variety of types of marine environment-related 
information, sourced from different studies and works in the Kimberley Bioregion 
including crowdsourcing (Kordi et al., 2016). 
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Figure 3. A) Cockatoo mine pit section looking south west (Photograph credit: Solihuddin T., 
2013). The marked lines represent: top of the Holocene reef (red), top of Last Interglacial reef 
(green) and top of Proterozoic rock (blue). Modified after Collins et al. 2015 and Bufarale et al., 
2016. B) Reef lithostratigraphic column, with radiocarbon ages (Solihuddin et al., 2015). C) 
Intersecting cross-sections (Profiles 1 and 2) and distal longitudinal section (Profile 3) of 
seismic profiles adjacent to the mine pit. Depth values are in metres, below the sea level. Inset: 
Landgate aerial photography provided by DPaW. 
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Kimberley reef classification scheme 

A number of reef classifications based on geomorphic attributes are present in 
literature (i.e. Fairbridge, 1950; Hopley et al., 2007; Wilson, 2013) but they all lack 
the information to enumerate the high intertidal reefs, which are a unique feature of 
macrotidal reefs and characteristic of the Kimberley. In order to include this highly-
specialised type of reef recognised by Wilson (2013) and confirmed by Solihuddin et 
al. (2016), a revised reef geomorphic classification scheme, specific for this project, 
was proposed by Bufarale et al. (2016). The classification comprises a hierarchical 
subdivision of the reefs. In the first order the reefs are divided into high intertidal, 
intertidal and subtidal on the basis of their elevation. The second rank is based on 
reef geomorphology and comprises fringing reefs, planar reefs, patch reefs and 
shoals. The third level further subdivides each reef type according to their 
configuration in relation to the shoreline and architecture. In this level, five main 
types of fringing reef are described (bay head, interisland, circum island, headland 
and narrow beach base) and two for each other reef (planar reefs: sand lagoon or 
coralgal; patch reefs: irregular or unbroken margins; shoal: sand or coral. Bufarale et 
al., 2015). 
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