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ABSTRACT 

 
 

Deposition of carbonate aeolianite has long been constrained by research models based 

on the isolated carbonate platforms of Bermuda and the Bahamas; however, models for 

Quaternary carbonate aeolianites differ depending on the interplay of several key factors 

that reflect location-specific circumstances.  Consequently, real steps forward in 

carbonate aeolianite research require that the depositional system profile (e.g. steep-

rimmed platform, ramps), source (e.g. sediment supply) and processes (e.g. 

transportation, deposition and preservation of sediment) be understood and the timing of 

aeolianite deposition be constrained.  Accordingly, these parameters are targeted in this 

research of carbonate aeolianite in the distally steepened ramp-like setting of Western 

Australia. 

 The research conducted here is focussed on the Tamala Limestone of Western 

Australia, which is known for the thickest intervals of Pleistocene carbonate aeolianite 

in Australia and the most extensive aeolianite deposit of this age in the world (Ward, 

1975; Brooke, 2001).  Quaternary deposits in Western Australia form a complex 

depositional system composed of carbonate aeolianite, protosols, palaeosols, calcretes 

and marine deposits formed during different glacioeustatic sea levels.  Two regions 

within the Tamala Limestone are investigated in this research, the Garden Island Ridge 

within the Perth region and the Naturaliste-Leeuwin region of the Margaret River area.  

The laterally discontinuous nature of the dune packages and the lack of distinctive 

marker horizons make unravelling the sedimentary sequence of the aeolian deposits 

complicated.  To improve understanding of carbonate aeolianite transportation, 

deposition and preservation and the impact of these processes on the depositional model, 

the strategy employed here involves interrogation of the dune packages set within a 

chronostratigraphic framework.      

The temporal framework for this study is acquired through the application of 

whole-rock amino acid racemisation (AAR) dating.   The calibrated age estimates of 

dune formation on the Garden Island Ridge show that major episodes of dune formation 

are attributed to interglacial highstands Marine Isotope Stage (MIS) 5 and MIS1 – more 

specifically during MIS5e/5d, MIS5a and MIS1.  The depositional system profile of the 

Rottnest Shelf and the AAR dates of aeolian samples indicate that the formation of 

dunes on the Garden Island Ridge were linked to stands of sea level higher than at least 
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the present 40 m isobath.  AAR dating refines the palaeo-sea level during the MIS1 

dune depositional episode to a sea level higher than at least the 10 m isobath.   

The Pleistocene-Holocene succession on the Garden Island Ridge comprises 

four broad facies – dune accumulation deposits, palaeosols, calcretes and marine 

deposits – and records three successive depositional episodes (MIS5d/5e, MIS5a and 

MIS1) that are separated by hiatal intervals.  The MIS5d/5e depositional episode 

consists of transgressive-phase carbonate aeolianites, a marine highstand unit (Rottnest 

Limestone Member) and regressive-phase carbonate aeolianites bounded on top by a 

calcrete horizon with deep solution pipes and a terra rossa palaeosol.  The MIS5a 

depositional episode comprises mostly composite sets of regressive-phase carbonate 

aeolianites that are usually separated by erosional contacts and/or protosols.  The long 

hiatial period in dune development between MIS5a and MIS1 is marked by a 

discontinuous calcrete marker horizon and a discontinuous black palaeosol.  The 

youngest depositional episode of MIS1 includes transgressive-phase aeolianites, marine 

limestones (Hershcell Limestone Member) and other unconsolidated deposits (i.e. 

swamp and beach sand deposits).  The carbonate aeolianites of these depositional 

episodes exhibit a similar mix of skeletal and shell grains of Bryozoa, foraminifera, 

coralline algae, Mollusca, corals and echinoderms with a minor proportion of quartz 

grains. 

The approach taken in evaluating the stratigraphy and its palaeoenvironmental 

implications for the Tamala Limestone on the Garden Island Ridge in the Perth Basin 

was extended to the Tamala Limestone within the Naturaliste-Leeuwin region.  The 

sedimentary succession at Whitecliff was deposited from frequent and short periods of 

carbonate dune sand accumulation and soil development.  At Shelly Beach, a large, 

single set of aeolian cross-strata was deposited upon a red palaeosol and conglomeratic 

limestone that is most probably emplaced during MIS11 and is comparable to the 

Cowaramup Conglomerate.  The calibrated AAR age estimates of dune formation at 

Whitecliff and Shelly Beach in the Naturaliste-Leeuwin region show that episodes of 

dune formation are attributed to the overall regressive phase of MIS5 at Whitecliff and 

phases during MIS8e, MIS9 or the regressive phase of MIS11 at Shelly Beach.  The 

depositional system profile of the Naturaliste-Leeuwin shelf and the AAR dates of 

aeolian samples indicate that the formation of dunes was linked to stands of sea levels 

higher than the present 30 m isobath.   

The carbonate aeolianites in both regions are characterised by moderately sorted, 

medium sand with grainsize distributions that are finely skewed and mesokurtic, much 
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like modern carbonate dune sediment in other world locations.  The carbonate 

aeolianites display sedimentological characteristics that are consistent with an origin by 

aeolian transportation sourced from a marine environment and provide a detailed insight 

into sediment supply, transportation and deposition of sediment and its subsequent 

preservation.  The carbonate aeolianites were sourced from the upwind beach 

environment, which was continually refreshed by sediment from the adjoining shallow 

marine shelf.  The dominant source of sediment to the carbonate aeolianites was an 

enduring, highly productive, Foramol subtropical-temperate carbonate province on the 

Rottnest and Naturaliste shelves that was sensitive to the relative strength and position 

of the warm Leeuwin Current.  The insoluble fraction of the carbonate aeolianite is 

dominated by terrigenous particles attributed to the fluvial discharge of nearby rivers 

and was not derived from dust from the mainland carried by offshore winds.  Partial 

cementation of aeolianites occurred under freshwater or mixed vadose conditions, as 

indicated by the dominance of pendant meniscus, grain contact meniscus and partially 

rimmed cements.   

The foreset dips of large- and very-large scale tabular crossbeds and 

sedimentological analysis show that carbonate dune formation and migration occurred 

from persistent “fresh” winds (>9 m/s) and record the influence of the westerly wind 

belt of the Ferrel cell.  However, on the Garden Island Ridge, dune formation and 

migration also records the influence of the southeast trade wind belt of the Hadley cell 

during MIS5e.  The movement of the Hadley cell over the Garden Island Ridge is 

consistent with that expected to accompany the change from a glacial to an interglacial 

climate at the interglacial highstand of MIS5e.      

  The Quaternary deposits in the distally steepened ramp-like morphologies of 

the Perth Basin show that the depositional model is controlled by a very sensitive 

relationship between climate, depositional system profile and pattern of sea-level 

change.  The amount and composition of the sediment available for aeolian deposition 

is ultimately controlled by sea level – when the regions were adjacent to a shallow sea, 

10-30/40 m deep that formed a highly productive Foramol subtropical to temperate 

carbonate province.  However, the size and location of the aeolian accumulations are 

influenced by palaeoclimate, the depositional system profile and in the Leeuwin Region 

by the topography of the Leeuwin Block.  The very sensitive relationship between 

climate, depositional system profile and the pattern of sea-level change controlled 

sediment production, mobilization, deposition and preservation.   
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CHAPTER 1 

 
 

Thesis introduction 

 
 

The Pleistocene and Holocene epochs (the last 2.5 Ma) are an interval of remarkably 

frequent and rapid changes in world climate that produced marked changes in the 

sedimentary record.  Evidence from deep-sea sedimentary records indicates that there 

may have been as many as 50 glacial periods and a corresponding number of 

interglacial periods within this time (Shackleton & Opdyke, 1973, Shackleton et al., 

1990, etc).  It is these high frequency climatic oscillations that give the Pleistocene and 

Holocene epochs their character and make them a unique and important time in Earth’s 

history (Lowe & Walker, 1998).  In the evolution of the Australian landscape, the 

Pleistocene is associated with several sea-level fluctuations and great fluvial and aeolian 

sedimentary deposition accompanied by little tectonic activity over the continent as a 

whole (Brown et al., 1968).  The margins of the continent were sites of extensive 

sediment deposition in a variety of forms, from aeolian to marine, showing evidence for 

fluctuations in sea level (Fairbridge, 1953).  In Western Australia, the Pleistocene 

coastal sedimentary systems were dominated by aeolian deposits (Teichert, 1947a, 

1947b; Fairbridge, 1953; Brown et al., 1968).     

 

The term aeolianite (referred to as eolianite in American literature) was first used by 

Sayles (1931) to describe the bioclastic eolian dunes of Bermuda and has been 

subsequently redefined as “aeolian sands (sands deposited by the wind) cemented by 

calcium carbonate under subaerial conditions” (Gardner, 1983).  More recently Abegg 

et al. (2001) defined carbonate aeolianite as “an aeolian deposit in which carbonates 

constitute greater than 50 percent of all grains”, with an emphasis that only grains and 

not cement be considered in this definition as proposed by Fairbridge & Johnson (1978).  

Following Abegg et al. (2001) and to avoid confusion with quartzose aeolianite (<50% 

CaCO3 grains), the term carbonate aeolianite is used instead of aeolianite for all 

indurated aeolian sedimentary deposits with >50% carbonate grains.  Other regional 

names used for aeolianite include dune rock (early work in South Africa and Australia), 
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grès dunaire (eastern Mediterranean, North Africa and Madagascar), kurkar (Middle 

East) and miliolite (India and Arabia). 

 

The global distribution of known carbonate aeolianite was first outlined in Fairbridge & 

Johnson (1978).  Subsequently more detailed reviews were presented by Gardner (1983), 

McKee & Ward (1983) and Brooke (2001).  Carbonate aeolianites are mostly confined 

to the margins of major carbonate-producing provinces (Brooke, 2001).  Of a variety of 

factors that promote carbonate aeolianite formation, deposition ultimately depends upon 

limited siliciclastic input and subaerial exposure (McKee & Ward, 1983; Abegg et al., 

2001).  Other factors that promote carbonate aeolianite formation include warm tropical 

waters, an arid climate, a high-energy windward margin and glacioeustatic sea-level 

changes (Abegg et al., 2001).  For individual coastal settings, the preservation potential 

of carbonate aeolianites is reduced where high rates of coastal erosion occur, but is 

increased where early meteoric cementation leads to lithification (Brooke, 2001; Loope 

& Abegg, 2001).  Carbonate aeolianites are most extensive within latitudes of 20° to 

40° in both hemispheres (Brooke, 2001), which are characterised by trade winds and 

warm climates. 

 

As carbonate aeolianites contain grains formed in subaqueous environments, 

differentiating between carbonate aeolianite and subtidal carbonates can be somewhat 

difficult (Loope & Abegg, 2001).  Correct identification of carbonate aeolianites is 

hindered as many features are similar in aeolian and subtidal carbonates.  In particular, 

the recognition of carbonate aeolianites in the rock record may be challenging as both 

aeolian and high-energy subtidal carbonates may show cross-stratification (McKee & 

Ward, 1983).  The only reliable, commonly occurring attribute for the recognition of 

carbonate aeolianites is climbing translatent stratification (Hunter, 1977a; Loope & 

Abegg, 2001), which is identified by inversely graded lamination in the presence of 

high angle crossbedding  (Loope & Abegg, 2001; Boggs, 2006).  An aeolian 

interpretation is less certain without such structures and multiple lines of evidence are 

required (see Table 1.1).  Negative evidence including the absence of subtidal features 

(see Hunter, 1993; Dodd et al., 1993) must be used with caution.   
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Table 1.1.  Contrasting features of carbonate aeolianites and subtidal carbonates (modified from Loope & 

Abegg, 2001, with additions from McKee & Ward, 1983). 

Feature Aeolian Subtidal 
Stratification  Climbing translatent 

stratification (grainfall and/or 
grainflow); 

 Alternating fine and coarse 
laminae. 

 Subaqueous climbing 
ripples (grainfall and/or 
grainflow). 

Geometry  Large-scale (>1 m) cross strata 
common; 

 Tangential foresets; 
 Straight-crested, low-amplitude 

ripples (high ripple indices); 
 Adhesion ripples present. 

 Large-scale (>1 m) cross 
strata rare; 

 Tangential foresets less 
common; 

 Sinuous, high-amplitude 
ripples (low ripple indices); 

 Adhesion ripples present. 
Grain size 
and sorting 

 Typically very fine to medium 
sand grains (>4 mm extremely 
rare); 

 Well to very well sorted. 

 Grains >4 mm common; 
 Moderate sorting. 

Rounding  Well-rounded and abraded 
allochems. 

 Rounding variable. 

Cements  Early-stage vadose cements.   Vadose cement present 
below exposure surfaces. 

Trace fossils  Trace fossil diversity low; 
 Burrows rare;  
 Rhizocretions, root-hair 

sheaths, and micro-borings 
associated with root systems of 
dune plants common. 

 Trace fossil diversity high. 

Shelly fossils  Land snails and other terrestrial 
fossils common. 

 Entire, large (>2 cm) shells 
of marine organisms. 

Other 
evidence of  
subaerial 
deposition 

 Palaeosols common;  
 Subaerial crusts (caliche layers) 

and karst features common. 

 Calcrete present only 
immediately beneath 
exposure surfaces. 

 

 

Two depositional system profiles have been associated with sedimentary models for 

Pleistocene-Holocene carbonate aeolianites: a) steep-rimmed platforms; and b) ramps 

(Abegg et al., 2001).  On steep-rimmed platforms, such as the Bahamas and Bermuda 

(MacKenzie 1964a; Land et al., 1967; Vacher, 1973; Vacher et al., 1995; Garrett & 

Gould, 1984; Carew & Mylroie, 1985; Strasser & Davaud, 1986; Lloyd et al., 1987, etc) 

carbonate dunes may form at any point during a transgressive-regressive cycle, provided 

the platform is flooded and the carbonate factory is active.  During lowstands, carbonate 
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deposition on the platform, including aeolian sands, is terminated as sea level drops 

below the platform edge (Carew & Mylroie, 1995, 1997, 2001; Abegg et al., 2001) and 

the rapid lithification of platform carbonates upon exposure prevents further dune 

migration and reduces the potential for deflation of poorly lithified carbonate sediments 

(Dravis, 1996; Abegg et al., 2001).   

 

In contrast, carbonate dune deposition on ramps, such as the Persian Gulf (Purser & 

Evans, 1973; Williams & Walkden, 2001), may take place at any time during a sea-level 

cycle as the carbonate factory simply shifts laterally (Abegg et al., 2001; Williams & 

Walkden, 2001).  Remnants of glacial-age dunes may be preserved under modern sea 

level on currently flooded ramps.  However, the preservation of carbonate aeolianites 

formed during a lowstand is low because the aeolianites may be eroded during the 

subsequent transgression (Abegg et al., 2001; Williams & Walkden, 2001).  Although 

depositional setting affects when carbonate aeolianites form during the sea-level cycle, 

many other features of carbonate aeolianites are likely to be similar on ramps and steep-

rimmed platforms. 

 

Climate is an important influence on ramp and steep-rimmed platforms influencing 

dune formation and mobility, as well as the timing of cementation, which dictates the 

preservation potential of the carbonate aeolianite (Abegg et al., 2001).  Humid climates 

restrict the deposition of carbonate dunes to a zone immediately adjacent to the 

shoreline as a result of vegetation encroachment and rapid case hardening (Halley & 

Harris, 1979; Budd, 1988; Dravis, 1996; Abegg et al., 2001).  However, due to 

enhanced cementation, the preservation potential of carbonate aeolianites in humid 

climates is quite high due and ultimately improves their ability to withstand erosion 

during transgression (Abegg et al., 2001).  Conversely, arid climates limit vegetation 

and cementation, permitting the migration of dunes inland (Goudie & Sperling, 1977; 

McKee & Ward, 1983; Abegg et al., 2001; Williams & Walkden, 2001).  Thus, climate 

must be considered when interpreting the rock record. 

 

The formation and diagenesis of carbonate aeolianites are matters of some debate and 

uncertainty, particularly in a sequence-stratigraphic context (Abegg et al., 2001).  

Unravelling the sedimentary succession of coastal dune deposition is often complicated, 

leaving most carbonate aeolianite studies without a solid temporal framework for 
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understanding lithofacies distributions, for resolving the position of relative sea level 

(RSL) and for improving depositional models.  Thus, adequate temporal constraints and 

clear recognition of regional sequence boundaries are necessary precursors to 

interpreting the historical record of carbonate aeolianite successions. 

 

The most extensive Pleistocene aeolianites in the world are those of the Tamala 

Limestone of Western Australia (Ward, 1975; Brooke, 2001) but the reconstruction of a 

solid chronological sequence of dune development has received little attention.  Studies 

by McArthur & Bettenay (1974), Bastian (1996) and Tapsell et al. (2003) have 

differentiated a number of sequential dune systems on the Swan Coastal Plain in 

Western Australia.  Bastian (1996) used rates of heavy-mineral weathering in surficial 

residual sand to differentiate prograding shorelines with the oldest dunes furthest inland.  

Such successive buildup of dune systems is not uncommon and has been well illustrated 

at other settings (e.g. the Coorong region of South Australia (Belperio, 1995; Belperio 

et al., 1996) and the Arabian Gulf (Williams & Walkden, 2001)).  The marine 

depositional units (representing some members) within the Tamala Limestone of the 

Perth region have received much attention (e.g. Teichert, 1947a, 1947b; Fairbridge, 

1953; Fairbridge & Teichert, 1953; see Chapter 2) with studies concentrating on the age 

of the marine deposits.  In contrast, the aeolian deposits of the Tamala Limestone have 

been described in less detail (e.g. Teichert, 1947a; 1947b; Fairbridge, 1953; Playford et 

al., 1976; see Chapter 2) and a more exhaustive investigation into the character of the 

carbonate aeolianite depositional events is needed to fully understand their genesis.  

Outcomes of the research presented here will contribute towards an enhanced 

understanding of: 1) the timing of carbonate aeolian deposition; 2) the character of 

sediment and cements within the carbonate aeolianite; and 3) the role of environment 

and climate in the formation and preservation of carbonate aeolianite. 

 

Two locations were investigated within the Tamala Limestone: the Garden Island Ridge 

located offshore of Perth; and the Naturaliste-Leeuwin region of the Margaret River 

area.  The Garden Island Ridge expression of the Tamala Limestone was selected for 

this research as: 1) it represents the most seaward exposed record of carbonate 

aeolianite within the Tamala Limestone; 2) it is intercalated with two well-researched 

and dated marine deposits (the Rottnest Limestone and Hershell Limestone) that 

provide age constraints; 3) the quality of exposure and expression of sedimentary 
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features is exceptional; and 4) a whole-rock amino acid racemization (AAR) dataset 

from the northern island of the Garden Island Ridge (Rottnest Island) is available 

(Hearty, 2003).  The two tracts of outcrops of Tamala Limestone in the Naturaliste-

Leeuwin region were selected for this study because of: 1) continuous horizontal and 

vertical exposure; 2) the representation of diverse facies, which included palaeosol, 

aeolian, calcrete and marine deposits; and 3) the potential of the carbonate sediment for 

whole-rock amino acid racemization (AAR) dating. 

 

This thesis is compiled as a set of interrelated documents detailing the nature and 

history of Tamala Limestone of south-west Western Australia.  Following a geological 

overview of the Tamala Limestone in the Perth and Naturaliste-Leeuwin regions, the 

thesis is structured as research papers presented in four chapters: 

 The timing of dune formation related to the Garden Island Ridge as constrained 

by AAR dating, thus providing a temporal framework for the aeolian deposits 

that is not possible from lithostratigraphic correlation alone;   

 Chronological constraints are then used in combination with a detailed 

sedimentological and stratigraphical study of the depositional system to 

unravel the characteristics of the aeolian depositional events related to 

formation of the Garden Island Ridge; 

 High-angle cross-bedding is analysed to determine palaeowind directions and 

other depositional conditions that applied during episodes of carbonate 

aeolianite formation; and 

 The approach taken in evaluating the stratigraphy of and palaeoenvironmental 

implications of the Tamala Limestone on the Garden Island Ridge is extended 

to the Naturaliste-Leeuwin region, providing a foundation for future research 

on the aeolianite system expressed by this unit in the Perth Basin. 

Given the format of this thesis as research papers, some repetition of text is a 

consequence.  
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CHAPTER 2 

 
 

The Tamala Limestone of the southern Perth Basin, Western Australia  

 

INTRODUCTION 

In 1798, the geological formation to be later known as “Tamala Limestone” was first 

described during Captain Vancouver’s voyage around the world (quoted in Teichert, 

1947b).  Extending along the Western Australian coastline from Shark Bay in the north 

(Southern Carnarvon Basin) to Esperance in the south (Eucla Basin), the Tamala 

Limestone is composed predominately of aeolian deposits with minor palaeosol and 

marine deposits.  Initially referred to as the “Coastal Limestone” or “Coastal Limestone 

Series” (Saint-Smith, 1912; Teichert 1950; Fairbridge 1953; Fairbridge & Teichert 

1953), the stratigraphic units consist of a wide variety of deposits that include beach, 

shallow-marine, reef and coastal dune material.  The name “Tamala Eolianite” was 

initially used by Logan (1968) to identify the carbonate aeolianites at Shark Bay in the 

Southern Carnarvon Basin (Fig. 2.1).  As aeolianite is a genetic rather than a lithologic 

term, Playford et al., (1976) proposed that the term “Tamala Limestone” be used instead 

to include all Quaternary aeolianites of the Southern Carnarvon and Perth basins.   

 

The Perth Basin is a north-northwest trending, onshore and offshore sedimentary basin 

that lies west of the Yilgarn Craton (Fig. 2.1).  The region is one of tectonic stability, 

with Late Cenozoic uplift of little more than a few metres (Kendrick et al., 1991).  The 

distally steepened ramp-like morphology of the shelf is produced by (1) an inner shelf 

with submerged ridges that extends to about 30 m water depth, (2) a broad middle shelf 

between 30-50 m water depth, and (3) an outer shelf that descends steeply to around 

200 m water depth (Collins, 1988; James et al., 1999; Brooke et al., 2010).  On the 

inner shelf, linear ridge complexes rise 10-20 m above the sea bed, in water depths of 

around 10-30 m.  Rocky reefs and several small islands of Tamala Limestone, including 

Rottnest Island, are atop ridge complexes.  An outer-shelf ridge structure has been noted 

to rise from water depths of around 50-60 m (Brooke et al., 2010).  Most of the shelf 

comprises Tamala Limestone, which forms numerous small islands and reefs on the 

inner shelf (Playford et al., 1976). 
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Fig. 2.1 The location of the Perth Basin in Western Australia and the surface extent of the Tamala 

Limestone within it (purple). The Swan and Scott Coastal Plains are located within in the Perth Basin.  

The Perth region is located near the city of Perth on the Swan Coastal Plain.  The onshore portion of the 

Leeuwin Complex is the general location of the Naturaliste-Leeuwin region.  The province boundaries are 

from the Australian Geological Provinces Database (www.ga.gov.au/provexplorer), while the Swan and 

Scott Coastal Plains boundaries were modified from Playford et al. (1976).   

 

 

The type section for the Tamala Limestone is provided by the Zuytdorp Cliffs at 

Womerangee Hill in the Southern Carnarvon Basin (Fig. 2.1), where it is at least 300 m 

thick (Johnstone & Playford, 1955; Playford et al., 1975).  The formation consists of 
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coarse- to medium-grained carbonate aeolianite composed of primarily skeletal 

fragments (mainly of foraminifera and molluscs) with variable amounts of quartz sand 

and is characterised by large-scale crossbedding.  Soil horizons and calcified root 

structures (rhizoliths) are common (Playford et al., 1976).  The type section is not 

representative of the Tamala Limestone as a whole (Hearty & O’Leary, 2008), as the 

formation includes other deposits characteristic of beach, shallow-marine and reef 

environments.  For example, tongues or lenses of marine limestone are distinguished 

and named such as the Cowaramup Conglomerate, Minium Cove Member, Peppermint 

Grove Member, Hershell Limestone and Rottnest Limestone.  However, the overall 

representation and distribution of the marine deposits are limited (Wyrwoll, 1984). 

 

Although formally named the Tamala Limestone, this formation has not generally been 

“adequately defined or studied in much detail” (Playford et al., 1976, p.206).  The first 

published basin-wide survey of the formation within the Perth Basin was conducted by 

Playford et al. (1976).  Prior to this, studies of specific areas dominated the literature 

with few dealing with the Tamala Limestone as a regional unit.  Brief descriptions of 

the Tamala Limestone were provided by Teichert (1947a, 1947b, 1950), Fairbridge 

(1950, 1953), Playford (1950, 1977, 1983, 1988, 1997), Playford et al. (1975, 1976) and 

Hearty (2003), some of which are still only site specific studies.  Hearty & O’Leary 

(2008) provided new chronology for the Tamala Limestone at its type locality and along 

the west Australian coast.  These authors suggested that Tamala Limestone as a 

formation name is too widely cast and deserves subdivision.  Although no detailed 

study of the chronostratigraphy of the Tamala Limestone in the southern Perth Basin 

has previously been undertaken, the aeolian succession is generally referred to the 

Middle to Late Pleistocene on the basis of ages for a few dated marine units that 

interfinger with the aeolian facies and AAR data provided by Hearty (2003).  The 

Tamala Limestone is very extensive onshore and offshore in the Perth Basin and is a 

rich repository of historical information and perspective, awaiting research.   

 

EXTENT OF TAMALA LIMESTONE IN SOUTHERN PERTH BASIN 

Within the Perth Basin, the Tamala Limestone consists mainly of coastal dunes deposits 

arranged as a series of roughly parallel lines or ridges up to 100 m high (Fairbridge, 

1953, Playford et al., 1976).  The carbonate aeolian material interfingers with sporadic 
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marine deposits as well as distinctive residual palaeosols, which are derived from in situ 

weathering of the Tamala Limestone (Playford et al., 1976; Wyrwoll & King, 1984; 

Playford, 1988; Bastian, 1996; Tapsell et al., 2003).  The formation extends up to 20 km 

inland and up to 30 km offshore (Fig. 2.1), where aeolianite forms islands and reefs on 

linear ridge complexes within the inner shelf.  Data obtained from drilling indicated the 

formation may extend to just over 68 m below present day sea level at Rottnest Island 

(Glenister et al., 1959) suggesting that the Tamala Limestone is at least 120 m thick in 

this area.  The eastern edge of the Tamala Limestone truncates the undated Bassendean 

Sand (Figs 2.2 & 2.3) that is a widespread unit of quartz sand extending over large areas 

of the Swan and Scott Coastal Plains (Playford & Low, 1972; Playford et al., 1976).  

Kendrick et al. (1991) considered the Bassendean Sand to represent a cumulative 

regressive dune facies of the underlying Ascot Formation comprised of a marine-

derived sequence believed to have been deposited in the Early Pleistocene.  A 

considerable hiatus between the Bassendean Sand and the Tamala Limestone has been 

suggested by McArthur & Bettenay (1974) and Tapsell et al. (2003). 

 

The formation of coastal dunes within the Tamala Limestone closely resembles that of 

the Bridgewater Formation in the Coorong region in South Australia.  There, gentle 

epeirogenic uplift (Cook et al., 1977; Murray-Wallace et al., 1998) over time resulted in 

a marked regression of the shoreline and the consequent separation of each aeolian dune 

ridge into a distinct limestone ‘range’ (Belperio, 1995; Belperio et al., 1996).  Although 

the Perth Basin is recognised as out of isostatic equilibrium (Vening-Meinesz, 1948; 

Playford et al., 1976; Lambeck, 1987), significant tectonic uplift during the Pleistocene-

Holocene is absent in the region (Lambeck, 1987; Kendrick et al., 1991).  This has 

resulted in the close proximity of successive dune ridges as well as in composite dunes 

(i.e. multi-generations) within individual ridges.  This is evident in the Swan Coastal 

Plain where two overlying generations of dunes is evident in the highest parts of 

Bonorin Hill in the Perth suburb of Edgewater (Bastian, 1996).  A number of distinct 

dune ridges are recognisable within the Tamala Limestone of the Swan Coastal Plain, a 

feature observed by Fairbridge (1953) and Playford et al. (1976).  Due to their close 

proximity, the dune ridges tend to merge with each other which makes any subdivision 

of the Tamala Limestone on topography alone quite difficult. 
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Fig. 2.2 Cenozoic stratigraphic column of the Perth Basin in the Perth region from Davidson (1995).  A 

considerable hiatus between the Bassendean Sand and the Tamala Limestone has been suggested by 

McArthur & Bettenay (1974) and Tapsell et al. (2003) and is not represented in this column. 

 

In the Naturaliste-Leeuwin region of the Perth Basin, the Tamala Limestone overlies 

and abuts a block of middle Neoproterozoic granitic gneiss (ca 750 Ma) of the Leeuwin 

Complex (Fig. 2.1; Collins, 2003; Janssen et al., 2003).  One of three basement inliers 

of the Pinjarra Orogen that underlie the Perth Basin (Fig. 2.1), the Leeuwin Complex 

comprises Neoproterozoic granitic gneiss and subordinate mafic granulite and 

anorthosite (Collins, 2003; Janssen et al., 2003; Freeman & Donaldson, 2006).  

Pleistocene to Holocene deposits blanket parts of the Leeuwin Complex and are of 

restricted distribution to a few kilometres of the coast (Freeman & Donaldson, 2006).  

The predominately aeolian deposits that blanket parts of the Leeuwin Complex were 

initially grouped as the “Coastal Limestone” of Western Australia (Teichert, 1947a, 

1947b; Fairbridge & Teichert, 1953) and subsequently assigned to the “Tamala 

Limestone” of the Perth Basin (Playford et al., 1976).   
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Fig. 2.3 The dune systems of Bastian (1996) in the Perth region.  The geomorphic divisions known as the 

Bassendean Dune System, Spearwood Dune System and Quindalup Dune System correspond 

approximately with the geological units Bassendean Sand, Tamala Limestone and Safety Bay Sand 

respectively (Playford et al., 1976). 
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AGE OF AEOLIANITE FORMATION IN THE PERTH REGION 

A broadly defined geomorphic sector of the Swan Coastal Plain (Fig. 2.1), the 

Spearwood Dune System (Fig. 2.3), corresponds approximately to the Tamala 

Limestone in the Perth region (McArthur & Bettenay, 1974; Bastian, 1996; Tapsell et 

al., 2003).  As proposed by Playford et al. (1976), more detailed work on the Tamala 

Limestone has allowed separate naming of distinct aeolianite ridges (or belts).  Analysis 

of the heavy-mineral contents of sand collected from a distinctive residual soil within 

the Tamala Limestone in the Perth region undertaken by Bastian (1996), revealed a 

clear east-west zonation due to the progressive ageing of the soils.  Bastian (1996) used 

geomorphic features and the mineralogical zonation to subdivide the Spearwood Dune 

System into several dune subsystems from east to west in the Swan Coastal Plain (Fig. 

2.3): Trigg, Karrinyup, Gwelup, Balcatta and Yokine Dunes.  The number of ridges 

identified so far on the Swan Coastal Plain supports the possibility that the Tamala 

Limestone spans a substantial portion of the Pleistocene (Bastian, 1996). 

 

Early studies used geomorphological evidence and the stratigraphical relationship of 

intercalated marine deposits to determine the approximate timing and age of the 

aeolianite formation (Teichert, 1947a, 1947b; Fairbridge, 1953; Fairbridge & Teichert, 

1953).  These studies suggested that phases of Pleistocene dune formation were 

punctuated by the deposition of shallow-marine material.  This relative age framework 

was subsequently supported by radiometric (U/Th, ESR, C14; Table 2.1; Veeh, 1966; 

Teichert, 1967; Szabo, 1979; Hewgill et al., 1983; Playford, 1988; Stirling et al., 1995) 

and AAR dating of marine deposits from the Perth region (Murray-Wallace & Kimber, 

1989; Hearty, 2003).  The four separate marine units recognised for the Perth region, 

Peppermint Grove Member, Minim Cove Member, Rottnest Limestone and Hershell 

Limestone have been assigned to the interglacial highstands Marine Isotope Stage 

(MIS) 7, MIS5e, MIS5e and MIS1 respectively.  

 

Quaternary marine units  

The oldest reported marine unit in the Perth region is the Peppermint Grove Member, 

whose type section is situated in Perth (Fig. 2.1) on the bank of the Swan River near the 

Scotch College boatshed (31º59’30”S, 115º46’10”E).  The five metre thick Peppermint 

Grove Member consists of generally weakly lithified calcarenite and minor calcirudite 

(Playford et al., 1976).  First described by Somerville (1920) and initially termed 
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“Peppermint Grove Formation” (Fairbridge, 1953), it was later assigned member status 

by Hedberg (1976) and Staines (1985).  The age of the marine deposit based on electron 

spin resonance (ESR) dating is MIS7 (Penultimate Interglacial in Hewgill et al., 1983) 

and is also suggested through amino acid racemization (AAR) dating methods (Murray-

Wallace & Kimber, 1989).  According to Playford et al. (1976), sea level was ~7.5 m 

higher than present during deposition of the Peppermint Grove Member.            

 

 

Table 2.1 Marine units recognised in the Perth region and their respective ages. 

Marine unit name Age Age dated by 

Peppermint Grove 

Member 

MIS7 ESR dating (Hewgill et al., 1983); 

AAR methods (Murray-Wallace & 

Kimber, 1989). 

Minim Cove 

Member 

MIS5e ESR dating (Hewgill et al., 1983); 

AAR methods (Murray-Wallace & 

Kimber, 1989). 

Rottnest Limestone MIS5e: 

100,000±20,000 yrs* 

132,000±5,000 yrs** 

123,500±800 yrs*** 

U/Th dating (Veeh, 1966*; 

Teichert, 1967*; Szabo, 1979**; 

Stirling et al., 1995***); 

AAR methods (Hearty, 2003). 

Hershell Limestone: 

Vincent Member; 

Baghdad Member 

MIS1: 

4,800 to 5,900 yrs; 

2,200 to 3,100 yrs 

C14 dating (Playford, 1988). 

 

 

 

The shell beds of the Minim Cove Member are another marine deposit situated on the 

mainland in Perth (Fig. 2.1) and are located at Minim Cove in Mosman Park on the 

northern bank of the Swan River (32º01’46”S, 115º45’26”E).  The Minim Cove 

Member shows prominent horizontal laminations, emphasized by case-hardened 

surfaces and is capped by aeolianite deposits (Murray-Wallace and Kimber, 1989).  

First described by Somerville (1920) and Fairbridge (1953), the interval was given 

member status by Hedberg (1976) and Staines (1985).  Subsequent ESR dating (Hewgill 

et al., 1983) and AAR methods (Murray-Wallace & Kimber, 1989) assigned deposition 
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of the Minim Cove Member to MIS5e.  Sea level is interpreted to have been ~7 m 

higher than present when the Minim Member was deposited (Fairbridge, 1953).   

 

Two further marine units, the Rottnest and Hershell Limestones, occur on Rottnest 

Island, located offshore of Perth (Fig. 2.1).  Although initially described by Teichert 

(1947a, 1947b, 1950), the name ‘Rottnest Limestone’ was first introduced by Fairbridge 

(1953) to identify the in situ coral-reef and shelly limestone on Rottnest Island.  The 

type locality of the Rottnest Limestone is located on the south side of Rottnest Island, at 

Fairbridge Bluff in Salmon Bay (32º00’54”S, 115º30’50”E).  Here the Rottnest 

Limestone overlies and underlies the aeolian deposits of the Tamala Limestone and 

consists of non-coralline, fossiliferous marine strata interfingered with the only in situ 

coral heads on Rottnest Island that are 2.0-2.5 m above present low-water level  

(Teichert, 1947a, 1947b, 1950; Fairbridge, 1953; Hassell and Kneebone, 1960; 

Playford, 1977, 1988, 1997).  Teichert (1950) identified marine fossiliferous limestone 

at a number of different locations around Rottnest Island, including Geordie Bay and 

Thompson Bay that may represent correlatives.  However, due to the isolated nature of 

the small outcrops, the stratigraphic relationship of the marine limestones within the 

succession of carbonate aeolianites could not be established (Teichert, 1950).  The 

Rottnest Limestone type locality has been dated by uranium-thorium methods to 

100,000 ± 20,000 (Veeh, 1966; Teichert, 1967), 132,000 ± 5,000 (Szabo, 1979) and 

123,500 ± 800 yrs (Stirling et al., 1995) and AAR methods to MIS5e (Hearty, 2003).  

The coral-reef facies is attributed to the highstand of interglacial MIS5e when sea level 

must have been at least 3.2 m higher than present on Rottnest Island and perhaps as 

much as 5 m (Playford, 1988, 1997).  The global sea level during the last glacial period 

(~125,000 yrs ago) peaked 5.5 to 9 m above present sea level, although substantial 

variability is observed for peak sea level at geographically diverse sites (Dutton & 

Lambeck, 2012).  In Western Australia, a eustatic (or global) sea level of +5.5 m has 

been determined by Dutton & Lambeck (2012). 

 

The term “Hershell Limestone” was introduced by Playford (1977) for a unit of 

Holocene shell beds with intercalated lime sand and marl that is exposed around the 

margins of the salt lakes of Rottnest Island (Fig. 2.1).  The youngest marine deposit in 

the Perth area, the unit is some 3 m thick, although only the upper 1.5 m is generally 

well exposed.  The occurrence was first reported by Teichert (1950) and subsequently 
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described in more detail by Kendrick (1977) and Playford (1977, 1988, 1997).  The 

Hershell Limestone is divided into two members, the lower Vincent Member and the 

upper Baghdad Member, both of which have their type sections in a small quarry 300 m 

southwest of the summit of Mount Hershell (31º59’45”S, 115º31’30”E).  

 

The Vincent Member consists of richly fossiliferous coquinite (shell beds) and lesser 

calcarenite that was deposited in quiet-water conditions, when sea level was about 2.4 m 

higher relative to that of the present on Rottnest Island (Playford, 1977, 1988, 1997).  

The Baghdad Member consists of weakly lithified coquinite and interbedded calcarenite 

that extends to 1.5 m above present mean sea level.  The upper part of this member was 

laid down above wave base, probably in the upper intertidal zone, when mean sea level 

stood about one metre higher relative to that of the present on Rottnest Island (Playford, 

1977, 1988, 1997).  Radiocarbon dating indicates that the two members have distinct 

ages: the Vincent Member is 4,800 to 5,900 years old; and the Baghdad Member is 

2,200 to 3,100 years old (Playford, 1988).  The two members of the Hershell Limestone 

are considered to have formed during two separate sea-level highstands of MIS1 by 

Playford (1988, 1997).  However it is more likely they were deposited during the 

relative sea level observed in the Perth region that peaked about +2.5 m MSL at 

6,645 yrs BP and subsequently gradually declined, reaching the present sea level shortly 

after 1,000 yrs BP (Searle et al., 1988).  The sea level history recorded in the Perth 

region most likely reflects glacio-hydro-isostatic processes (as suggested by Searle & 

Woods, 1986).  These process have caused local or relative sea level observations to 

depart significantly during the Holocene (Milne & Mitrovica, 2008) and MIS5 (Dutton 

& Lambeck, 2012).  

 

Timing of dune formation  

The subsequent collection of age data for the marine deposits in the Perth region 

confirmed earlier interpretations that the aeolianites overlying and/or underlying these 

units were Pleistocene in age. However, the timing of dune formation within the 

temporal framework provided by the marine intercalations is still under debate.  

Without direct dating of aeolianite deposits, the timing of dune formation has been 

inferred from stratigraphic relationship with marine members and geomorphic evidence.  

Teichert (1947a, 1947b) originally assigned the timing of dune formation based on the 

then popular theory that similar aeolian deposits in Bermuda corresponded to an arid 
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glacial stage lowstand (Sayles, 1931).  However, geomorphic and stratigraphic evidence 

directed subsequent researchers to conclude that the dunes were deposited during the 

rise and/or fall of sea level during the Pleistocene and were subject to subaerial erosion 

during glacial lowstands, with episodes of dune formation punctuated by the deposition 

of marine intercalations during interglacial highstands (Fairbridge, 1953; Fairbridge & 

Teichert, 1953; Playford, 1977, 1988).   

 

With strong geomorphic evidence supporting dune formation during a time when sea 

level stood lower than present, many researchers hypothesised that the aeolianites were 

deposited, for lack of a better term, during “glacial periods” of the Pleistocene 

(Playford, 1977, 1988, 1997).  Unfortunately conclusions made by researchers using 

such phrases have often been misrepresented in subsequent literature.  For example, 

diagrams of Playford (1988 Fig. 58, 1997 Fig. 27.13) show the Tamala Limestone on 

Rottnest Island as deposited during a “Glacial” period of the global sea-level curve.  

Playford (1988, 1997) referred to a period of time when sea level was below that of the 

present – a “Glacial” period.  This period of time is now assigned as MIS5d to MIS2, 

which is a combination of glacial periods (i.e. MIS4, MIS2) and interglacial periods that 

did not reach sea levels higher than that of the present day (i.e. MIS5d-5a, MIS3).  

Some subsequent literature reviewing Playford’s (1988, 1997) contributions have 

assigned the dune formation of the Tamala Limestone with major interglacial events 

(e.g. Bastian, 1996; Tapsell et al., 2003).  However, some contemporary researchers 

(e.g. Brooke, 2001; Price et al., 2001; Hearty, 2003) have misrepresented Playford’s 

(1988, 1997) timing of dune formation on Rottnest Island as “last glacial” or “last 

glacial maximum” (i.e. MIS2), overlooking other periods of dune formation from 

MIS5d to MIS3 also referred to by Playford (1988, 1997).   

 

Recently, direct dating methods have been applied to aeolianites of the Tamala 

Limestone, with varying degrees of success.  Thermoluminescence (TL) dating has been 

attempted on outcrops of Tamala Limestone in the Perth region by Price et al. (2001).  

The timing of dune deposition derived from TL ages implied dune accumulation on 

Rottnest Island during both interglacial (MIS5c) and glacial (MIS6, MIS4 and MIS2) 

periods (Price et al., 2001).  However, as TL dating uses quartz grains, it is not 

applicable where little to no quartz occurs in aeolianite and the study acknowledges that 

certain samples “exhibited poor TL characteristics” (Price et al., 2001, p.843).  The 
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limited nature of sampling and anomalous results from the TL dating of aeolianites from 

the Perth region indicate that it may not be the best dating method for these particular 

high-carbonate deposits or that other techniques, such as optically stimulated 

luminescence (OSL) need to be applied.   

 

Promising results for direct dating of Tamala Limestone aeolianites has come from 

AAR dating.  Whole-rock AAR dating is a method that has been applied to Pleistocene-

Holocene carbonate aeolianites in the Bahamas (Hearty & Kaufman, 2000), Hawaii 

(Fletcher et al., 1999; Hearty et al., 2000), Bermuda (Hearty et al., 1992), Lord Howe 

Island (Brooke et al., 2003) and the Coorong region of South Australia (Murray-

Wallace et al., 2001).  In contrast to TL dating, AAR dating requires detrital carbonate, 

which has undergone minimal reworking or past climatic effects related to 

paleosurfaces.  Through AAR dating, Hearty (2003) determined three distinct pulses of 

aeolianite deposition on Rottnest Island during or shortly after the interglacial 

highstands MIS5e, MIS5c/5a and MIS1.  Subsequent whole-rock and land snail AAR 

dating in a broad-scale geochronology study of aeolianite along some 1,000 km of the 

west Australian coast has correlated regional dune formation with interglacials from 

Holocene to Pleistocene  (Hearty & O’Leary, 2008).  

 

The only major diagenetic study to be undertaken on Quaternary carbonate deposits of 

Western Australia is that of Logan & Cebulski’s (1970) study of diagenesis of Holocene 

sediments in the Shark Bay region.  By defining geochemical fields based on the 

“chlorinity gradients in embayment waters and precipitation field in groundwater 

brines” (p244), Logan & Cebulski (1970) related diagenetic alteration of sediments 

within specific sedimentary units to the hydrogeochemical field in which they lie.  The 

study presents a detailed account of the diagenetic alteration present in the Holocene 

sediments of that region.  As Shark Bay itself represents a unique coastline environment 

with hypersaline conditions (Playford, 1990), this diagenetic environment is unique and 

not representative of associated Holocene sedimentary units elsewhere. 
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AGE OF AEOLIANITE FORMATION IN THE NATURALISTE-LEEUWIN 

REGION 

Beside large-scale (1:250 000) geologic mapping in the early 1960s by the Geological 

Survey of Western Australia (GSWA; Lowry, 1967) and some more detailed (1:50 000) 

geologic mapping in the early 1990s and 2000s (Leonhard, 1991; Marnham et al., 2000; 

Hall and Marnham, 2002; Fig. 2.1), only a single investigation has focussed on the 

Pleistocene deposits of the Naturaliste-Leeuwin region, that of Fairbridge and Teichert 

(1953).  In this study, soil horizons and marine deposits intercalated within the 

aeolianites of Hamelin Bay and Cowaramup Bay respectively were investigated.  Apart 

from being broadly grouped into the predominately aeolian deposits of the Perth Basin 

(Teichert, 1947a, 1947b; Fairbridge & Teichert, 1953; Playford et al., 1976) and 

sampled in a broad-scale geochronology study of aeolianite along some 1,000 km of the 

west Australian coast (Hearty & O’Leary, 2008), no detailed examination of the aeolian 

deposits within the Naturaliste-Leeuwin region has previously been undertaken. 

 

Quaternary marine units  

In the Naturaliste-Leeuwin region, only one marine limestone unit has been reported 

within the Tamala Limestone and is named the Cowaramup Conglomerate.  The type 

sequence of this unit consists of a massive bioclastic marine limestone with granite-

gneiss boulders and lenses of shells, overlain by thin layers of beach-rock and less 

consolidated shell beds (Fairbridge & Teichert, 1953).  The type locality at Cowaramup 

Bay has not been directly dated, but geomorphological evidence was used to infer an 

age for these deposits as having formed in an elevated sea level period during the 

Pleistocene (Fairbridge & Teichert, 1953).  Similar outcrops of the Cowaramup 

Conglomerate have been noted at several other locations in the Naturaliste-Leeuwin 

region, notably at Yallingup, Cape Naturaliste, Cape Leeuwin (Fairbridge & Teichert, 

1953) and Canal Rocks (Teichert, 1947a, 1947b; Fairbridge & Teichert, 1953).  

Fairbridge & Teichert (1953) divided the Cowaramup Conglomerate into two categories 

based on outcrop in the Naturaliste-Leeuwin region: exposures that rise up to about 7.62 

m (e.g. Cape Leeuwin, Canal Rocks); and exposures standing at no more than 3.05 to 

4.57 m (e.g. Yallingup, Cowaramup Bay).  Erosional terraces in the gneiss hills around 
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Cowaramup Bay record a sea level at 12.19 m, older than the dune-building at 

Cowaramup Bay (Clarke et al., 1944; Fairbridge & Teichert, 1953). 

 

Two coral samples from the Naturaliste-Leeuwin region were dated by uranium-thorium 

methods to 107,420 ± 420 yrs (Foul Bay area) and 122,050 ± 970 yrs (Cowaramup area) 

indicating marine deposition during MIS5e (Hearty & O’Leary, 2008).  Electron spin 

resonance (ESR) dating of mollusc shells near Augusta and Vasse date marine 

deposition to MIS5e and MIS7 respectively (Hewgill et al., 1983).  However, the 

samples dated by Hewgill et al. (1983) and Hearty & O’Leary (2008) are not well 

described or located and it is uncertain if the mollusc shells or corals sampled are from 

the Cowaramup Conglomerate or a previously unreported marine deposit. 

 

Timing of dune formation  

The timing of dune formation in the Naturaliste-Leeuwin region has been inferred from 

stratigraphic relationship with marine members and geomorphic evidence.  Fairbridge & 

Teichert (1953) surmised that the dunes were deposited during the rise and/or fall of sea 

level during the Pleistocene and episodes of dune formation were punctuated by the 

deposition of marine units during interglacial highstands.  Recently, Hearty & O’Leary 

(2008) included aeolianite samples from some locations in the Naturaliste-Leeuwin 

region in a large-scale, basin-wide geochronologic study on the range of aeolianite 

deposit ages along the coastal zone of Western Australia.  This study did not attempt to 

provide precise age estimates of the aeolianites, but only to assign generalised ages of 

Late Pleistocene (MIS5) and Holocene (MIS1) or reworked Late Pleistocene (MIS5) for 

aeolianites in the region.     
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CHAPTER 3 

 
 

Whole-rock amino acid racemization dating of carbonate aeolianites from the Garden 
Island Ridge, southwest Western Australia 

 

INTRODUCTION 

The Tamala Limestone along the western coast of Western Australia contains the 

thickest intervals of Pleistocene aeolianite in Australia and represents the most 

extensive aeolianite deposit of this age in the world (Ward, 1975; Brooke, 2001).  The 

Tamala Limestone is composed predominantly of aeolian deposits with minor palaeosol 

and marine deposits (Playford et al., 1976).  The Garden Island Ridge, a ridge of 

Tamala Limestone that runs approximately north-south off the coast of Perth emerging 

as Rottnest, Carnac, Garden and Penguin Islands as well as Cape Peron, is a bathymetric 

high that rises above modern sea level from depths of 20 m off the continental shelf (Fig. 

3.1).  The laterally discontinuous nature of the dune packages and the lack of distinctive 

marker horizons make unravelling the sedimentary sequence of the aeolian deposits on 

the Garden Island Ridge complicated.   

 

Previous studies on Rottnest Island used geomorphic evidence (Teichert, 1950; Playford, 

1977, 1988, 1997) and the stratigraphic relationship of aeolianites with calcretes and 

palaeosols (Teichert, 1950; Hesp et al., 1999) as well as dated marine limestones 

(Playford, 1977, 1988, 1997) to constrain the depositional history of the aeolianites.  

The carbonate aeolianites are not amenable to direct dating through radiometric 

techniques (e.g. U/Th, 14C) and thermoluminescence (TL) dating showed only limited 

success on Rottnest Island (Price et al., 2001).  However, whole-rock amino acid 

racemization (AAR) dating has been shown to provide valuable age estimates of dune 

formation on Rottnest Island (Hearty, 2003).  Through the application of this method, 

three major episodes of dune formation on Rottnest Island were determined for the 

aeolianites during or shortly after interglacial highstands of MIS5e, MIS5a/5c and MIS1 

(Hearty, 2003).   
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Fig. 3.1 Location map showing the bathymetry of the Garden Island Ridge and Five Fathom Bank off the 

coast of Perth and the sample locations on the Garden Island Ridge at Penguin Island (A), Carnac Island, 

Garden Island, Cape Peron (B) and Rottnest Island (C).  The study sites are identified by capital letters, 

with the Rottnest Island study sites having the addition of the prefix ‘R’.  The site codes correspond with 

the site names, abbreviated as:  RI = Rottnest Island; CI = Carnac Island; GI = Garden Island; CP = Cape 

Peron; and PI = Penguin Island.  Climatic stations at the Rottnest Island Lighthouse and Mandurah Park 

are depicted by a black-filled square symbol.  The bathymetry was modified from the Fremantle and 

Yanchep National Bathymetric Map Series.   
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The present study extends Hearty’s (2003) line of AAR research by examining the 

timing of dune formation more inclusively for the Garden Island Ridge using new AAR 

data combined with the aminostratigraphic database from Hearty (2003).  This approach 

expands the geochronological framework available for Rottnest Island to the aeolianite 

sequence along emergent parts of the entire Garden Island Ridge and enhances the 

aminostratigraphic database for Rottnest Island.  The principle research aims are: (1) the 

clarification of aminozones on the Garden Island Ridge; (2) the evaluation of the 

epimerization rate of whole-rock amino acids to derive calibrated ages of aminozones 

on the Garden Island Ridge; (3) the appraisal of the relationship of depositional system 

profile, sea level and climate to dune formation and preservation; and (4) the assessment 

of the veracity of AAR and TL dating as applied to Pleistocene and Holocene carbonate 

aeolianites on the Garden Island Ridge.     

 

Garden Island Ridge  

The Garden Island Ridge is one of a series of parallel ridges of Tamala Limestone that 

are evident in the Perth region.  Five Fathom Bank and Garden Island Ridge are two 

bathymetric ridges some five kilometres apart that occur sub-parallel to the modern 

coastline (Fig. 3.1).  The Garden Island Ridge extends for some 60 km and consists of a 

series of shallow modern reefs, the Cape Peron headland and a number of islands, the 

largest of which is Rottnest Island.  In this study, aeolianites of Cape Peron and four 

islands of the Garden Island Ridge, Rottnest, Carnac, Garden and Penguin Islands, are 

investigated (Fig. 3.1).   

 

The Garden Island Ridge is comprised of just one stratigraphic formation, the Tamala 

Limestone, which runs up to 2,000 km along the coast of Western Australia.  Initially 

broadly grouped into the ‘Coastal Limestone Series’ (Teichert, 1950; Fairbridge, 1950; 

Fairbridge & Teichert, 1953) the stacked successions of carbonate aeolianites 

interlayered by palaeosols and calcretes were later termed the ‘Tamala Eolianite’ 

(Logan, 1968) and finally the ‘Tamala Limestone’ (Playford et al., 1976).  Within the 

Garden Island Ridge, brief general descriptions of the aeolian deposits were based on 

site specific geological investigations conducted for Penguin Island (Playford, 1950), 

Cape Peron (Fairbridge, 1950) and Rottnest Island (Teichert, 1947a, 1947b, 1950; 

Playford, 1977, 1988, 1997).  Aeolian facies of the Tamala Limestone has not generally 

been examined and documented in detail.   
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Age determination of carbonate aeolianite formation on Rottnest Island has been partly 

based upon stratigraphical relationship with two marine deposits, the Rottnest and 

Hershell Limestones.  The Rottnest Limestone is an in situ coral-reef and shelly 

limestone (Teichert, 1950; Hassell & Kneebone, 1960; Playford, 1977, 1988, 1997) that 

was U-series dated to MIS5e with various ages of 100,000 ± 20,000 years (Veeh, 1966; 

Teichert, 1967), 132,000 ± 5,000 years (Szabo, 1979) and 123,500 ± 800 years (Stirling 

et al., 1995).  The Hershell Limestone consists of shell beds with intercalated lime sand 

and marl beds that are exposed around the margins of the salt lakes on Rottnest Island.  

Radiocarbon analysis of the marine shell beds from the Hershell Limestone produced 

two distinct groups of ages during MIS1: the Vincent Member 4,800 to 5,900 yrs; and 

the Baghdad Member 2,200 to 3,100 yrs (Playford, 1988).  AAR analysis of the 

Rottnest Limestone and the Hershell Limestone determined deposition of these marine 

deposits during MIS5e (Hearty, 2003) and MIS1 (Murray-Wallace & Kimber, 1989; 

Hearty, 2003) respectively.  The age data of the marine deposits upon Rottnest Island 

confirmed earlier hypotheses that the dune formation during the Pleistocene and 

Holocene were punctured by the deposition of marine material during interglacial 

highstands (Fairbridge, 1953; Fairbridge & Teichert, 1953; Playford, 1977, 1988, 1997).   

 

Little is known about the depositional age of the carbonate aeolianites from other parts 

of the Garden Island Ridge.  Price et al. (2001) included one sample from Cape Peron 

and one sample from Penguin Island in their TL study of the Perth area and the results 

suggested dune accumulation during interglacial highstands MIS5a and MIS5c, 

respectively.  Hearty (2003) dated one sample from Cape Peron in his AAR study of 

Rottnest Island and considered Cape Peron to be associated with dune formation during 

MIS5e. Despite these previous studies, the depositional history of the entire Garden 

Island Ridge rests on the interpretation of carbonate aeolianite succession on Rottnest 

Island. 

 

Whole-rock AAR dating 

The difficulties in dating carbonate aeolianites of Quaternary age have been largely 

alleviated with the advances in whole-rock AAR dating.  This methodology is based on 

the epimerization of the protein amino acid L-isoleucine (Ile) to its non-protein 

diasteriomer D-alloisoleucine (aIle) within the organism immediately following its 

death and represents the process of amino acid racemization.  Simulated diagenesis 
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experiments of aqueous solutions of simple peptides (Kriausakul & Mitterer, 1978; 

Mitterer & Kriausakul, 1984), have shown that the decreasing epimerization rate in 

isoleucine is due to its presence in a variety of positions with its hydrolytic transfer from 

faster epimerization positions (terminal and cyclic) to slower epimerizing positions (free 

state).  Thus during natural diagenesis, the rate of isoleucine epimerization at any given 

time is a function of its relative proportions in different positions (Kriausakul & 

Mitterer, 1978; Mitterer & Kriausakul, 1984; Mitterer & Kriausakul 1989).   

 

By using consistent amino acid ratios obtained from organic residues in bioclastic, 

skeletal carbonate sands, samples can be matched and grouped into modal classes 

within broadscale stratigraphic packages for stratal successions being examined (Rutter 

& Blackwell, 1995).  As opposed to single taxon AAR dating, whole-rock AAR dating 

represents an “average” of the different extents of racemization within bioclasts from a 

range of organisms.  Whole rock sample results show similar kinetic behaviour and 

yield consistent amino acid ratios compared to results obtained from a single taxon of 

molluscs (Hearty et al., 1992).  In the context of whole-rock AAR dating applied to 

coastal dune deposits, significant differences in A/I (aIle/Ile) ratios can be produced by: 

a) significant variations in the relative proportions of taxa; b) significant age offset 

between sediment production and its incorporation into coastal dune deposits; and c) 

mixing of reworked older carbonate aeolianite within active sediment during dune 

formation. 

 

First systematically applied in Bermuda (Hearty et al., 1992), whole-rock AAR dating 

has been successfully applied in numerous carbonate aeolianites studies in locations 

such as the Bahamas (Hearty & Kaufman, 2000), Hawaii (Fletcher et al., 1999; Hearty 

et al., 2000), Bermuda (Hearty et al., 1992), Lord Howe Island (Brooke et al., 2003), 

the Coorong region of South Australia (Murray-Wallace et al., 2001) and Rottnest 

Island (Hearty, 2003).  Hearty (2003) analysed 94 samples of carbonate aeolianite from 

the main representative exposures on Rottnest Island and one sample from Cape Peron.  

Stratigraphic sequences and whole-rock AAR signatures were used to group the 

carbonate aeolianites of Rottnest Island into three aminozones or modal classes (Hearty, 

2003).  By combining kinetic models from Bermuda (Hearty et al., 1992) and Rottnest 

Island with independent calibration of the marine limestones, Hearty (2003) concluded 
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that the sampled aeolianite formed during or subsequent to MIS5e.  The present paper 

represents an expansion and re-evaluation of Hearty’s (2003) data set. 

 

Current mean annual temperatures (CMATs) are a relevant consideration in AAR dating, 

as racemization is a thermo-dependent process.  Whole-rock samples of similar age 

and/or aminozone from one location have experienced similar thermal histories, which 

can include glacial and interglacial temperatures.  However, different CMATs of >1.1ºC 

between locations have been attributed to differences in A/I ratios measured in samples 

of the same age (e.g. Hearty et al., 1986; Hearty & Kaufman, 2000; Kaufman, 2003). 

The portion of the Garden Island Ridge under investigation extends 40 km from 

Rottnest Island in the north to Penguin Island in the south.  Analysis of instrumental 

data from climatic stations at the Rottnest Island Lighthouse and Mandurah Park, which 

is located approximately 60 km south-southeast of Rottnest Island (Fig. 3.1), yields a 

southward trending cooling gradient of 0.3ºC between localities from which samples 

were derived (original data available at http://www.bom.gov.au/climate/averages, 

summarised in Table 3.1).  Therefore it can be assumed that all sites of similar age upon 

the Garden Island Ridge have experienced similar thermal histories, making AAR 

associations among samples taken along the Garden Island Ridge viable. 

 

 

Table 3.1  Climatic parameters of climatological stations located at the Rottnest Island Lighthouse and 

Mandurah Park.  The years of operation for each climatic station are designated in brackets and the 

locations of the climatic stations are represented in Fig. 3.1.  Original data from and available from 

http://www.bom.gov.au/climate/averages.  Mean annual temperature (temp.) calculated from the monthly 

mean maximum and minimum temperatures. 

Climatic 
Station 

Latitude Longitude 
Elevation 

(m) 

Mean 
annual 
rainfall 
(mm) 

Mean 
annual 

maximum 
temp. (ºC) 

Mean 
annual 

minimum 
temp. (ºC) 

Mean 
annual 
temp.  
(ºC) 

Rottnest Island 
Lighthouse 
(1879-1995) 

32.01ºS 115.50ºE 46 712.5 21.5 14.9 18.20 

Mandurah Park 
(1889-2001) 

32.50ºS 115.77ºE 15 882.2 23.0 12.4 17.72 
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METHODS 

Sample collection 

Samples for AAR analysis were selected from aeolianite outcrops on Rottnest Island, 

Carnac Island, Garden Island, Cape Peron and Penguin Island (Fig. 3.1).  Material was 

collected from two or more carbonate aeolianite sets in direct superposition at seven site 

localities.  Samples were also taken from isolated, single set exposures of carbonate 

aeolianite.  Samples were obtained from the central portion of aeolian sets to minimise 

the influence of past climatic effects related to palaeosurfaces represented by set-

bounding disconformities and from within the outcrop (a vertical depth of at least 80 cm) 

rather than the surface of the outcrop to minimise the influence of surficial weathering 

and/or insulational heating.     

 

Sample preparation and analysis 

The whole-rock AAR sample preparation and analysis procedures are as outlined in 

Hearty & Kaufman (2000) and Hearty (2003).  Each sample was gently disaggregated 

and sieved to obtain the 250-850 μm sand fraction.  This size range is typical of dune 

deposits and removes large grains or shells that could disproportionately influence the 

A/I ratio.  Standard procedures (Miller and Brigham-Grette, 1989) were followed during 

sample analyses at the Amino Acid Laboratory of Northern Arizona University.  

Approximately 100 mg of each sample was etched in dilute hydrochloric acid (HCl), 

which removes about 30% of the sample weight and reduces any possible 

contamination by cements or organic residues on grain surfaces.  Each sample was then 

fully digested in 7 M HCl containing 6.25 μM norleucine, an internal standard, and was 

flushed with N2, sealed in vials and hydrolysed at 110ºC for 22 hours.  After 

hydrolysation, samples were evaporated under nitrogen in a head block or vacuum and 

injected onto an ion-exchange high-performance liquid chromatograph (HPLC), which 

employs fluorescence detection and postcolumn derivitisation with o-phthaldialdehyde 

(OPA).  At least two injections per sample were made to check instrument precision and 

obtain well-resolved peaks of the D- and L-amino acids of interest.  Mean A/I ratios are 

presented in the format 0.231 ± 0.012(n), where ‘0.231’ is the mean, ‘± 0.012’ is the 

standard deviation, and ‘(n)’ is the number of injections per whole-rock sample 

analysed.  The ILC standards of Wehmiller (1984) were analysed to monitor machine 

stability and to facilitate intra- and inter-laboratory comparisons (footnote, Table 3.2). 
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RESULTS 

Whole-rock AAR analysis 

Ninety samples were analysed for AAR from Rottnest Island (n=73), Carnac Island 

(n=7), Garden Island (n=4), Cape Peron (n=2) and Penguin Island (n=4) (Fig. 3.1, Table 

3.2).  The mean A/I ratios of the isoleucine amino acid (aIle/Ile) within whole-rock 

aeolianite samples are given in Table 3.2, where the mean A/I ratios are well resolved 

with coefficients of variation of the ratios mostly less than 6%.  Of the seven sites where 

material was collected from two or more carbonate aeolianite sets in direct 

superposition, stratigraphical order of A/I ratios was maintained at every site (Table 3.2).   

 

Three aminostratigraphic groups, termed aminozones, and associated subzones were 

identified using stratigraphic relationships with a thick calcrete marker horizon noted in 

the field (Fig. 3.2) and a frequency histogram (Fig. 3.3) of the mean whole-rock A/I 

ratios presented in Table 3.2.  The three aminozones were labelled Aminozones A, C 

and E, as identified for whole-rock aeolianite samples from Rottnest Island by Hearty, 

2003.   

 

Aminozone E 

The mean A/I ratios of bulk samples from Carnac Island, Garden Island, Cape Peron 

and Penguin Island fall within the one aminozone, Aminozone E (Fig. 3.3), which 

underlies a thick calcrete marker horizon noted in the field (Fig. 3.2).  Mean A/I ratios 

range broadly between 0.238 and 0.345 (Table 3.2, Fig. 3.3) with an average value of 

0.268 ± 0.035 (n=8).  Two distinct submodes are evident at 0.257 and 0.345 within the 

mean A/I ratios of Aminozone E (Fig. 3.3).   

 

Aminozone C 

All whole-rock AAR sample sites for Aminozone C are from Rottnest Island.  The 

mean A/I ratios are distributed between 0.160 and 0.246 (Table 3.2, Fig. 3.3) with an 

average value of 0.196 ± 0.023 (n=26).  Two submodes are evident at 0.171 and 0.211 

within the mean A/I ratios of Aminozone C (Fig. 3.3). 
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Fig. 3.2  The calcrete marker horizon from the Garden Island Ridge used to separate Aminozones E and C.  

A) Two calcrete markers at Kitson Point in Mary Cove on Rottnest Island.  The lower calcrete marker 

horizon separates a cross bed of carbonate aeolianite (sample number RMC5a) from the lower carbonate 

aeolianite beds assigned to Aminozone E by Hearty (2003).   

B) Carbonate aeolianite assigned to Aminozone E (sample number PtP1) and a rhizolith-dominated 

palaeosol underling the calcrete marker horizon at Point Peron on Cape Peron.   

C) The calcrete marker horizon overlain by a discontinuous red palaeosol at Jeannies Lookout West on 

Rottnest Island.  Here, a cross bed of carbonate aeolianite (assigned to Aminozone C) overlies the calcrete 

marker horizon.  Rubble dominates the lower portion of the photograph.  

D) The calcrete marker horizon accompanied by large solution pipes at Little Salmon Bay on Rottnest 

Island. 
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C) 

 

D) 
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Table 3.2 Whole-rock amino acid (A/I) data from Garden Island Ridge, listed in lithostratigraphic order 

by site.  Sample numbers in italics are in direct superposition (see Chapter 4 for full details).  Sample 

numbers beginning with ‘R’ denotes sites from Rottnest Island.  Aminozone is derived from Fig. 3.4 and 

is discussed within the text.  Abbreviations used: ‘AZ’ = Aminozone; ‘Stdev (n)’= standard deviation 

(number of samples). 

Site Name Sample  
Number 

Latitude 
South 

Longitude 
East 

CaCO3 

% 
Mean 
A/I 

ratio 

Stdev 
(n) 

AZ 

Herschell Lake South RHLS1 -32º00'02.2" 115º31'21.5" 96.68 0.089 0.021(3) A2 
Railway Hill RRH1 -32º00'32.3" 115º32'38.9" 92.61 0.130 0.005(2) A1 
Geordie Bay South RGBS1 -31º59'39.1" 115º31'17.7" 95.41 0.131 0.021(4) A1 
Rottnest Bore RRB1 -31º59'56.4" 115º32'18.6" 96.15 0.142 0.006(2) A1 
Gov House Lake North RGLN1 -32º00'00.1" 115º31'55.5" 96.85 0.165 0.018(4) C3 
Conical Hill RWE1 -32º01'16.7" 115º27'36.5" 98.38 0.171 0.004(2) C3 
Henrietta Rocks East RHRE1b -32º00'49.1" 115º32'29.3" 98.22 0.173 0.002(2) C3 
Gov House Lake South RGLS1 -32º00'16.5" 115º31'54.7" 97.25 0.175 0.011(2) C3 
Lake Negri RNL1 -31º59'52.1" 115º30'42.4" 98.14 0.160 0.007(2) C3 
Lake Negri RNL3 -31º59'56.0" 115º30'42.0" 93.75 0.179 0.008(2) C3 
Pearse Lakes RPLN1 -32º00'04.7" 115º31'32.4" 94.86 0.185 0.014(3) C2 
Herschell Lake Dune West RHLDW1 -31º59'53.8" 115º31'18.9" 95.58 0.190 0.006(2) C2 
Charlotte Point RCP5 -31º59'44.3" 115º29'48.1" 95.36 0.145 0.014(2) A1 
Charlotte Point RCP3 -31º59'44.3" 115º29'48.1" 91.29 0.177 0.002(2) C3 
Charlotte Point RCP1b -31º59'44.3" 115º29'48.1" 78.23 0.192 0.017(2) C2 
Lake Baghdad South RBLS1b -31º59'54.6" 115º31'13.6" 94.11 0.160 0.004(2) C3 
Lake Baghdad South RBLS1a -31º59'55.0" 115º31'02.2" 95.62 0.199 0.001(2) C2 
Geordie Bay West RGBW1 -31º59'38.8" 115º31'09.0" 95.13 0.201 0.010(2) C2 
Jeannie's Lookout West RJLW1c -32º01'35.9" 115º31'28.5" 98.17 0.143 0.008(2) A1 
Jeannie's Lookout West RJLW1b -32º01'35.9" 115º31'28.5" 97.35 0.167 0.009(2) C3 
Jeannie's Lookout West RJLW1a -32º01'35.9" 115º31'28.5" 97.42 0.204 0.004(2) C2 
Pink Lake RPL1 -32º00'10.8" 115º30'30.5" 97.31 0.210 0.008(2) C2 
Forbes Hill RFH1 -32º00'08.1" 115º31'28.5" 96.6 0.216 0.011(3) C2 
Serpentine Lake North RSL1a -32º00'12.4" 115º31'34.1" 95.28 0.216 0.016(2) C2 
Mary Cove RMC5a -32º01'13.2" 115º29'29.6" 98.32 0.217 0.001(2) C2 
Herschell Lake North RHLN1d -31º59'47.1" 115º31'46.9" 95.9 0.218 0.004(2) C2 
Lake Baghdad North RBLN2b -31º59'44.0" 115º31'19.4" 96.64 0.124 0.011(2) A1 
Lake Baghdad North RBLN1 -31º59'44.9" 115º31'11.9" 97.27 0.225 0.008(2) C2 
Little Armstrong Bay East RLAE5 -31º59'30.0" 115º30'20.4" 96.41 0.211 0.002(2) C2 
Little Armstrong Bay East RLAE2 -31º59'29.9" 115º30'19.6" 91.07 0.212 0.001(2) C2 
Little Armstrong Bay East RLAE4 -31º59'30.5" 115º30'18.9" 94.96 0.212 0.012(2) C2 
Little Armstrong Bay West RLAW4b -31º59'32.9" 115º30'15.8" 97.61 0.213 0.017(2) C2 
Little Armstrong Bay West RLAW2a -31º59'32.9" 115º30'15.8" 96.92 0.246 0.002(2) C1 
Cape Peron Point Peron  PtP1 -32º16'20.6" 115º41'03.3" 93.82 0.267 0.016(2) E3 
Penguin Island South West PIS1 -32º18'31.0" 115º41'18.4" 97.4 0.239 0.004(2) E3 
Penguin Island South West PIS2 -32º18'31.0" 115º41'18.4" 95.78 0.238 0.006(2) E3 
Garden Island Two 
People’s Bay GTPB1 -32º10'01.1" 115º39'36.6" 96.07 0.280 0.019(2) E3 
Carnac Island Orelia Point CSW1 -32º07'26.9" 115º39'35.2" 95.99 0.255 0.004(3) E3 
Carnac Island Smith Point CNW1 -32º07'17.8" 115º39'31.1" 96.44 0.274 0.011(2) E3 
Carnac Island Smith Point CNW3 -32º07'18.2" 115º39'31.8" 96.38 0.250 0.006(2) E3 
Garden Island Point 
Atwick GPtA1 -32º10'32.6" 115º39'37.2" 98.78 0.345 0.001(2) E2 

Footnote: A/I values for the Inter-Laboratory Comparison Standards 4087 ILC-A, 4088 ILC-B and 4089 

ILC-C measured at Northern Arizona University (April-May 2005) were 0.1523 ± 0.007 (3), 0.4827 ± 

0.0129 (3), 1.0343 ± 0.0343 (3).  These values are well within the range measured for the same standard 

samples in other laboratories (Wehmiller, 1984).  
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Fig. 3.3 A frequency histogram of the mean whole-rock A/I ratios from Table 3.2 that are derived from 

carbonate aeolianite samples of the Garden Island Ridge (n=41).  To enable the comparison of data to Fig. 

3.4, mean whole-rock A/I ratios were used in the histogram.  Three aminozones were identified, 

Aminozones A, C and E, which are labelled such to correspond to aminozones from Rottnest Island 

identified by Hearty (2003).  Note the minor overlap of mean A/I ratios of Aminozones E and C and the 

separation is based on sample position relative to a calcrete marker horizon.  The frequency and 

distribution of whole-rock data does not reflect the true volumetric relationship of aminostratigraphic 

groups in a stratigraphic sense but reflects bias in sampling which was governed by other considerations.   

 

 

Aminozone A 

Rottnest Island is the location of all whole-rock AAR sample sites for Aminozone A.  

Mean A/I ratios range between 0.089 and 0.145 and have no overlap with Aminozone C 

(Table 3.2, Fig. 3.3).  The average A/I ratio from Aminozone A is 0.129 ± 0.019 (n=7). 

Two distinct submodes are evident at 0.089 and 0.136 within the mean A/I ratios of 

Aminozone A (Fig. 3.3). 

 

Aminozones of Garden Island Ridge aeolianites  

The whole-rock data from this study is similar to previous data (Hearty, 2003; 94 

samples from Rottnest Island; 1 sample from Cape Peron) and the combined dataset of 

all whole-rock A/I ratios of the Garden Island Ridge are given in Fig. 3.4.  The 

combined dataset shows the previously defined Aminozones E, C and A (Hearty, 2003) 
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but extends the range of the mean A/I ratios for each aminozone.  The redefined 

aminozones from the combined dataset signify a more representative analytical result 

for each aminozone (Fig. 3.4).     

 

 
Fig. 3.4 A frequency histogram determined from the combination of the mean whole-rock A/I ratios from 

the present study (n=41) with those previously obtained for Rottnest Island and Cape Peron samples by 

Hearty (2003; n=43) (total n=84).  To enable the combination of data, mean whole-rock A/I ratios were 

used in the histogram, as only mean whole-rock A/I ratios are available in Table 2 of Hearty (2003).  

Three aminozones are evident, Aminozones A, C and E, with at least two submodes for each aminozone.  

The overlap of mean A/I ratios of Aminozones E and C is more obvious here than in Fig. 3.3 due to the 

larger dataset.  The separation of Aminozones E and C is based on sample position relative to a calcrete 

marker horizon.  Well resolved dates for marine deposits on Rottnest Island (depicted by solid lines on 

the graph) give independent calibration of racemization reactions: a) Aminozone E with an A/I ratio of 

0.33 (Hearty, 2003) to MIS5e at 123,500 ± 800 yrs (Stirling et al., 1995); b) Aminozone A1 with an A/I 

ratio of 0.131 (Hearty, 2003) to MIS1 at 5,930 ± 110 yrs (Playford, 1988); and c) Aminozone A2 with an 

A/I ratio of 0.089 (Hearty, 2003) to MIS1 at 2,790 ± 90 yrs (Playford, 1988).       

 

 

Aminozone E 

Mean A/I ratios of Aminozone E from the combined dataset are distributed between 

0.238 and 0.371 (Fig. 3.4).  Three distinct submodes E1, E2 and E3 can be recognised 

within Aminozone E at 0.371, 0.335 and 0.259, respectively (Fig. 3.4).  Submodes were 

not noted within Hearty’s (2003) work but the separation between submodes E3 and E2 

are apparent within the dataset.  The submodes E1, E2 and E3 have average values of 
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0.371 (n=1), 0.335 ± 0.013 (n=6) and 0.259 ± 0.017 (n=9) respectively.  The combined 

dataset shows that the whole-rock average for Aminozone E is 0.294 ± 0.045 (n=16). 

 

The range of mean A/I ratios is somewhat wider than that determined by Hearty (2003) 

and is attributed to the addition of seven sample sites from Penguin, Garden, Carnac and 

Garden Islands into the combined dataset.  These samples give emphasis to submode E3 

and the resulting mean A/I ratios may reflect normal variation in ratios obtained from 

AAR datasets, variations in localized thermal histories within the Garden Island Ridge 

due to the influence of the Leeuwin Current (see Playford, 1997; James et al., 1999) on 

racemization reactions or a slightly younger age spectrum within the aminozone being 

sampled. 

 

Aminozone C 

Mean A/I ratios of Aminozone C from the combined dataset are distributed between 

0.160 and 0.276 (Fig. 3.4).  The previously identified Aminozone C of Hearty (2003) 

has closely comparable values that range from 0.165 to 0.276.  Three distinct submodes 

C1, C2 and C3 are recognizable within Aminozone C at 0.256 ± 0.011 (n=7), 0.212 ± 

0.013 (n=35) and 0.171 ± 0.007 (n=13), respectively (Fig. 3.4).  Two of these submodes 

(C1 and C2) are similar to Hearty’s (2003) submodes but a new submode (C3) at 0.171 

is evident in the combined dataset (Fig. 3.4).  Samples within submode C3 are from 

various locations on Rottnest Island and do not reflect sample location bias.  Submode 

C3 is interpreted here as reflecting a younger phase of dune formation than those 

reflected by submodes C1 and C2.  The whole-rock average for Aminozone C from the 

combined mean A/I dataset is 0.208 ± 0.028 (n=55).   

 

The minor overlap of values representing Aminozones E and C (Fig. 3.4) was noted for 

Rottnest Island samples by Hearty (2003).  Without the aid of the clear stratigraphic 

boundary provided by a thick calcrete horizon as recognised in the present study (Fig. 

3.2), separating samples representing Aminozones E and C would be arbitrary.  The 

mean A/I ratios of Aminozone C that overlap into the distribution range of Aminozone 

E relate to submode C1.  The slight increase in values reflected in submode C1 could be 

produced by significant variations in the relative proportions of taxa contributing to the 

bioclastic population.  However, the mixing of older reworked sediment from the shelf 

with newly generated carbonate during dune formation is more plausible in this case. 
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The distinct C1 submode apparent in the data set of Hearty (2003) is more subdued 

within the data set now available.  This is attributed to the rarity of aeolian deposits 

representing submode C1. 

 

Aminozone A 

The mean A/I ratios of Aminozone A from the combined dataset range between 0.089 

and 0.145 with two distinct submodes A1 and A2 at 0.132 ± 0.008 (n=10) and 0.092 ± 

0.005 (n=3) respectively (Fig. 3.4).  Aminozone A and its two submodes were identified 

by Hearty (2003) for Rottnest Island samples, with a similar range of mean A/I ratios 

(0.089 to 0.133) and similar submodes A1 and A2 at 0.13 and 0.09 respectively.  From 

the present study, only six aeolian samples from Rottnest Island belong to submode A1 

and only one sample from Hershell Lake South on Rottnest Island belongs to submode 

A2.  The whole-rock average for Aminozone A from the combined mean A/I dataset is 

0.123 ± 0.019 (n=13).  The whole-rock average for Aminozone A is best considered via 

its two distinct submodes A1 and A2 at 0.132 ± 0.008 (n=10) and 0.092 ± 0.005 (n=3) 

respectively.   

 

DISCUSSION 

Kinetics of the epimerization reaction and age calibration of aminozones 

Kinetics of isoleucine epimerization have been investigated by elevated temperature 

experiments to simulate artificial aging in various biominerals (Bada & Schroeder, 1972; 

Mitterer, 1975; Masters & Bada, 1977; Kriausakul & Mitterer, 1978; Mitterer & 

Kriausakul, 1984; Mitterer & Kriausakul, 1989) and by uniform natural temperature 

aging of foraminifera from deep sea cores (Wehmiller & Hare 1971; King & Neville, 

1977; Bada & Man, 1980).  The experiments and analyses have shown that the kinetics 

of isoleucine epimerization follows reversible first-order kinetics for only the first 

portion of the reaction range, before an apparent decreasing reaction rate dominates the 

remainder.  Simple linear extrapolation of the kinetics of isoleucine epimerization is 

inappropriate due to the progression from reversible first-order kinetics to a decreasing 

reaction rate.  Instead, isoleucine epimerization data can be modelled in terms of 

apparent parabolic kinetics (APK), a procedure that generates a linear relationship 

between the A/I values and the square root of age (i.e. √t or t½) of samples for most of 

the reaction range (Mitterer & Kriausakul, 1989).   
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In the Perth area, APK are documented for fossil molluscs (Murray-Wallace & Kimber, 

1989) and in carbonate aeolianite sediments (Hearty, 2003).  Absolute-dated marine 

deposits on Rottnest Island give independent calibration of racemization reactions: a) 

Aminozone E with an A/I ratio of 0.33 (Hearty, 2003) to MIS5e at 123,500 ± 800 yrs 

(Stirling et al., 1995); b) Aminozone A1 with an A/I ratio of 0.131 (Hearty, 2003) to 

MIS1 at 5,930 ± 110 yrs (Playford, 1988); and c) Aminozone A2 with an A/I ratio of 

0.089 (Hearty, 2003) to MIS1 at 2,790 ± 90 yrs (Playford, 1988).  A plot of the A/I 

values from the calibration samples against the square root of time yields a straight line 

(Fig. 3.5a).  Deviation from linearity in a parabolic curve occurs when the reaction rate 

no longer follows parabolic kinetics (Mitterer & Kriausakul, 1989).  On the parabolic 

plot of Fig. 3.5a, the data are linear (R2=0.9918), indicating the racemization reaction in 

whole-rock samples for the Garden Island Ridge follows APK for this portion of the 

reaction range.  Accordingly, numeric ages are derived using the equation: 

 

t = [(A/I)s-(z) / mc]
2 

 

where t is the calculate age of an unknown sample in years,  (A/I)s is the A/I ratio in the 

sample of unknown age, z is the extrapolated A/I ratio at zero time and mc is the slope 

of the line obtained from a calibration sample (Mitterer & Kriausakul, 1989). 

 

The temperature dependence of the racemization reaction is well-documented in the 

literature (e.g. Mitterer, 1975, Kriausakul & Mitterer, 1978, Mitterer & Kriausakul, 

1989, Murray-Wallace & Kimber, 1989).  Unlike the uniform natural temperature aging 

of foraminifera from deep sea cores (Wehmiller & Hare 1971; King & Neville, 1977; 

Bada & Man, 1980), the aeolian deposits upon the Garden Island Ridge experience 

thermal fluctuations during their thermal history due to glacial-interglacial climatic 

oscillations.  The Garden Island Ridge during MIS2-4 experienced sea temperatures 4-

5ºC cooler than during interglacials MIS5 and MIS1 (Wells and Wells, 1994).  However, 

an accurate thermal history for the Garden Island Ridge is not easily determined and is 

not incorporated into the racemization reaction model (Fig. 3.5a).  Racemization 

reactions decrease with decreasing temperature (Wehmiller & Hare, 1971; Bada & Man, 

1980; Miller & Mangerud, 1985, Hearty & Dai Pra, 1992), therefore the calibrated age 

of Aminozones C and E are actually significantly underestimated by the APK model 

(Hearty, 2003; Fig. 3.5a), whereas the average age of Aminozone A is significantly 
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overestimated (Fig. 3.5a).  Variation in the rate of isoleucine epimerization during the 

depositional history of the aeolian deposits of the Garden Island Ridge can be 

compensated for by recalibrating the APK model for each aminozone by using age 

information obtained by independent means.  Ages of aminozones from the Garden 

Island Ridge are estimated (Table 3.3) from the calibration samples and the relevant 

APK equation (Figs 3.5 and 3.6). 

Fig. 3.5 Extent of isoleucine epimerization (A/I) measured in whole-rock samples from Garden Island 

Ridge, using the apparent parabolic kinetic (APK) model described by Mitterer & Kriausakul (1989).  

The APK equation is calibrated using a combination of the three independently dated marine deposits on 

Rottnest Island and their associated A/I ratios (see text).  Rearrangement of the APK equation gives t (the 

calculated age of the unknown sample in years).  (A) The APK rate is calibrated using marine deposits 

from Aminozones E, A1 and A2. Numeric ages are derived from the equation t=[(A/I)s-

(+0.0593)/0.0008]2.  (B) The APK rate is calibrated using the marine deposit from Aminozone E and the 

A/I ratio at zero time = 0.  Numeric ages are derived from the equation t=[(A/I)s-(0)/0.0009]2. (C) The 

APK rate is calibrated using marine deposits from Aminozones A1 and A2.  Numeric ages are derived 

from the equation t=[(A/I)s-(-0.0027)/0.0017]2.   
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Table 3.3 Average whole-rock A/I ratios for each aminozone on the Garden Island Ridge (see Fig. 3.4) 

and their age estimates based on the most appropriate APK model as discussed in the text and shown in 

Figs 3.5 and 3.6.  a = ages of MIS from Waelbroeck et al., (2002), b = age from APK model represented 

in Fig. 3.5c, c = age from APK model represented in Fig. 3.6b, d = age from APK model represented in 

Fig. 3.6a and e = age from APK model represented in Fig. 3.5b.   

Amino- 
zone  

Range of 
mean A/I 

ratios 

Average of mean A/I 
ratios 

APK calibrated age 
(yrs BP) 

Correlated 
MIS 

MIS agea 
(103 yrs 

BP) 
A 0.089-0.145 0.123 ± 0.019 (13) 5467 b MIS1 0-13 
C 0.16-0.276 0.208 ± 0.028 (55) 74786 c or 77942 d MIS5a 75-84 
E 0.238-0.371 0.294 ± 0.045 (16) 106711 e MIS5d 105-114 

 
 

 

Aminozone E 

An APK model calibrated to the independently dated sample representing Aminozone E 

(Fig. 3.5b) is used to compensate for age underestimation of Aminozone E shown in Fig. 

3.5a.  This adjustment produces an age of 106,711 yrs for the average of Aminozone E 

(0.294 ± 0.045 (n=16); Fig. 3.4), suggesting that it represents MIS5d dated at 105,000-

114,000 yrs BP by Waelbroeck, et al. (2002) (Table 3.3).  The age of the Aminozone E 

average can be further refined by the association of submode E2 (0.335), to the 

independently dated calibrated marine deposit, the Rottnest Limestone (Fig. 3.4), which 

has an A/I ratio of 0.33 (Hearty, 2003) and was emplaced during the actual sea-level 

highstand of MIS5e (Playford, 1988, 1997).  This association suggests the submode E2 

represents dune formation during the transgressive and/or regressive phases of MIS5e 

whereas the submode E3 (0.259) represents dune formation after the actual highstand of 

MIS5e (i.e. MIS5e-MIS5c). 

 

Aminozone C 

The lack of samples for calibration and the uncertainties in the response of the 

epimerization reaction to changes in thermal history preclude the precise dating of 

Aminozone C.  Even so, the age of the Aminozone C average (0.208 ± 0.028 (n=55); 

Fig. 3.4) is significantly underestimated by the APK model (Hearty, 2003; Fig. 3.5a).  

Hearty (2003) addressed this problem for Rottnest Island by matching the kinetic 

behaviour of epimerization in whole-rock carbonate aeolianite samples as determined 

for Bermuda samples to those from Rottnest Island.  He showed that the mean whole-

rock ratios from Bermuda (Hearty et al., 1992; Hearty, 2002) were statistically identical 
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to those from Rottnest Island, revealing a nearly identical epimerization history.  By the 

direct comparison of the Rottnest Island A/I results with the Bermudan kinetic model, 

Aminozone C of Rottnest Island was assigned to MIS5c/5a (Hearty et al., 1992; Hearty 

2002) dated at 75,000-105,000 yrs BP by Waelbroeck, et al., 2002.  This assumption is 

employed in the APK model presented in Figure 3.6a.     

 

Fig. 3.6 Extent of isoleucine epimerization (A/I) measured in whole-rock samples from Bermuda (Hearty 

et al., 1992) and the Garden Island Ridge, using the apparent parabolic kinetic (APK) model described by 

Mitterer & Kriausakul (1989).  The APK equation is calibrated using a combination of independently 

dated marine deposits on Bermuda and Rottnest Island along with their associated A/I ratio: Bermuda   

Aminozone E A/I ratio of 0.30 (Hearty et al., 1992) dated to MIS5e at 125,000 ± 4000 yrs (Harmon et al., 

1983); Bermuda Aminozone C A/I ratio of 0.23 (Hearty et al., 1992) dated to MIS5a at 85,000 ± 6000 yrs 

(Harmon et al., 1983); and Rottnest Island Aminozone E A/I ratio of 0.33 (Hearty, 2003) dated to MIS5e 

at 123,500 ± 800 yrs (Stirling et al., 1995).  Rearrangement of the APK equation gives t (the calculated 

age of the unknown sample in years).  (A) The APK rate of Bermuda is calibrated using marine deposits 

from Aminozones E and C from Bermuda.  Numeric ages are derived from the equation t=[(A/I)s-(-

0.0991)/0.0011]2.  (B) The APK rate of the Garden Island Ridge is calibrated using marine deposits from 

Aminozone C from Bermuda and Aminozone E from Rottnest Island.  Numeric ages are derived from the 

equation t=[(A/I)s-(-0.2569)/0.0017]2. 

 

 

Absolute-dated samples combined with the relevant APK equation (Fig. 3.6a) show that 

the Aminozone C average of the Garden Island Ridge has an age of 77,942 yrs and falls 

into MIS5a (75,000-84,000 yrs BP after Waelbroeck, et al. (2002)) (Table 3.3).  

Alternatively, another APK model can be calibrated to the independently dated samples 

of Aminozone C from Bermuda and Aminozone E from Rottnest Island (Fig. 3.6b).  
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The resulting age of the Aminozone C average of the Garden Island Ridge would then 

be 74,786 yrs (Table 3.3), which is very similar to the above result.  Both approaches 

correlate the Aminozone C average of the Garden Island Ridge to MIS5a by using the 

independent calibration of Aminozone C from the statistically similar epimerization 

history of Bermuda (Hearty et al., 1992; Hearty, 2002).  The age of Aminozone C can 

be further refined by the close correspondence of the average A/I value of Aminozone C 

(0.208) with the A/I value of submode C2 (0.212; Fig. 3.4).  This close correspondence 

suggests the submode C2 represents dune formation during the regressive phase of 

MIS5a and preceding and subsequent phases of dune formation are represented by 

submodes C1 and C3 respectively. 

 

Aminozone A 

The age overestimation of Aminozone A in Fig. 3.5a can be corrected by an APK model 

that includes the two absolute-dated samples from Aminozone A (Fig. 3.5c).  The 

average for Aminozone A (0.123 ± 0.019 (n=13); Fig. 3.4) is assigned an age of 

5,467 yrs (Table 3.3) and is within MIS1 dated at 0-13,000 yrs BP (Waelbroeck, et al., 

2002).  Aminozone A can be further refined by the association of the two distinct 

submodes A1 (0.132) and A2 (0.092) with the two absolute-dated marine deposits (the 

Vincent and Baghdad Members of the Hershell Limestone; Fig. 3.4), which have A/I 

ratios of 0.131 and 0.089 (Hearty, 2003) and were emplaced during two separate sea-

level highstands within MIS1 (Playford, 1988, 1997).  This association suggests the A1 

and A2 submodes represents dune formation during two separate sea-level highstands 

within MIS1, radiocarbon dated to 5,930 ± 110 yrs and 2,790 ± 90 yrs (Playford, 1988).  

The scarcity of aeolian deposits with A/I ratios of Aminozone A suggests that the 

deposits of this aminozone are uncommon on Garden Island Ridge.   

 

Epimerization history 

The epimerization history for carbonate aeolianite from Western Australia may be 

reconstructed for the past 125,000 years (Fig. 3.7) from the average aminozone values 

and corresponding age estimates as well as the marine samples used for calibration in 

the APK models (Figs 3.5 and 3.6).  The extent of racemization is in accord with the 

non-linear nature of racemization kinetics.  Accordingly, the data shows an initial rapid 

racemisation phase (Phase I), followed by a slow rate (≤ 10 times) of racemization 

(Phase II).  Phase II is subsequently followed by an increased rate of racemization 
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Fig. 3.7 A/I kinetic pathways of samples from Lord Howe Island (open squares) and those from Garden 

Island Ridge (solid circles).  The A/I kinetic pathway of the Garden Island Ridge is obtained from the 

average A/I ratios of aminozones A, C and E with their APK calibrated ages (Table 3.3) and the three 

independently dated marine samples used in the APK models of Fig. 3.5 and 3.6 (total n=6).  The A/I 

kinetic pathway of Lord Howe Island is based on A/I ratios of six samples of beach or dune sediment with 
14C, TL or 234U/230Th ages from Brooke et al., 2003.  Age uncertainties associated with the samples 

(Playford, 1988; Stirling et al., 1995; Brooke et al., 2003) are indicated.  A higher degree of racemization 

is evident for aeolianite samples from Lord Howe Island compared to those from the Garden Island Ridge 

and is associated with a warmer CMAT on Lord Howe Island.  Despite this, both pathways show similar 

patterns of epimerization kinetics though the last 125,000 yrs, which indicates the dependence of 

racemization reactions on thermal fluctuations through geological time (i.e. glacial to interglacial 

oscillations). 

 

 

(Phase III).  The changes in the rate of racemization beyond normal kinetics of 

isoleucine epimerization reflect the thermal fluctuations experienced by the Garden 

Island Ridge (described in Wells & Wells (1994)) during its depositional history.  

Warm climatic conditions during Phase I (roughly Holocene) and Phase III (roughly 

MIS5) increased the epimerization rates, while the colder climatic conditions 

experienced during Phase II (roughly MIS2-MIS4) decreased the epimerization rate.  

The kinetic behaviour of racemization for the Garden Island Ridge whole-rock 

aeolianite samples is very similar to the general trend in whole-rock beach and dune 
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samples from the Lord Howe Island (Brooke et al., 2003) (Fig. 3.7).  Although a higher 

degree of racemization is evident in the samples from Lord Howe Island, the similar 

kinetic behaviour highlights the temperature-dependence of racemization reactions 

through geological time and the overall integrity of the whole-rock aeolianite samples in 

retaining amino acids for lengthy periods. 

 

Timing of dune formation  

The Rottnest Shelf has a distally steepened ramp-like morphology (Fig. 3.1) that is a 

combination of the traditional depositional system profiles of steep-rimmed platforms 

and ramps described by Abegg et al. (2001) for Quaternary aeolianite deposition.  In 

this setting, sea levels higher than the 50 m isobath are required to generate abundant 

carbonate sediment, the major source of carbonate aeolianites.  To a depth of 50 m 

below present sea level the Perth shelf acts as a ramp.  However during sea levels below 

the 50 m isobath, the shelf acts as a steep-rimmed platform, because the sea level has 

dropped below the platform edge and terminated the beach source for carbonate aeolian 

deposition.  The ages obtained from calibrated AAR data show that the carbonate dune 

deposits of the Garden Island Ridge formed during interglacial periods MIS5 

(aminozones C and E) and MIS1 (Aminozone A).  The sea levels experienced during 

interglacial highstands MIS5 and MIS1 were sufficiently high (i.e. higher than 50 m 

isobath) to flood the Rottnest Shelf, providing a carbonate source for the generation of 

carbonate dunes (Fig. 3.8). 

 

Carbonate aeolianites have the potential to form during both the transgressive and 

regressive phases of an interglacial highstand (Abegg et al., 2001).  The occurrence of 

A/I ratios within Aminozone E on either side of the absolute-dated Rottnest Limestone 

emplaced during the actual highstand of MIS5e (Fig. 3.4) suggests that the carbonate 

aeolian deposits were in fact emplaced during both the transgressive and regressive 

phases of MIS5e (Fig. 3.8).  However, more submodes of Aminozones C and E are 

correlated to the regressive phase of MIS5 (i.e. MIS5d to MIS5a; submodes C1, C2, C3, 

E1 and potentially a portion of submode E2) than the transgressive phase of MIS5 

(submode E2 or potentially a portion of submode E2).  This is correlated to the fact that 

more time was available for sediment production and deposition on the shelf during the 

regressive phase of MIS5, compared to the transgressive phase of MIS5 (i.e. MIS6 to 

MIS5e), easily seen in the un-symmetrical nature of the glacio-eustatic sea-level curve  
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Fig. 3.8 Timing of aeolianite and marine limestone formation relative to Marine Isotope Stages (MIS) and 

the composite relative sea-level (RSL) curve of Waelbroeck et al. (2002). The age estimates of average 

whole-rock ratios for each aminozone (Table 3.3) are also shown.  The global sea level during the last 

glacial period (~125,000 yrs ago) peaked 5.5 to 9 m above present sea level, although substantial 

variability is observed for peak sea level at geographically diverse sites (Dutton & Lambeck, 2012).  In 

Western Australia, a eustatic (or global) sea level of +5.5 m during MIS5e has been determined by Dutton 

& Lambeck (2012).   The +2.5 m MSL recorded in the Perth region during the Holocene around 6,500 yrs 

BP (Searle et al., 1988; Playford, 1988; 1997) most likely reflects glacio-hydro-isostatic processes (as 

suggested by Searle & Woods, 1986).  These process have caused local or relative sea level observations 

to depart significantly during the Holocene (Milne & Mitrovica, 2008) and MIS5 (Dutton & Lambeck, 

2012). 

 

 

(Fig. 3.8; Waelbroeck et al., 2002).  Carbonate aeolianites from the Coorong region of 

South Australia (Belperio, 1995; Belperio et al., 1996; Murray-Wallace et al., 1998) and 

the Bahamas (Carew & Mylorie, 1995; Carew and Mylorie, 1997) were also deposited 
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during both the regressive and transgressive phases of MIS5, with the carbonate 

aeolianites deposited during the regressive phase at these locations also more abundant 

than their transgressive phase partners.  By contrast, only regressive phase calcareous 

dunes were constructed at Arch Rock along the southern Victorian coastline (Gardner et 

al., 2006), probably because the dunes that formed there during sea level rise could not 

be blown far enough inland to avoid submergence. The pattern of sea-level change and 

the depositional system profile ultimately controls the amount and composition of the 

sediment available for aeolian deposition and the timing of dune formation. 

 

The mobility of the carbonate dunes and the timing of cementation, which dictates the 

preservation potential of the carbonate aeolianite, are influenced by climate (Abegg et 

al., 2001).  The youngest carbonate aeolianites associated with a sea-level highstand on 

the Garden Island Ridge are those deposited during MIS 1 at ~2,700 yrs.  The rapid 

cementation of the carbonate dunes impeded long aeolian migration distances, 

restricting the deposition of the carbonate dunes to a zone immediately adjacent to the 

palaeoshoreline.  The main carbonate dune construction phases on the Garden Island 

Ridge occurred during periods of rapid sea level change throughout MIS5 (Fig. 3.8), 

when sea level was less than the 50 m isobath and the palaeoshoreline was 0-25 km 

seaward of its present position (Fig. 3.1).  The relatively rapid cementation of the 

carbonate aeolianites restricted the distance of dune migration and the carbonate dunes 

of the Garden Island Ridge would not have migrated more than 15 km from the 

palaeoshoreline.  Carbonate sands deposited in aeolianites in southern Victoria 

experienced migration distances of 3-12 km from the palaeoshoreline during MIS5-4 

(Gardner et al., 2006).  The dune sediments in the Garden Island Ridge would have 

been deposited regionally in a broad strip close to the palaeoshoreline, with dune 

formation tracking sea level as it rose and fell across the depositional system profile.  

The palaeoshoreline at the time of deposition of the carbonate aeolianites was 0.05-1 km 

(MIS1), <1-4 km (MIS5a) and 0.05-15 km (MIS5e/5d) seaward of its present position, 

when the sea level was -10 to +2.4 m, -50 to -20 m and -40 to -1 m, respectively. 

 

Thus, a very sensitive relationship between the pattern of sea-level change, climate and 

the distally steepened ramp-like setting of the Rottnest Shelf (i.e. depositional system 

profile) controlled the sediment production, mobilization, deposition and preservation 

on the Garden Island Ridge.  Carbonate aeolianite on the Garden Island Ridge appears 
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most similar to successions which record dune emplacement during predominately 

interglacial high sea levels, rather than the ‘continental’ successions of coastal deposits 

that have been reworked during glacial low sea levels.  The chronological data suggest 

carbonate aeolianite on the Garden Island Ridge preserves a record of global sea-level 

highstands, albeit in a somewhat complex stacked and lateral succession.  This is similar 

to the tectonically stable southern Cape coast in south Africa of Bateman et al. (2004).  

These extensive coastal ridges comprise vertically stacked dune units deposited during a 

number of interglacials.     

 

Comparison of AAR and TL dating 

The AAR dates of the carbonate aeolianites of the Garden Island Ridge are significantly 

different from the TL dates of carbonate aeolianite from Penguin Island, Point Peron 

and Rottnest Island derived by Price et al. (2001) (Table 3.4).  However, the two 

techniques date different elements of dune formation.  The TL method establishes the 

timing of quartz buried in the dune, while the AAR method determines the age of the 

biogenic carbonates.  As most of the TL ages are significantly younger than the AAR 

ages (Table 3.4), the discrepancies in ages could simply represent significant age offset 

between the age of the biogenic carbonate sediment (as dated by AAR) and its 

incorporation into coastal dune deposits (as dated by TL).  However, the youngest AAR 

age estimates for aeolianite samples of the Garden Island Ridge obtained in this study, 

allow the interpretation that <2,200 yrs is required from carbonate sediment production 

to its incorporation into a dune.  Therefore the discrepancies between the TL and AAR 

ages, which range from 26,000 to 74,000 years (Table 3.4), are too large to be 

considered representative of age offset. 

 

The significant difference between TL dates and AAR dates may derive from factors 

affecting the numerical TL age.  Price et al. (2001, p. 843) acknowledged in their study 

that one sample W2632 of Table 3.4 “exhibited poor TL characteristics” and yielded an 

anomalous result with an older age estimate than dated samples below it.  Individual 

quartz grains from different sources, even though they may be well bleached, can have 

widely different specific sensitivities that can affect the TL age (Han et al., 1997; Duller 

et al., 2000; McCoy et al., 2000; Li, 2001).  The quartz grains within the carbonate 

aeolianites dated by TL (Price et al., 2001) are ultimately sourced from the Archaean 

magmatic and migmatitic granite terrains of the Yilgarn Block (Playford et al., 1976) to 
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the west of the Perth Basin.  Variable sources of quartz grains from within the Yilgarn 

Block and complex recycling histories may account for the poor TL characteristics and 

the anomalous results.  Also, the small amounts of quartz in the carbonate aeolianites 

(on average <5%) would have caused problems in acquiring sufficient quantities of 

quartz grains for TL dating. 

 

Table 3.4 Comparison of TL, AAR and U-series dating of carbonate aeolianite and/or marine deposit 

samples from the Garden Island Ridge.  The samples reported on by Price et al. (2001) are not accurately 

positioned within the stratigraphy of the Tamala Limestone.  Therefore the correlation with dated AAR 

and U-series samples is indicative rather than precise.  Price et al. (2001) dated two samples from the 

Rottnest Limestone at Fairbridge Bluff (^).  Sample W2632 (*) collected 1.5 m stratigraphically above 

W2631 but was considered to have “poor TL characteristics” by Price et al. (2001, p.843). Sample 

W2371 (#) was taken 3 m stratigraphically above W2370.  Ages of MIS are from Waelbroeck et al., 

(2002).   

TL dating  
(Price et al., 2001) 

AAR dating U-series dating 
(Stirling et al., 1995) 

Sample 

Location TL age (103 yrs BP) 
(sample number) 

MIS (103 yrs BP) AAR age  
MIS (103 yrs BP) 

U-series age  
(103 yrs BP) (MIS) 

Rottnest Island:     

Southpoint 19±3 (W2633) MIS2 (13-26) MIS5a (75-87)  

Fairbridge 

Bluff 

132±18 (W2630)^ 

105±17 (W2631)^ 

170±22 (W2632)* 

MIS5e (116-135) 

MIS5c (94-106) 

MIS6 (135-188) 

 

 

MIS5a (75-87) 

123.5±0.8 (MIS5e) 

123.5±0.8 (MIS5e) 

Bathurst Point 67±9 (W2370) 

20±2 (W2371)# 

MIS4 (62-75) 

MIS2 (13-26) 

MIS5e (116-135) 

MIS5a (75-87) 

 

The Basin 34±3 (W2369) MIS3 (26-62) MIS5a (75-87)  

Cape Peron 78±5 (W2612) MIS5a (75-87) MIS5d (105-116)  

Penguin Island 90±4 (W2613) MIS5b (87-94) MIS5d (105-116)  

 

 

Uncertainty in the environmental dose rate, over the burial period of the TL samples, 

can affect the internal dose estimate and ultimately the numerical TL age (Sherwood et 

al., 1994; Richardson, 2001; Vogel et al., 1999, 2002).  Age underestimation of the 

majority of aeolianite samples by TL dating determined by Price et al. (2001) implies 

that the modern environmental dose rate is higher than the long-term average.  On 

geological time scales, uncertainty in the environmental dose rate can result from 

changes in the mobility of radioactive elements (Olley et al., 1997), the amount of water 

(Mercier et al., 1995), carbonate precipitation and/or removal of fine grains by 
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percolating ground water (Vogel et al., 1999, 2002).  A higher modern environmental 

dose rate than the long-term average can be attributed to the uptake of uranium from 

percolating ground water or sea-spray.  Severe radioactive disequilibrium and high 

variability has been shown to have affected the TL dating of carbonate aeolianite in 

southwest Victoria (Sherwood et al., 1994) and South Africa (Vogel et al., 1999; Vogel 

et al., 2002).  Therefore uncertainty in the environmental dose rate, over the burial 

period of the TL samples, provides an alternative explanation to the discrepancies 

between TL and AAR dating on the Garden Island Ridge. 

 

 

CONCLUSIONS 

(1) New amino acid (A/I) ratios from Garden Island Ridge whole-rock samples fall 

into three distinct clusters or aminozones (aminozones E, C and A) and provide A/I 

ratios for islands upon the Garden Island Ridge not sampled before.  A combination 

dataset of new A/I ratios and those of Hearty (2003) give a more representative 

portrayal of the aminozones of the entire Garden Island Ridge – specifically redefined 

aminozones A, C and E (average A/I values of 0.123, 0.208 and 0.294 respectively).   

(2) The extent of isoleucine racemization in skeletal carbonate sediments conform to 

a model of APK, similar to previous AAR studies in the area (Murray-Wallace & 

Kimber, 1989; Hearty, 2003).  However, fluctuations experienced by the Garden Island 

Ridge during its thermal history (Wells & Wells, 1994) effected the epimerization 

history for whole-rock carbonate aeolianite samples.  The temperature-dependence of 

the racemization reaction during the depositional history of the aeolian deposits required 

calibration of the APK model against dating results from independent methods for each 

aminozone.   

(3)   The APK models, as calibrated to absolute-dated marine samples from Rottnest 

Island (Stirling et al., 1995; Playford, 1988) show that: a) the average of Aminozone E 

is correlated to MIS5d; and b) the average of Aminozone A is correlated to MIS1. 

(4) The precise dating of Aminozone C is less certain due to the lack of absolute-

dated samples for calibration, resulting in constrained uncertainties in the response of 

the epimerization reaction to changes in thermal history.  Comparison of analytical 

results for Aminozone C with the Bermudan kinetic model of Hearty et al. (1992) and 

Hearty (2002) suggests that this aminozone represents dune formation during MIS5a. 
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(5) The association of aminozone submodes to absolute-dated marine samples from 

Rottnest Island (Stirling et al., 1995; Playford, 1988) or average Aminozone values 

suggest that: a) E2 submode of Aminozone E represents dune formation during the 

transgressive and/or regressive phases of MIS5e; b) E3 submode of Aminozone E 

represents dune formation after the actual highstand of MIS5e (i.e. MIS5e-5c); c) C2 

submode of Aminozone C represents dune formation during the regressive phase of 

MIS5a; d) C1 and C3 submodes of Aminozone C represent the preceding and 

subsequent phases of dune formation around/during the regressive phase of MIS5a (i.e. 

MIS5a-MIS4); and e) A1 and A2 submodes of Aminozone A represent dune formation 

during two separate sea-level highstands within MIS1, radiocarbon dated to 5,930 ± 110 

yrs and 2,790 ± 90 yrs (Playford, 1988).   

 (6) The depositional system profile of the Rottnest Shelf and the AAR dates of 

aeolian samples indicate that the formation of dunes of the Garden Island Ridge were 

linked to stands of sea levels higher than the present 50 m isobath.  The very sensitive 

relationship between climate, depositional system profile and the pattern of sea-level 

change controlled sediment production, mobilization, deposition and preservation.  The 

ages assigned to Aminozones E and C suggest that the majority of dunes formed and 

preserved on the Garden Island Ridge are from the regressive phase of MIS5 (i.e. 

MIS5e to MIS5a) rather than during the transgression to MIS5e.  A sea level higher 

than at least the 40 m isobath would be required to generate carbonate sediment and 

mobilise the carbonate sediment into its preserved location during the MIS5e/5d and 

MIS5a dune depositional events.  AAR dating refines the palaeo-sea level during the 

MIS1 dune depositional episode to a sea level higher than at least the 10 m isobath.   

(7) The combined whole-rock A/I dataset has constrained the age of dune forming 

events for the entire Garden Island Ridge to interglacial highstands MIS5 and MIS1 – 

more specifically during MIS5e/d, MIS5a and MIS1.  Age control provided by this data 

set has provided a robust chronological framework that can be integrated with 

sedimentology and stratigraphy studies. 
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CHAPTER 4 

 
 

Sedimentary attributes, stratigraphic packaging and depositional history of the aeolian 
system represented by the Garden Island Ridge, southwest Western Australia 

 

INTRODUCTION 

Carbonate aeolianites emplaced during the Pleistocene-Holocene form distinctive 

coastal landforms on many mid-latitude continents and islands (Brooke, 2001).  Placing 

carbonate aeolianites accurately within a sequence stratigraphic framework is important 

for understanding lithofacies distributions, determining the position of relative sea level 

and refining depositional models (Abegg et al., 2001).  However, deciphering the 

complex pattern of facies present and determining the timing of events that have lead to 

the existence of the carbonate rocks preserved today is not easy.  Generally the various 

units are complexly interwoven and commonly do not occur in demonstratable vertical 

relationship to one another.  Accurate mapping is a complex task generally due to the 

lack of outcrop continuity, complexities of palaeosol development and interpretation, 

onlap and overlap of deposits formed during different episodes, overall similarities of 

the aeolianites and the lack of mineralogical components amenable to radiometric (U/Th, 
14C) and luminescence (TL, OSL) dating (Carew and Mylroie, 1995; Vacher et al., 1995; 

Abegg et al., 2001; Loope and Abegg, 2001).  The stratigraphic nature of carbonate 

aeolianites has shown that classic lithostratigraphic approaches are difficult to apply and 

that a holistic approach should be taken – that is that an accurate representation of 

stratigraphy can only be obtained with very detailed field study and the careful study of 

stratigraphic, paleontologic, petrologic and chronologic information (Carew and 

Mylroie, 1995; Vacher et al., 1995; Abegg et al., 2001; Loope and Abegg, 2001).   

 

The well-studied aeolianite islands of Bermuda and the Bahamas record varied and 

well-exposed rock records of all carbonate sequences of shallow subtidal, beach and 

aeolian dune deposits.  The stratigraphic columns for these locations have been 

determined from over 80 years of research and are based on composites of partial 

sections at several localities (Bermuda summary see Vacher et al. (1995); the Bahamas 

summary see Carew and Mylroie (1995)).  Successive units are not island-wide tabular 

layers but are instead discontinuous, irregularly shaped sediment bodies with 
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considerable depositional relief.  It is often very difficult to determine the correct 

stratigraphic position of individual outcrops and appropriate stratigraphic assignment of 

outcrops cannot be reliably determined in some instances (Carew and Mylroie, 2001; 

Vacher et al., 1995).  A variety of geochronologic analyses have been used to refine and 

define parts of stratigraphies at locations with varying success (e.g. Bahamas: AAR 

dating of Cerion land snails (Carew et al., 1984; Mirecki & Carew, 1997) and 

radiometric dating of deposits (Carew & Mylroie, 1987; Curren et al., 1989; Chen et al., 

1991).  Alternative interpretations to aeolianite stratigraphy can arise, like that of 

Bahamian aeolianites where two groups of workers, Carew and Mylroie (1995, 1997) 

and Hearty and Kindler (1993, 1995; Kindler and Hearty, 1995, 1996), took slightly 

different approaches.  Despite excellent exposures and a well established sea-level curve, 

the deposition and diagenesis of carbonate aeolianite in a sequence-stratigraphic context 

on Bermuda and the Bahamas remains contentious.  However, the understanding gained 

about the precise timing of carbonate aeolianites and details about the sequence of 

deposition is invaluable.   

 

The Garden Island Ridge is a bathymetric high located approximately 10 km offshore of 

Perth on the continental shelf of Western Australia (Fig. 4.1).  Rising above modern sea 

level from depths of 20 m off the continental shelf, the Garden Island Ridge is one of 

three parallel ridges of Tamala Limestone that runs approximately north-south in the 

Perth area (Fig. 4.1).  Marked by a discontinuous chain of shallow modern reefs, islands 

and the Cape Peron headland, the Garden Island Ridge is composed of Tamala 

Limestone that is overlain by a veneer of unconsolidated Holocene deposits.  The 

Tamala Limestone is composed predominantly of aeolian deposits with minor palaeosol 

and marine deposits (Playford et al., 1976).   

 

A number of site-specific geological studies have been carried out on particular sites 

upon the Garden Island Ridge, principally on Rottnest Island (Teichert, 1947a, 1947b, 

1950; Playford, 1977, 1988, 1997), Penguin Island (Playford, 1950) and Cape Peron 

(Fairbridge, 1950) (Fig. 4.2).  Within these studies, brief descriptions of the aeolian 

deposits documented relationships with calcrete horizons, palaeosols and dated marine 

members (Fig. 4.2).  Due largely to the laterally discontinuous nature of the aeolianite 

outcrops and the lack of distinctive markers, these studies were only partly successful in 

unravelling the precise chronology of the aeolian deposits.  Given that carbonate           
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Fig. 4.1 Location map showing the bathymetry of the Garden Island Ridge and Five Fathom Bank within 

the Perth Basin of Western Australia.  The surface extent of the Tamala Limestone is shown in purple.  

Study sites are located upon the Garden Island Ridge at Rottnest Island, Carnac Island, Garden Island, 

Cape Peron and Penguin Island.  Beach samples from mainland Perth (circles) were acquired at Warnbro 

Beach (site code PWB) and Scarborough Beach (site code PSCB).  The bathymetry was modified from 

the Fremantle and Yanchep National Bathymetric Map Series.  The province boundaries are from the 

Australian Geological Provinces Database (www.ga.gov.au/provexplorer), while the Swan and Scott 

Coastal Plains boundaries were modified from Playford et al. (1976).    
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aeolianites are not amenable to direct dating through radiometric techniques (e.g. U/Th, 
14C), efforts to constrain the depositional history of the Garden Island Ridge through TL 

dating showed only some success on Rottnest Island (Price et al., 2001).   Whole-rock 

AAR dating has provided calibrated age estimates of dune formation on Garden Island 

Ridge (Hearty, 2003; Chapter 3) and major episodes of dune formation have been 

attributed to interglacial highstands MIS5 and MIS1 – more specifically during 

MIS5e/5d, MIS5a and MIS1.  Despite the precise chronological framework of Hearty 

(2003), no close examination of the character of the carbonate aeolian pulses has yet 

been undertaken.   

 

The present study extends the research examining the chronostratigraphic framework 

for the Tamala Limestone on the Garden Island Ridge, more specifically the 

stratigraphic sequences developed at Cape Peron and Penguin, Garden, Carnac and 

Rottnest Islands.  In this study, the results of detailed field and laboratory investigations 

are reported and combined with geochronology data (Hearty, 2003; Chapter 3) and 

previous site-specific geological descriptions of locations upon the Garden Island Ridge 

(e.g. Teichert, 1947a, 1950; Fairbridge, 1950; Playford, 1950, 1977, 1988, 1997; Hearty, 

2003).  The principle research aims are: (1) the description and clarification of facies on 

the Garden Island Ridge; (2) the clarification of stratigraphic events upon the Garden 

Island Ridge; (3) the appraisal of the relationship of palaeoenvironment to dune 

formation and preservation; and (4) the assessment of spatial and temporal patterns of 

carbonate dune formation within the Garden Island Ridge. 

 

Previous geological work  

The predominately aeolian deposits upon the Garden Island Ridge were initially broadly 

grouped into the ‘Coastal Limestone’ or ‘Coastal Limestone Series’ by site-specific 

investigations on Rottnest Island (Teichert, 1947a, 1947b, 1950), Penguin Island 

(Playford, 1950) and Cape Peron (Fairbridge, 1950) (Fig. 4.2).  The partially-lithified 

aeolian deposits of the Perth Basin were later grouped into a single stratigraphic 

formation named the Tamala Limestone (Playford et al., 1976).  As summarised by 

Playford (1988, 1997) and Figure 4.2, Rottnest Island has been a focal point of 

geological studies over the past several decades.  Examination of the remainder of the 

Garden Island Ridge has been more limited but brief geological descriptions are 
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Fig. 4.2 Correlation of stratigraphic names and descriptions used in 

previous studies of the Quaternary succession on:  Rottnest Island 

by Teichert (1947a, 1947b, 1950), Playford (1977, 1988, 1997) and 

Hearty (2003); Penguin Island by Playford (1950); and Cape Peron 

by Fairbridge (1950).  *Beach-rock is also noted on Penguin Island 

by Semeniuk & Searle (1987). 
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available for Penguin Island (Playford, 1950) and Cape Peron (Fairbridge, 1950) (Fig. 

4.2).  Although large-scale aeolian cross-bedding is characteristic of the Tamala 

Limestone (Teichert, 1950; Playford et al., 1976), descriptions of the Tamala Limestone 

have always mentioned calcrete horizons, solution pipes, root structures and distinctive 

palaeosols (Fairbridge, 1950; Teichert 1950; Playford 1950, 1977, 1988, 1997; Hearty 

2003).  Despite this, the aeolian facies of the Tamala Limestone has not generally been 

adequately defined or studied in much detail in past general descriptions.  The 

development of the descriptions and nomenclature on Rottnest Island, along with the 

site-specific geological investigations on Penguin Island and Cape Peron are given in 

Figure 4.2. 

 

Formation events of carbonate aeolianite on Rottnest Island have been partly based 

upon stratigraphical relationships with two marine deposits, the Rottnest and Herschell 

Limestones.  The Rottnest Limestone overlies and underlies the aeolian deposits of the 

Tamala Limestone and consists of non-coralline, fossiliferous marine strata 

interfingered with the only in situ coral heads on Rottnest Island, which are 2.0-2.5 m 

above present low-water level (Teichert, 1947a, 1947b; 1950; Fairbridge, 1953; Hassell 

and Kneebone, 1960; Playford, 1977, 1988, 1997).  The coral-reef facies has been dated 

by U/Th methods and is attributed to the actual highstand of interglacial MIS5e when 

sea level must have been at least 3.2 m higher relative to present sea level on Rottnest 

Island and may have been 5 m higher than it is today (Playford, 1988, 1997).  The 

Herschell Limestone is exposed around the margins of the salt lakes on Rottnest Island 

and consists of shell beds with intercalated lime sand and marl that are divided into two 

members, the lower Vincent Member and the upper Baghdad Member (Teichert, 1950; 

Kendrick, 1977; Playford, 1977, 1988, 1997).  Radiocarbon dating indicates that the two 

members have distinct ages: the Vincent Member is 4,800 to 5,900 years old; and the 

Baghdad Member is 2,200 to 3,100 years old (Playford, 1988).  The two members of the 

Herschell Limestone are considered to have formed during two separate sea-level 

highstands of MIS1 (Playford, 1988, 1997). Further geological descriptions and 

background to these two marine units can be found in Chapter 2.   

 

Holocene deposits that overlie the Tamala Limestone have been noted on the Garden 

Island Ridge (Fig. 4.2) and include unconsolidated beach and dune sand on the Garden 

Island Ridge (Fairbridge, 1950; Teichert, 1950; Playford 1950, 1977, 1988, 1997), 
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swamp (Hassell & Kneebone 1960; Backhouse 1993) and salt-lake deposits (Hassell & 

Kneebone 1960; Playford 1977, 1988, 1997; Edward 1983) on Rottnest Island and 

beach-rock on Penguin Island (Playford, 1950; Semeniuk & Searle, 1987) and Cape 

Peron (Fairbridge, 1950).  Unconsolidated dunes on the Garden Island Ridge tend to be 

fixed by low scrub and are being gradually cemented from percolating water, as 

described on Rottnest Island (Playford, 1988, 1997).  As a result, a gradual transition 

exists between unconsolidated dunes and the underlying partially-lithified dunes of the 

Tamala Limestone (Playford, 1988, 1997).   

 

APPROACH AND METHODS  

Field studies  

Seventy-seven stratigraphic profiles were measured for the Garden Island Ridge, 28 

from coastal cliff exposures and 49 from road cuttings or sporadic hinterland exposures 

(Fig. 4.3 and Fig. 4.4).  Many coastal cliff locations were selected as profile sites due to 

the quality of outcrop that reveals important elements of sedimentary packing and have 

been favoured for AAR geochronology (i.e. sampling and analysis).  Both of these 

attributes facilitate stratigraphic interpretation.  Field studies embraced lithological 

descriptions and facies interpretation, definition of key surfaces, measurement of 

stratigraphic profiles as well as sample collection for petrographic description and/or 

AAR dating (reported in Chapter 3).  Samples were taken from a vertical depth of at 

least 80 cm into exposures and from the central portion of aeolian sets, preferably from 

the slip face of dune deposits (Table 4.1).  These protocols were adapted to minimise 

the influence of: a) dune form on sedimentological properties; b) surficial weathering 

and/or insolational heating perturbing AAR values; and c) past climatic effects related 

to palaeosurfaces, represented by set-bounding disconformities, influencing AAR 

values.   

 
Sedimentological properties 

Air-dried samples of aeolianite were sub-sampled for particle size, calcium carbonate-

insoluble and compositional analysis.  In some cases, a fourth sub-sample was taken for 

the AAR dating (Chapter 3).  The first sub-sample was gently disaggregated using a 

mortar and pestle and subsequently passed through nested sieve sets using a mechanical 

sieve shaker run for 15 minutes.    The mesh of the sieves was graduated at 1Ø intervals 
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Fig. 4.3 Location map showing the profile locations on Carnac Island, Garden Island, Cape Peron and 

Penguin Island of the Garden Island Ridge.  The site codes correspond with the site names, which use 

abbreviations of: CI=Carnac Island; CP=Cape Peron; GI=Garden Island; and PI=Penguin Island. 

 

 

 

 

 

Fig. 4.4 An updated geological map of Rottnest Island (original map from Playford, 1988) that 

differentiates the chronostratigraphic units of Rottnest Island defined in the study and exhibits the profile 

locations (cross lines) and beach samples (circles) used in the study.  The profile and beach sample sites 

are identified by capital letters, with the addition of the prefix ‘R’.  The site codes correspond with site 

names, which use abbreviations of: RI = Rottnest Island. 
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Table 4.1   Sample location (P = Profile) and associated time period of deposition for the aeolianites from 

the Garden Island Ridge (n=80), organized in chronostratigraphic order by site.  Aminozone data and 

associated time period are inferred from analysis of a combined AAR dataset from Chapter 3, within 

which new aminozone data is represented in bold and aminozone data from Hearty’s (2003) study is 

represented in italics.  Samples with no accompanying aminozone data are inferred a time period from 

stratigraphical association with either an AAR sample or a stratigraphic boundary. * indicate aeolianite 

samples with sub-horizontal to medium angle bedding (i.e. <24º). 

Sample 
Number 

Location in 
Fig. 4.3 or 4.4 

Amino-
zone 

Time 
Period 

Sample 
Number 

Location in  
Fig. 4.3 or 4.4 

Amino-
zone 

Time 
Period 

RHLS1 P1 RHLS A2 MIS1 A2 RMC5a P1 RMC C2 MIS5a 
RRH1 P1 RRH A1 MIS1 A1 RHLN1d P4 RHLN C2 MIS5a 
RGBS1 P1 RGBS A1 MIS1 A1 RHLN1c P3 RHLN  MIS5a 
RRB1 P1 RRB A1 MIS1 A1 RHLN1b P2 RHLN  MIS5a 
RCP5* P1 RCP A1 MIS1 A1 RHLN1a P1 RHLN  MIS5a 
RCP3 P1 RCP C3 MIS5a RLAE5 P1 RLAE C2 MIS5a 
RCP1b P1 RCP C2 MIS5a RLAE4 P3 RLAE C2 MIS5a 
RCP1a P1 RCP  MIS5a RLAE2 P2 RLAE C2 MIS5a 
RJLW1c P3 RJLW A1 MIS1 A1 RLAW4b P1 RLAW C2 MIS5a 
RJLW1b P3 RJLW C3 MIS5a RLAW2b P1 RLAW  MIS5a 
RJLW1a P3 RJLW C2 MIS5a RLAW2a P1 RLAW C1 MIS5a 
RBLN2b P3 RBLN A1 MIS1 A1 RSP1d(a)* P1 RSP C2 MIS5a 
RBLN2a P2 RBLN  MIS5a RSP1d(b) P2 RSP C2 MIS5a 
RBLN1 P1 RBLN C2 MIS5a RSP1b P1 RSP C2 MIS5a 
RGLN2 P3 RGLN  MIS5a RTB1b P1 RTB C2 MIS5a 
RGLN1 P1 RGLN C3 MIS5a RTB1a P1 RTB  MIS5a 
RWE1 P1 RWE C3 MIS5a RFBQ1 P1 RFBQ C2 MIS5a 
RNN1 P1 RNN C3 MIS5a RCY3a* P1 RCY C2 MIS5a 
RPP1 P1 RPP C3 MIS5a RCY1c* P1 RCY C1 MIS5a 
RHRE1b P1 RHRE C3 MIS5a RFHB6c P1 RFHB C2 MIS5a 
RHRE1a P1 RHRE  MIS5a RFHB5 P1 RFHB C1 MIS5a 
RGLS1 P1 RGLS C3 MIS5a RFHB3a P1 RFHB C1 MIS5a 
RNL1 P1 RNL C3 MIS5a RBP3b* P2 RBP  MIS5a 
RNL2 P2 RNL  MIS5a RBP3a P2 RBP C1 MIS5a 
RNL3 P3 RNL  C3 MIS5a CNW3 P2 CNW E3 MIS5d 
RPLN1 P1 RPLN C2 MIS5a CNW2* P1 CNW  MIS5d 
RHLDW1 P1 RHLDW C2 MIS5a CNW1 P1 CNW E3 MIS5d 
RBLS1b P5 RBLS C3 MIS5a CSW1 P1 CSW E3 MIS5d 
RBLS1a P2 RBLS C2 MIS5a GCPt1 P1 GCPt  MIS5e/5d 
RGBW1 P1 RGBW C2 MIS5a GPtA1 P1 GPtA E2 MIS5d 
RPB1 P1 RPB C2 MIS5a GTPB1 P1 GTPB E3 MIS5d 
RAH1 P1 RAH C2 MIS5a PtP1 P2 PtP E3 MIS5d 
RLV1 P1 RLV C2 MIS5a PIS1 P1 PIS E3 MIS5d 
RMtH P1 RMtH C2 MIS5a PIS2* P1 PIS E3 MIS5d 
RPL1 P1 RPL C2 MIS5a RBP1b P1 RBP E2 MIS5e 
ROL1 P1 ROL C2 MIS5a RBP1a P1 RBP  MIS5e 
RFH1 P1 RFH C2 MIS5a RBPS2 P2 RBPS  MIS5e/5d 
RSL2 P1 RSL  MIS5a RBPS1 P1 RBPS  MIS5e/5d 
RSL1b P2 RSL  MIS5a RLS1a P1 RLS ?E1 MIS5e/5d 
RSL1a P4 RSL C2 MIS5a RLS1b P1 RLS ?E1 MIS5e/5d 

 
 
 
 
 

and ranged between apertures of 63 µm and 2 mm.  Microscopy confirmed that the 

grains retained in the sieved size fractions were discrete particles rather than aggregates.  
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Although extreme care was taken to minimise grain abrasion and crushing, potential 

consequences for grain attributes resulting from the disaggregation method relate to 

modification of roundness and/or sphericity of the grains and artificial enhancement of 

the fine fraction, which may affect grain size distributions.  However, informal 

microscopic inspection of grain properties and size distributions of selected samples 

prior to crushing indicated that sample modification due to the disaggregation procedure 

was modest.  Grain size parameters of the sieve results were computed using the PC 

Gradistat program (Blott & Pye, 2001) and are based on the Folk and Ward graphical 

methods (Folk & Ward, 1957).   

 

The second sub-sample was analysed to measure the calcium carbonate and insoluble 

contents.   The carbonate-insoluble weight proportions were determined using the 

method of Siesser & Rogers (1970).  The insoluble fraction was examined under a 

stereo microscope and the proportions of components estimated.  The last sub-sample 

was orientated, impregnated with an epoxy of resin-hardener, thin-sectioned and 

examined under a polarising microscope for compositional analysis.  Petrographic 

recognition of constituents was through size, form, features and internal structures as 

compared to identified constituents in Scholle & Ulmer-Scholle (2003) and Flugel 

(2004).  Quantitative analysis was made with an automated point-counter, using the 

method developed by Chayes (1956) and revised by Halley (1978), Harrell (1981) and 

Flugel (1982).  To reduce errors linked to rock heterogeneity, a minimum of 500-point 

counts (two distinctive counts of 250-point counts) were preformed on each thin section.  

A total of 80 separate samples were thin sectioned and analysed under the microscope.   

 

Chronostratigraphy  

Building a chronostratigraphic framework for the aeolian system involved 

lithostratigraphic analyses of facies packages integrated with geochronological methods.  

Chronostratigraphic units were discriminated on the basis of: 1) physical characteristics 

of aeolianite packages as revealed in outcrop, supplemented by the analysis of 

sedimentological properties in the laboratory; 2) the types of bounding discontinuities 

between the aeolianite sets, such as calcretes, palaeosols, protosols and erosional 

surfaces; and 3) geochronological framework from age assignment for aminozones 

derived from AAR analysis (Hearty, 2003; Chapter 3; Table 4.1).  This approach was 

modified from Hearty et al. (1992) where aeolianite units in Bermuda were classified 
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and correlated based on stratigraphic succession and aminozones.  On the Garden Island 

Ridge, as in Bermuda, this method was found to be especially useful in differentiating 

compositionally similar sediment bodies into chronostratigraphic units. 

 

RESULTS 

Sedimentary facies 

The Tamala Limestone on Garden Island Ridge can be grouped into four broad facies:  

(1) aeolian accumulation deposits; (2) palaeosols; (3) calcretes; and (4) marine deposits.  

Among these facies, carbonate aeolianites dominate the majority of the coastal cliff 

exposures and sporadic hinterland outcrops, whereas marine deposits, palaeosols and 

calcretes are in comparison sparsely represented as interbeds within the aeolian 

sedimentary sequence (Fig. 4.4).  No single exposed section on the Garden Island Ridge 

shows all four facies and individual facies may be repeated a number of times within an 

exposed section.  Exposures can consist of a number of alternating facies that can reach 

up to 15 m in combined thickness (Fig. 4.5).  Vegetated, unlithified dune deposits 

overlie most limestone exposures and, although not recorded within the vertical 

stratigraphic profiles of the Tamala Limestone, are characteristic features of the Garden 

Island Ridge.   

 

Aeolian accumulation deposits  

The facies is composed of carbonate aeolianites that display small- to large-scale, 

trough and planar sets of cross-strata and low-angle laminations (Figs 4.6A & 4.6B).  

Individual sets are generally less than 300 m wide as displayed by the most extensive 

exposures available (Fig. 4.6C) and 0.2-15 m thick (Fig. 4.5).  Sets are generally either 

single sets (Figs 4.6D & 4.6E) or stacked simple sets separated by erosive surfaces that 

can be overlain by other facies and additional erosional surfaces (Figs 4.6F & 4.6G).  

Rhizoliths (or rhizocretions) may be represented in the set and if preserved are best 

developed in the top portion of the set that is commonly overlain by a cream-coloured 

protosol (4.6H).  In many instances, sets pass beneath modern sea level, showing that 

some dunes were deposited when sea level was at least 2 m lower than present (Figs 

4.6A, 4.6C, 4.6E & 4.6G-H).  Shoreline platforms and notches that are elevated higher 

than modern sea level are evident in many of the carbonate aeolianite sets (Fig. 4.6D) 

and preserve sea-level highstands of MIS1 age (see Teichert, 1950; Playford, 1977, 

1983, 1988).   
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Fig. 4.5 Measured profiles of the aeolianite exposures on the Garden Island Ridge correlated to MIS5e/5d 

(Aminozone E), MIS5a (Aminozone C) and/or MIS1 (Aminozone A) depositional episodes.  Aminozones 

(see Chapter 3) are indicated in bold (from new samples) and in italics (samples originally taken by 

Hearty, 2003).  The location of the profiles are shown in Figs 4.3 and 4.4.  CI=Carnac Island, CP=Cape 

Peron, GI=Garden Island, PI=Penguin Island, RI=Rottnest Island. 

 

 

 



 65 



 66 



 67 



 68 



 69

Fig. 4.6  Features of the facies identified on the Garden Island Ridge:    

A) Trough and planar sets of cross-strata, erosional bounding surfaces (first-order surfaces), crest features, 

cream protosols and brown protosols at Fish Hook Bay.  The bottom set of aeolianite passes beneath 

modern sea level;  

B) Low-angle laminations (bottomset deposits), an erosional bounding surface (first-order surface), a set 

of medium- to high-angle bedding, toe and crest features, a calcrete, a super surface and protosols at 

Southpoint.  The medium-angle bedding gradually increases in dip within the set to that of high-angle 

forest bedding, preserving a record of development and migration of the dune deposit.  The entire crest to 

toe of the dune is preserved in the set;  

C) Over 300 m in length of high-angle bedding correlated to MIS5a (two lower sets) and MIS1 (upper set) 

depositional episodes at Jeannies Lookout South.  Bounding surfaces are represented by red dashed lines.  

The two lower sets are separated by a first-order surface, while the two upper sets are separated by a 

super surface and a thin calcrete.  The bottom sets of aeolianite pass beneath modern sea level;    

D) An isolated single set of aeolianite at Government House Lake North that consists of high-angle 

(foreset) bedding with coplanar laminae within the set.  The outcrop also shows a shoreline platform and 

notches;  

E) High-angle (foreset) bedding at Phillip Point whose outcrop exposure is not continuous due to erosion.  

The aeolianite set also passes beneath modern sea level;  

F) Stacked simple (planar) sets of high-angle bedding, with coplanar laminae within the set, separated by 

first-order surfaces (erosional bounding surfaces) and low-angle laminations (interdune deposits) at 

Salmon Bay;  

G) Stacked simple sets of high-angle bedding separated by first-order surfaces (erosional bounding 

surfaces; red dashed lines) at Henrietta Rocks East.  The bottom set of aeolianite passes beneath modern 

sea level;  

H) Abundant rhizoliths in the top portion of the aeolianite set at Cape Peron. The low-angle laminations 

here are topset deposits as they progress into crest features within the aeolianite set.  The bottom of the 

aeolianite passes beneath modern sea level;  

I) Crest and toe features and numerous reactivation surfaces (third-order surfaces) within the aeolianite 

set at Southpoint overlain by a black palaeosol with rip-up clasts, a super surface and a thin calcrete.  The 

entire dune form from crest to toe is preserved.  The black palaosol has rip-up clasts that originated from 

the underlying aeolianite set; 

J) Foreset bedding at Oliver Hill showing inversely-graded grainflow strata typical of aeolianites; 

K) Foreset bedding at Forbes Hill showing inversely-graded grainflow strata typical of aeolianites and the 

positive relief ledges and negative relief recesses that reflect the packing and cementing of the strata; 

L) Foreset bedding at Jeannies Lookout South showing inversely-graded grainflow strata typical of 

aeolianites.  The positive relief ledges and negative relief recesses reflect the packing and cementing of 

the strata; 

M) Foreset bedding at Charlotte Point showing grainflow and grainfall strata; 

N) At Little Armstrong Bay East, a cream and brown protosol with little lithification in stark contrast to 

the more indurated overlying foreset bedding of a carbonate aeolianite; 
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O) Cliff section at Parker Point showing the typical outcrop of terra rossa palaeosol (difficult to discern at 

this zoom) overlying a thick calcrete horizon with downward protruding solution pipes as well as cream 

protosols with abundant rhizoliths.  Such cliff sections are common on Penguin, Garden, Carnac Islands 

and Cape Peron; 

P) Cliff section at Bathurst Point South showing a thick terra rossa palaeosol with abundant aeolianite 

rubble fragments overlying a thick calcrete horizon, cream protosols with abundant rhizoliths and 

aeolianite sets of high-angle bedding; 

Q) The terra rossa palaeosol at Jeannies Lookout South is overlain by a carbonate aeolianite set; 

R) The downward view of a solution pipe in a calcrete at Jeannies Lookout West filled with a terra rossa 

palaeosol with abundant burnt and non-burnt aeolianite rubble fragments;  

S) The cream protosol at Charlotte Point gradually transitions into an overlying brown protosol, which in 

turn is overlain by an aeolianite set; 

T) The thick black palaeosol at Charlotte Point that is overlain by a thin calcrete and an aeolianite set 

(mostly covered in this view); 

U) Two calcrete horizons at Mary Cove.  The lower calcrete horizon separates aeolianite sets that are 

correlated to two different depositional episodes – MIS5e/5d (lower set; Aminozone E from Hearty 2003) 

and MIS5a (upper set; RJLW1a from Chapter 3).  The upper aeolianite set is capped by a thin calcrete 

horizon (seen closer in Photo V).   

V) A downward view of the smooth, undulating upper surface of the top capping calcrete horizon at Mary 

Cove (i.e. capping calcrete to carbonate aeolianite RJLW1a in Photo U). 

W) The downward view through a solution pipe at Cape Peron that has had its terra rossa palaeosol 

eroded out.   
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W) 

 

 

 

A range of bedding can be preserved within an individual aeolian set that reflect either a 

preserved portion of the dune form or interdune deposits.  Sub-horizontal to low-angle 

(<10º) laminations can preserve topset, bottomset or interdune deposits (terminology 

from Boggs, 2006) (Figs 4.6B, 4.6F & 4.6H) and range in thickness from 0.2 m to 6.5 m 

(Fig. 4.5).    The laminae tend to be coplanar within each set (Figs 4.6D & 4.6F), but 

large differences in orientation can occur between sets.  Sets of cross-strata typically 

consist of foresets that display dip angles ranging from medium (11º-24º) to high (25º-

45º) (Figs 4.5, 4.6A-H).  Sets of cross-strata range in thickness from 0.4 m to 12.1 m 

(Fig. 4.5).  In some places, medium-angle bedding gradually increases in dip within the 

set to that of high-angle foreset bedding, preserving a record of development and 

migration of the dune deposit (Fig. 4.6B).  The crest and/or toe of the dune can be 

preserved within the foreset and the entire dune-form from the crest to toe is preserved 

in some instances (Figs 4.6B & 4.6I).  However, typically only portions of the original 

dune form are preserved within a set (Figs 4.6A, 4.6B & 4.6H).  High-angle foresets dip 
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in varying directions and indicate different palaeowind directions during deposition (see 

Chapter 5).    

 

Bounding erosional surfaces are evident overlying, underlying and/or between 

aeolianite sets and have a recognised “hierarchy” in the literature (Brookfield, 1977, 

Hunter & Rubin, 1983; Rubin & Hunter, 1983; Kocurek, 1981; Kocurek, 1988; 

Kocurek, 1991; Fryberger, 1993; Mountney, 2006).  Reactivation or third-order surfaces 

occur within some sets of cross strata, but are uncommon (Fig. 4.6I).  The low 

abundance of third-order surfaces illustrates that few changes in flow fluctuations 

occurred during dune migration.  Sets of cross-strata are commonly separated by sub-

parallel, erosional bounding surfaces or first-order surfaces that developed by erosion as 

the stoss slope or the interdune depression migrated over previously deposited foresets 

(Figs 4.6A-C & 4.6F-G).  Sub-horizontal laminations and/or medium-angle cross-

stratifications overlie some first-order surfaces, preserving sediment deposited on the 

interdune floor (Figs 4.6B & 4.6F).  A bounding erosional surface that is produced at 

the end of an episode of aeolian accumulation in an area or even a region is termed a 

super surface (Kocurek, 1988; Kocurek, 1991; Mountney, 2006).  As palaeosols and 

calcrete horizons reflect prevailing conditions during hiatal periods in dune 

accumulation, these deposits overlie super surfaces, rather than first-order surfaces (Fig. 

4.6C).  

 

The cross strata that make up a set commonly consist of massive to inversely-graded 

grainflow layers or strata (2-5 cm thick) (Figs 4.6J-L) that are sometimes interbedded 

with grainfall layers (Fig. 4.6M).  The segregation of grain sizes within inversely-

graded grainflow layers of most foresets (Figs 4.6J-K) results from grainflow sediment 

mechanics as described by Bagnold (1954), Hunter (1977a; 1977b) and Kocurek (1991).  

A sharp base marks an abrupt grain-size change from medium- to fine-grained sand 

between vertically adjacent grainflow deposits.  Fine-grained sand is concentrated near 

the base of a grainflow layer, and generally exhibits improved packing and is well 

cemented.  The fine sand within each stratum grades vertically into medium- or coarse-

grained sand, which tends to be loosely packed and poorly cemented (Figs 4.6J-K).  

Consequently, in outcrop foreset bedding can be differentiated by a series of positive 

relief ledges of the basal grainflow layer and negative relief recesses of the upper 

grainflow layer spaced 2 to 6 cm apart (Figs 4.6K-L).  Alternatively, well-cemented 
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massive layers can be identified as grainfall strata where the laminations in question can 

be traced down-dip into bottomsets and thicken at the expense of grainflow tongues.  A 

gradual, rather than abrupt, change in grain size from fine- to coarse- grained sand 

within individual layers suggests that grain accumulation resulted from grainflow 

mechanics and not from a combination of grainflow (i.e. avalanching and slipping 

grains) and grainfall (i.e. salting grains) processes.  The abundant occurrence of 

grainflow deposits within the foreset bedding points to aeolian dunes with well-

developed slipfaces.   

 

The dune deposits are defined as carbonate aeolianite due to their high calcium 

carbonate content (on average >95%; Table 4.2).  The allochems in the carbonate 

aeolianites are of unquestionable marine origin (Table 4.2).  Petrographic analysis show 

that the aeolianites comprise of shell and skeletal fragments/whole parts of Bryozoa, 

foraminifera, coralline algae, Mollusca, coral and echinoderms in various proportions 

(Tables 4.3 and 4.4; Fig. 4.7A).  Although somewhat conditioned by the original grain 

form, the majority of grains are rounded to well rounded with a high degree of 

sphericity (Fig. 4.7A).  Reworked lithoclasts derived from older carbonate aeolianites 

are rarely evident in thin section (Table 4.3).  The small insoluble fraction (on average 

<5%) is comprised of nearly pure quartz (Tables 4.2 and 4.3), which is most notable in 

thin section (Fig. 4.7A).  The minor to rare amounts of sponge spicules, feldspar and 

heavy minerals are only evident in the condensed insoluble fraction (Table 4.2).  

 

The carbonate aeolianites display consistent trends in mean grain size, sorting, skewness 

and kurtosis (Table 4.5 and 4.6; Fig. 4.7B).  Mean grain size varies between fine sand 

(203 µm) and coarse sand (615 µm), with an average of medium sand (288 µm).  The 

sorting ranges between well sorted (1.47) and poorly sorted (2.24) and has an average of 

moderately sorted (1.76).  Skewness values range from very fine skewed (-0.384) to 

coarse skewed (0.110) and kurtosis values range from platykurtic (0.753) to leptokurtic 

(1.461).  The mean value of skewness (-0.143) and of kurtosis (1.040) indicate that the 

sediments are generally finely skewed with mesokurtic distributions.  Sediment from 

high-angle foreset bedding is slightly coarser than sub-horizontal bedding from the 

same set of cross strata (RSP1d in Table 4.6), preserving a record of development and 

migration of the dune deposit.  However, attributes of sediments from sub-horizontal 

and medium-angle bedding are clearly within the range of that displayed in high-angle  
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Table 4.2  Calcium carbonate and insoluble fractions of aeolianite samples from Garden Island Ridge (n = 

80), arranged in order of the three main aeolian pulses.  The insoluble component of the insoluble fraction 

is depicted as M for major, m for minor, r for rare and n for none, with abbreviations of: Q = medium to 

coarse quartz; FQ = fine quartz; F= Feldspar, S = sponge spicules; H = heavy minerals. 

Insoluble component Insoluble component Sample 
Number 

CaCO3 

(wt%) 
Insol 

(wt%) Q FQ F S H 
Sample 
Number 

CaCO3 

(wt%) 
Insol 

(wt%) Q FQ F S H 

Marine Isotope Stage 1 (Aminozone A) Marine Isotope Stage 5a continued 

RBLN2b 96.64 3.36 r M r r  r  RLAW4b 97.61 2.39 m M r r  m  

RCP5 95.36 4.64 r M n r  m RLAW2b 97.23 2.77 r M r r  m  

RGBS1 95.41 4.59 m M r r  r  RLAW2a 96.92 3.08 m M r r  m  

RHLS1 96.68 3.32 r M r r  r  RLV1 95.83 4.17 r M n r  r  

RJLW1c 98.17 1.83 r M r n  r  RMC5a 98.32 1.68 r M r n  r  

RRB1 96.15 3.85 r M n n  m RMtH1 95.72 4.28 m M n r  r  

RRH1 92.61 7.39 m M n r  m RNL3 93.75 6.25 m M n r  m  

Marine Isotope Stage 5a (Aminozone C) RNL2 95.39 4.61 r M n r  r  

RAH1 93.78 6.22 m M n r  r  RNL1 98.14 1.86 r M n n  r  

RBLN2a 97.26 2.74 r M n r  r  RNN1 96.00 4.00 r M r r  r  

RBLN1 97.27 2.73 r M n r  r  ROL1 95.13 4.87 m M r r  r  

RBLS1b 94.11 5.89 m M r r  m RPB1 85.88 14.12 m M r M  m  

RBLS1a 95.62 4.38 r M r r  m RPL1 97.31 2.69 r M n r  n  

RBP3b 96.42 3.58 r M n r  m RPLN1 94.86 5.14 r M r r  r  

RBP3a 96.73 3.27 r M r r  m RPP1 96.36 3.64 r M r r  n  

RCP3 91.29 8.71 r M r r  r  RSL2 98.58 1.42 r M r n  r  

RCP1b 78.23 21.77 M M r m m RSL1b 97.26 2.74 r M n r  r  

RCP1a 88.21 11.79 m M r m m RSL1a 95.28 4.72 r M n r  m  

RCY3a 98.97 1.03 r M r n  r  RSP1d(a) 98.18 1.82 m M n r  r  

RCY1c 84.39 15.61 M M r r  m RSP1d(b) 96.93 3.07 m M n r  r  

RFBQ1 94.91 5.09 r M n r  r  RSP1b 98.33 1.67 r M r r  r  

RFH1 96.60 3.40 r M r r  r  RTB1b 88.73 11.27 M M r r  m  

RFHB6c 98.32 1.68 r M n n  r  RTB1a 95.33 4.67 m M r r  r  

RFHB5 98.07 1.93 m M r n  m RWE1 98.38 1.62 m M r r  r  

RFHB3a 59.97 40.03 M M r r  m Marine Isotope Stage 5e/5d (Aminozone E) 

RGBW1 95.13 4.87 m M n r  r  CNW3 96.38 3.62 r M r n  r  

RGLN2 96.16 3.84 r M n r  r  CNW2 97.04 2.96 r M r n  r  

RGLN1 96.85 3.15 r M n r  r  CNW1 96.44 3.56 m M r r  m  

RGLS1 97.25 2.75 r M n r  r  CSW1 95.99 4.01 r M n r  r  

RHLDW1 95.58 4.42 m M r r  m GCPt1 93.32 6.68 M M n r  r  

RHLN1d 95.90 4.10 r M r r  r  GPtA1 98.78 1.22 r M r n  r  

RHLN1c 96.15 3.85 r M r r  r  GTPB1 96.07 3.93 r M n r  r  

RHLN1b 95.72 4.28 r M r r  m PIS1 97.40 2.60 m M r r  m  

RHLN1a 96.93 3.07 r M n r  m PIS2 95.78 4.22 m M r r  m  

RHRE1b 98.22 1.78 r M r n  r  PtP1 93.82 6.18 m M r r  m  

RHRE1a 98.86 1.14 r M r n  r  RBP1b 95.15 4.85 r M r r  r  

RJLW1b 97.35 2.65 r M n r  r  RBP1a 94.83 5.17 m M r r  m  

RJLW1a 97.42 2.58 r M n r  r  RBPS2 92.30 7.70 M M r n  r  

RLAE5 96.41 3.59 r M r r  m RBPS1 88.63 11.37 M M r r  m  

RLAE4 94.96 5.04 m M r r  m RLS1b 96.84 3.16 r M n r  r  

RLAE2 91.07 8.93 m M r r  m RLS1a 89.47 10.53 m M r r  m  
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Table 4.3 Composition of carbonate aeolianite samples from the Garden Island Ridge (n = 80) measured 

in thin sections, arranged in order of the three main aeolian pulses.  Bry=bryozoan; For=foraminiefera; 

CA=coralline algae; Moll=mollusc; Cor=coral; Ech=echinoderm; Re=reworked aggregate grain; 

Pore=pore space; Cem=cement (intra- and inter-particle cement); ReC=recrystallised grain; Un=unknown; 

Qtz=quartz. 

Composition (%) Sample 
Number Bry For CA Moll Cor Ech Re Pore Cem ReC Un Qtz 

Marine Isotope Stage 1 (Aminozone A) 

RBLN2b 19.6 33.4 2.4 10.8 6.8 0.6 0 16 7.4 0.6 0.4 2 

RCP5 22.8 20 6.4 9.2 10.8 0.8 0 15.6 8.4 0 0 6 

RGBS1 24.8 21.6 5.2 10 10 0.8 0 13 8 0 0.4 6.2 

RHLS1 16.4 37.6 2.8 7.2 8 0.8 0 16.8 7.6 0.4 0.8 1.6 

RJLW1c 24.6 22.2 5.5 8.7 8.1 0.6 0 16.3 7.9 0 0.6 5.5 

RRB1 22.8 29.2 2 14.4 5.6 0.4 0 15.2 7.2 0.8 0 2.4 

RRH1 26.8 23.2 4 10.8 9.2 0.8 0 10.4 7.6 0 0.8 6.4 

Marine Isotope Stage 5a (Aminozone C) 

RAH1 24.4 26.8 7.2 8.8 10.8 0.8 0 10.4 8.4 1.2 0 1.2 

RBLN2a 26 26 4.4 11.6 6.8 0.4 0 11.2 6.4 1.6 0.4 5.2 

RBLN1 26.8 27.6 4.8 10 6.4 0.4 0 10.6 6.8 1.4 0.4 4.8 

RBLS1b 26.8 22.6 5.8 10 8.2 0.6 0.2 9.2 7.6 0.6 0.2 8.2 

RBLS1a 24.4 28.2 5 7.4 6.8 1 0 8.4 9 0.4 0.6 8.8 

RBP3b 24.2 26.2 6.8 5.8 4 0.4 1 8.8 8.8 9.4 0 4.6 

RBP3a 22.8 24.2 6.6 8.4 4 0.4 2.4 10 8.4 8.2 0 4.6 

RCP3 28.8 22.8 4.8 11.2 7.2 0 0 10.4 5.6 4 0.4 4.8 

RCP1b 24.4 25.6 6 6 9.2 0.8 0 10 8.4 1.6 0.8 7.2 

RCP1a 24 28.4 7.6 6.4 8.4 0.4 0 14 3.2 0.8 0 6.8 

RCY3a 20.4 24.8 3.6 7.6 2 0.4 0 12 15.6 6.4 0 7.2 

RCY1c 25.6 24.8 2.8 10.8 4 0.8 0 8.8 9.6 8.4 0 4.4 

RFBQ1 24.8 22.4 9.2 12.4 5.2 1.2 0 8.4 9.2 3.2 0.8 3.2 

RFH1 28.8 30.4 2.8 12 5.6 1.2 0 7.2 8.4 0.8 0 2.8 

RFHB6c 30.4 20 11.2 6.4 9.2 0.4 0 10.4 10 1.2 0 0.8 

RFHB5 28.6 24.4 4.6 6.8 5.6 0 2.8 7.8 9.8 8.2 0.6 0.8 

RFHB3a 27.2 25.2 5.2 8.4 4.8 0 2 7.2 9.2 10 0.4 0.4 

RGBW1 29.2 29.2 2.8 11.2 7.2 0.8 0 8.4 8 0.8 0 2.4 

RGLN2 28.4 30 6.4 7.2 7.2 0.8 0 11.6 6 0 0.4 2 

RGLN1 27.2 29.2 5.2 10.4 6.4 0.8 0 12.4 6.8 0 0 1.6 

RGLS1 27.8 29.6 5.8 8.8 6.8 0.8 0 12 6.4 0 0.2 1.8 

RHLDW1 22 26 5.6 12.8 8 0.8 0 8.8 10.8 0 0 5.2 

RHLN1d 24.8 22.8 6 10.8 9.2 1.2 0 10.8 9.6 0.8 0 4 

RHLN1c 24.6 22.6 5.4 12.6 8.8 1.4 0 9.8 10 1 0.4 3.4 

RHLN1b 24.4 22.4 4.8 14.4 8.4 1.6 0 8.8 10.4 1.2 0.8 2.8 

RHLN1a 26.4 22 5.2 12.4 8.8 0.4 0.4 7.6 6.8 0.8 0.4 8.8 

RHRE1b 30.4 28.4 4 5.2 2.4 0.4 0 11.6 3.6 3.6 0 10.4 

RHRE1a 30 18.8 6 8 3.6 0.4 0 9.2 8.4 8 0 7.6 

RJLW1b 22 24.2 5.6 10.4 6.6 0.8 0 10.4 7.6 9.8 0.2 2.4 

RJLW1a 22.2 28.2 1.8 11.2 6.2 0.4 0 9 8.8 9.6 0.2 2.4 

RLAE5 26.2 28.6 4.8 8.6 7.2 0.2 0 10 6.2 2.8 0.6 4.8 

RLAE4 24.8 24.6 5 7.8 9.6 0.4 0 9.2 9 1 1 7.6 

RLAE2 23 28.6 8.2 6.6 7.6 0.4 0 12.6 4.4 0.8 0.6 7.2 

RLAW4b 30.4 24 3.4 9.4 10.6 0.4 0 9.2 8 1.2 0.2 3.2 

RLAW2b 30 23.6 4 5.2 6.4 0 3.6 8.4 10.4 6.4 0.8 1.2 

RLAW2a 23.6 30.4 3.2 6.8 6.8 0 1.2 7.2 10.4 6.8 0.4 3.2 
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Composition (%) Sample 
Number Bry For CA Moll Cor Ech Re Pore Cem ReC Un Qtz 

RLV1 25 28.6 4 9 8 0.4 0 10.6 10.6 0 0 3.8 

RMC5a 21.6 22.4 8.8 10.4 10.2 0.4 0 11.2 9.8 0 0 5.2 
Marine Isotope Stage 5a continued 

RMtH1 19.6 23.6 7.6 8.4 6.8 1.2 0 13.2 12 2 0.4 5.2 

RNL3 22 24.6 4.8 11.8 9 0.8 0.6 9.8 10.2 0 0.8 5.6 

RNL2 19.6 27.6 5 10.2 9.4 0.8 0 10 12 0.4 0.4 4.6 

RNL1 26.6 24.2 4.8 12 9.4 0.8 0 10.4 9.6 0.4 0 1.8 

RNN1 35.2 16.4 9.6 8.8 10.8 0 0 7.6 8.4 2 0 1.2 

ROL1 22.2 23 8.4 10.4 6 1.2 0 10.8 10.6 2.6 0.6 4.2 

RPB1 20.2 10.8 9.2 5.2 3.8 0.4 2.6 7.4 11.2 0 0.2 29 

RPL1 24.2 26.2 6 11.8 9 1 0 10 9.2 1 0.2 1.4 

RPLN1 28.6 30.2 3.4 10 6 1 0 8.2 8.6 0.8 0 3.2 

RPP1 21.6 11.2 8.4 6 3.2 0.4 2.8 6.4 11.6 0 0.4 28 

RSL2 23 27.2 4.6 12 8.8 0.8 0 9.8 10.4 0.4 0.2 2.8 

RSL1b 20.2 25.2 5 14.2 10 0.8 0 11.6 9 0.2 0.6 3.2 

RSL1a 21.2 26.8 4 12.8 10 0.8 0 10.4 10.8 0.4 0.4 2.4 

RSP1d(a) 29.6 25.2 2.4 12 10 0.4 0 8.4 7.6 1.6 0.4 2.4 

RSP1d(b) 31.2 22.8 4.4 6.8 11.2 0.4 0 10 8.4 0.8 0 4 

RSP1b 27.2 23.2 6.4 7.6 7.6 0.8 0 10.8 8.4 0.4 0 7.6 

RTB1b 25.4 26.6 3.8 6.4 2.2 0.4 0 11.8 9.6 5 0 8.8 

RTB1a 27.8 21.8 4.4 9.4 3.8 0.6 0 9 9 8.2 0 6 

RWE1 32.8 18.2 10.4 7.6 10 0.2 0 9 9.2 1.6 0 1 

Marine Isotope Stage 5e/5d (Aminozone E) 

CNW1 26 19.6 2.4 5.6 6.4 0.8 2.8 8 13.2 10.4 1.2 3.6 

CNW2 25.6 14.4 3.2 6.8 5.2 0.4 2.8 7.6 15.2 10.4 2 6.4 

CNW3 18.4 15.2 6.4 13.6 8 0.8 2 7.2 12.4 11.2 0 4.8 

CSW1 29.2 21.6 5.2 6 4 0 2.4 6.8 11.2 9.2 0 4.4 

GCPt1 21.2 25.2 3.2 5.6 4.8 0.8 1.6 10 13.2 9.6 0.8 4 

GPtA1 24.8 16.8 2.4 4.4 8.8 2 2 8 14.4 10 0.4 6 

GTPB1 21.6 22 2 6.4 8 0.8 2.8 8.8 13.2 7.6 1.6 5.2 

PIS1 24.8 17.2 3.6 9.2 6 0 3.6 10 11.2 10 0 4.4 

PIS2 24.8 16.8 2.4 4.4 8.8 2 2 8 14.4 10 0.4 6 

PtP1 21.2 16.8 4.4 6.8 9.2 0.8 4.4 8 12 11.2 0 5.2 

RBP1b 23 17 4 8 7.6 0.4 4 9 11.6 10.6 0 4.8 

RBP1a 23.2 19.4 2.2 5.4 8.4 1.4 2.4 8.4 13.8 8.8 1 5.6 

RBPS2 27.6 20.6 3.8 5.8 5.2 0.4 2.6 7.4 12.2 9.8 0.6 4 

RBPS1 22 14.8 4.8 10.2 6.6 0.6 2.4 7.4 13.8 10.8 1 5.6 

RLS1b 23.4 21 3.6 7.4 6.4 0.8 1.4 9.4 11.4 10.2 0.4 4.6 

RLS1a 25.6 16.8 4 9.2 8 0.8 1.2 8.8 9.6 10.8 0 5.2 
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Table 4.4 Composite aeolianite composition from aeolianite samples of the Garden Island Ridge (n=80), 

based on thin section data (Table 4.3). 

Component All aeolianites (%) MIS1 (%) MIS5a (%) MIS5e/5d (%) 

Bryozoan 25.0±3.5 22.5±3.5 25.6±3.5 23.9±2.7 

Foraminiefera 23.6±4.9 26.7±6.7 24.7±4.1 18.5±3.0 

Coralline Algae 5.0±2.1 4.0±1.7 5.6±2.1 3.6±1.2 

Mollusc 9.0±2.6 10.2±2.3 9.3±2.4 7.2±2.4 

Coral 7.3±2.2 8.4±1.8 7.2±2.4 7.0±1.6 

Echinoderm 0.7±0.4 0.7±0.2 0.6±0.4 0.8±0.6 

Reworked aggregate grain 0.8±1.2 0.0 0.3±0.9 2.5±0.9 

Pore Space 9.9±2.3 14.8±2.3 9.8±1.6 8.3±1.0 

Cement 9.5±2.5 7.7±0.4 8.8±2.1 12.7±1.5 

Recrystallised grain 3.9±4.2 0.3±0.3 2.6±3.2 10.0±0.9 

Unknown 0.3±0.4 0.4±0.3 0.3±0.3 0.6±0.6 

Quartz 5.0±4.4 4.3±2.2 5.1±5.1 5.0±0.8 

No. of samples 80 7 57 16 

 
 

 

 

 

Fig. 4.7  Cross-polarised light micrographs of carbonate aeolianite samples from the Garden Island Ridge:    

A)  Various grain sizes and proportions of shell and skeletal fragments/whole parts (CA=coralline algae; 

F=foraminifera) as well as a quartz grain (Q).  The grains are somewhat conditioned by original form and 

are rounded to well rounded with a high degree of sphericity.   

B)  Well sorted grains with a mean grain size of medium sand that have a marked concentration of 

micritic and coarser spar-sized calcite cements at or near grain contacts as well as pendant morphologies.  

These highly rounded pore spaces and pendant cements are characteristic of meniscus fabrics, which are 

produced from the meniscus surfaces of water held at grain contacts and gravitational meniscus surfaces 

held under grains, respectively.  Some inter-granular pore spaces are completely filled by the calcite 

cements.  Two generations of cement are evident in initial micritic calcite cements followed by 

subsequent coarser spar-sized calcite cements.    

C)  Shell and skeletal fragments/whole parts showing various thicknesses of grain contact meniscus, 

pendant meniscus and partially to fully rimmed cement forms.  Generations of initial micritic cements and 

subsequent coarser spar-sized calcite cements also partly to completely filling intra-granular pore spaces 

(voids within the grain) of the foraminifera (left).  Geopetal crystal silt (G) is visible here as a partial fill 

of an intraparticle pore space of the foraminifera and confirms downwards gravitational direction 

(indicated by arrow and recorded during sample acquisition).   

D)  A combination of pendant meniscus, grain contact meniscus and partially rimmed cements formed by 

two generations of calcite cement – initial micritic calcite cements followed by a subsequent coarser spar-

sized calcite cement.  Here, the meniscus surfaces of water that are held under the grain and at grain 

contacts, produce the micritic and coarser spar-sized cements between the grains.  The downwards 

gravitational direction (indicated by arrow and recorded during sample acquisition) confirms the 

interpretation of diagenesis in the vadose zone. 
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C) 

 

D) 
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Table 4.5: Grain size parameters of sediments from aeolianites on Garden Island Ridge (n = 77) and 

unconsolidated Holocene beach samples from Perth region (n=8). * indicate aeolianite samples with sub-

horizontal to medium angle bedding (i.e. <24º).  Results are arranged in order of the three main aeolian 

pulses.  MG=mean graphic size; σG=sorting; SkG=skewness; KG=kurtosis. 

Sample MG(µm) σG(µm) SkG KG Sample MG(µm) σG(µm) SkG KG 
Unconsolidated Holocene Beach Samples Marine Isotope Stage 5a continued 

RWGB0a 414.228 1.688 0.068 1.055 RJLW1a 267.491 1.718 -0.369 1.071 

RCB0a 728.601 1.385 0.134 1.163 RLAE5 276.166 1.552 -0.218 0.810 

RLB0a 226.682 1.575 0.225 0.812 RLAE4 244.263 1.646 -0.147 0.878 

RSB0a 630.447 1.564 -0.130 1.289 RLAE2 246.197 1.696 -0.166 0.897 

RTHB0a 300.517 1.483 -0.246 1.026 RLAW4b 229.956 1.604 0.092 0.824 

RSTB0a 228.199 1.559 0.199 0.792 RLAW2b 283.664 1.668 -0.140 0.986 

PSCB0a 452.283 1.545 0.160 0.778 RLAW2a 268.444 1.737 -0.058 0.963 

PWB0a 371.026 1.433 0.101 1.230 RLV1 239.988 1.729 -0.205 1.000 
Marine Isotope Stage 1 (Aminozone A) RMC5a 366.284 2.059 -0.030 1.461 

RBLN2b 244.790 1.730 -0.250 0.968 RMtH1 240.951 1.588 0.030 0.756 

RCP5* 432.868 1.719 -0.024 0.997 RNL3 232.352 1.716 -0.087 0.915 

RGBS1 327.011 1.877 0.007 1.150 RNL2 237.318 1.812 -0.273 0.972 

RHLS1 269.154 1.966 -0.153 1.228 RNL1 242.188 1.660 -0.139 0.902 

RJLW1c 265.905 1.629 -0.276 0.895 RNN1 224.368 1.943 -0.202 1.282 

RRB1 233.347 1.702 -0.103 0.931 ROL1 259.004 1.694 -0.283 0.943 

RRH1 277.375 1.584 -0.311 0.949 RPB1 460.093 1.751 -0.131 0.916 
Marine Isotope Stage 5a (Aminozone C) RPL1 285.675 1.619 -0.151 0.975 

RAH1 347.435 1.498 -0.020 1.371 RPLN1 260.468 1.587 -0.177 0.776 

RBLN2a 226.513 1.604 0.072 0.853 RPP1 265.877 2.034 -0.376 1.441 

RBLN1 224.058 1.638 0.040 0.907 RSL2 265.503 1.639 -0.232 0.850 

RBLS1b 280.682 1.913 -0.192 1.196 RSL1b 238.695 1.762 -0.248 0.992 

RBLS1a 239.895 1.854 -0.297 0.992 RSL1a 226.513 1.604 0.072 0.853 

RBP3b* 233.165 1.692 -0.108 0.946 RSP1d(a)* 615.163 2.030 -0.104 1.062 

RBP3a 263.060 1.596 -0.152 0.761 RSP1d(b) 304.248 2.091 -0.139 1.298 

RCP3 274.605 1.593 -0.253 0.847 RSP1b 513.651 2.085 -0.006 1.059 

RCP1b 331.664 1.812 -0.029 1.125 RTB1b 280.984 1.843 -0.112 1.106 

RCY3a* 241.990 1.761 -0.237 1.007 RTB1a 212.008 1.742 -0.025 1.064 

RCY1c* 469.995 1.782 -0.158 0.944 RWE1 374.381 1.627 0.045 1.299 

RFBQ1 261.063 1.698 -0.308 0.979 Marine Isotope Stage 5e/5d (Aminozone E) 

RFH1 228.096 1.877 -0.227 1.177 CNW3 202.986 2.237 -0.291 1.443 

RFHB6c 232.551 1.551 0.110 0.753 CNW2* 214.327 2.136 -0.290 1.331 

RFHB5 269.976 1.728 -0.366 1.089 CNW1 217.991 1.910 -0.163 1.246 

RFHB3a 427.359 1.713 0.069 1.111 CSW1 267.213 1.711 -0.343 0.992 

RGBW1 262.695 1.558 -0.159 0.760 GPtA1 218.176 1.768 -0.061 1.014 

RGLN2 262.923 1.571 -0.216 0.788 GTPB1 243.592 1.962 -0.060 1.092 

RGLN1 289.364 1.645 -0.192 1.087 PIS1 265.975 1.739 -0.230 0.995 

RGLS1 283.150 1.597 -0.306 0.972 PIS2* 350.531 2.196 -0.153 1.115 

RHLDW1 288.561 1.869 -0.140 1.123 PtP1 254.155 1.745 -0.275 0.974 

RHLN1d 278.578 1.701 -0.062 0.991 RBP1b 432.203 1.747 0.009 1.014 

RHLN1c 238.893 1.614 0.043 0.794 RBP1a 430.517 1.708 -0.001 0.979 

RHLN1b 249.894 1.884 -0.384 1.127 RBPS2 398.226 1.693 0.058 1.176 

RHLN1a 263.806 1.792 -0.063 0.990 RBPS1 316.870 1.838 -0.147 1.396 

RHRE1b 347.437 1.470 -0.031 1.412 RLS1b 270.869 1.888 -0.140 1.076 

RJLW1b 307.412 1.616 -0.194 1.409 RLS1a 289.394 1.991 -0.250 1.285 
Scales for mean, sorting, skewness and kurtosis, see footnote Table 4.6.   
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Table 4.6 Average statistical grain size parameters and the sample description based on the statistical data of sediments from aeolianites on Garden Island Ridge and 

sediments from unconsolidated Holocene beach samples from the Perth region. 

Statistics and 
description 

All aeolianite High-angle foreset 
bedding 

Sub-horizontal to 
medium-angle bedding 

MIS1 MIS5a MIS5e/5d All unconsolidated 
beach 

Composite sample statistics based on graphical data  
Mean size (µm) 288.444±76.524 

(202.986 to 615.163) 
280.745±62.063 

(202.986 to 513.651) 
365.434±149.239 

(214.327 to 615.163) 
292.922±68.495 

(233.347 to 
432.868) 

287.031±78.402 
(212.008 to 615.163) 

291.535±77.724 
(202.986 to 432.203) 

418.998±181.825 
(226.682 to 728.601) 

Sorting (µm) 1.758±0.166 
(1.470 to 2.237) 

1.743±0.156 
(1.470 to 2.237) 

1.902±0.212 
(1.692 to 2.196) 

1.744±0.134 
(1.584 to 1.966) 

1.725±0.150 
(1.470 to 2.091) 

1.885±0.184 
(1.693 to 2.237) 

1.529±0.094 
(1.385 to 1.688) 

Skewness -0.143±0.127 
(-0.384 to 0.110) 

-0.142±0.130 
(-0.384 to 0.110) 

-0.153±0.088 
(-0.290 to -0.024) 

-0.159±0.125 
(-0.311 to 0.007) 

-0.137±0.129 
(-0.384 to 0.110) 

-0.156±0.124 
(-0.343 to 0.058) 

0.064±0.166 
(-0.246 to 0.225) 

Kurtosis 1.040±0.183 
(0.753 to 1.461) 

1.039±0.188 
(0.753 to 1.461) 

1.058±0.135 
(0.944 to 1.331) 

1.017±0.124 
(0.895 to 1.228) 

1.016±0.187 
(0.753 to 1.461) 

1.142±0.161 
(0.974 to 1.443) 

1.018±0.204 
(0.778 to 1.289) 

Composite sample description  
Size Medium sand Medium sand Medium sand Medium sand Medium sand Medium sand Medium sand 
Sorting Moderately sorted Moderately sorted Moderately sorted Moderately 

sorted 
Moderately sorted Moderately sorted Moderately well 

sorted 
Skewness Fine skewed Fine skewed Fine skewed Fine skewed Fine skewed Fine skewed Symmetrical 
Kurtosis Mesokurtic Mesokurtic Mesokurtic Mesokurtic Mesokurtic Leptokurtic Mesokurtic 
No. of samples 77 70 7 7 55 15 8 

Scales for mean, sorting, skewness and kurtosis: Silt (<63µm), Very fine sand (63-125µm), Fine sand (125-250µm), Medium sand (250-500µm), Coarse sand (500-1000µm), Very coarse sand 
(1-2mm), Very fine gravel (2-3mm); Very well sorted (<1.27), Well sorted (1.27-1.41), Moderately well sorted (1.41-1.62), Moderately sorted (1.62-2.00), Poorly sorted (2.00-4.00), Very poorly 
sorted (4.00-16.00), Extremely poorly sorted (>16.00); Very fine skewed (-0.3 to -1.0), Fine skewed (-0.1 to -0.3), Symmetrical (-0.1 to +0.1), Coarse skewed (+0.1 to +0.3), Very coarse skewed 
(+0.3 to +1.0); Very platykurtic (<0.67), Platykurtic (0.67-0.90), Mesokurtic (0.90-1.11), Leptokurtic (1.11-1.50), Very leptokurtic (1.50-3.00), Extremely leptokurtic (>3.00). 
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bedding (Table 4.6). 

 

Most of the carbonate aeolianites have a very hard exposed surface, with a soft interior 

and high porosity.  In the soft interior (or fresh) samples, the carbonate aeolianites 

typically range in colour from white to very pale brown (10YR 8/1 to 10YR 8/4, code of 

Munsell, 1990), with a sporadic pale yellow (2.5Y 8/3).  The fresh aeolianite samples 

are weakly cemented with total cement ranging between 3.2 and 15.6 per cent (Table 

4.3).  Two generations of calcite cement are recorded in all aeolianite samples.  A first 

micritic calcite cement is followed by a secondary coarser spar-sized calcite cement 

(Figs 4.7B, 4.7C & 4.7D).  The micritic calcite cement is overall the most common 

cement (Figs 4.7B, 4.7C & 4.7D).  However, both generations of cements are found in 

variable amounts and thickness within and between samples that partly to completely 

fill inter- and intra-granular pore spaces.  These cements are usually found in grain-

contact meniscus and pendant meniscus cement forms (Figs 4.7B, 4.7C & 4.7D).  Rim 

cements are found in relatively minor amounts and are not in equal thickness around the 

grains or in intra-granular spaces (Figs 4.7B, 4.7C & 4.7D).  The cements that 

completely fill some pore spaces are the build-up of meniscus cements and sometimes 

rim cements rather than isopachous cements.  Neomorphic inversion (the replacement of 

a mineral by its polymorph; Flugel, 2004) of the carbonate grains is apparent in minor 

amounts for almost all samples examined (Table 4.3).  Although the carbonate 

aeolianite samples have comparable amounts of total cement (Tables 4.3 & 4.4), the 

main cement types vary both within and between samples.   

 

Palaeosols and protosols 

Four types of fossil soils are interbedded with the carbonate aeolianite facies on the 

Garden Island Ridge – a terra rossa palaeosol, a cream protosol, a brown protosol and a 

black palaeosol.  They are weakly developed sandy soil horizons as defined by Vacher 

et al. (1995) for Bermuda.  Palaeosols represent episodes of prolonged subaerial 

exposure and soil formation, whereas protosols are horizons that may have been 

vegetated but were not associated with the development of an obvious soil profile.  The 

palaeosols and protosols described here are commonly unconsolidated, although weak 

cements can rarely be present.  This lack of diagenetic lithification contrasts markedly 

with the more indurated carbonate aeolianites (Fig. 4.6N). 
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The terra rossa palaeosol is represented in the cliff sections of Penguin Island, Cape 

Peron, Garden Island and Carnac Island as well as at Bathurst Point and Parker Point of 

Rottnest Island (Figs 4.6O-P).  Generally red (2.5 YR 4/8-10R 4/8) in colour, this 

horizon is a clay-rich, fine sand of massive appearance (Fig. 4.6Q).  Burnt and non-

burnt aeolianite rubble fragments of up to 25 cm in diameter can be a distinct feature 

and are abundant in some exposures (Figs 4.6P & 4.6R).  The terra rossa palaeosol 

discontinuously overlies a thick calcrete horizon and has a tendency to fill the 

downward protruding solution pipes associated with the calcrete horizon (Figs 4.6O-P 

& 4.6R).   Numerous solution pipes in the calcrete (the longest extended to a depth of 

5.2 m) cause considerable variation in the terra rossa palaeosol thickness.  The thickest 

soil development over a sub-horizontal surface is 45 cm as shown at Two People’s Bay 

on Garden Island (Fig. 4.5).  The terra rossa palaeosol conforms to a low-relief surface 

and has a horizontally discontinuous topographic range of approximately 12 m when 

traced laterally (Jeannie’s Lookout West profiles in Fig. 4.5).     

  

The cream protosol is interlayered within the carbonate aeolianite at many localities on 

the Garden Island Ridge (Figs 4.5, 4.6A-B, 4.6N & 4.6S).  It is a white to very pale 

brown (10YR 8/1-10YR 8/3), fine sandy loam, which is massive and poorly indurated 

and overlies carbonate aeolianite either with a transitional or sharp boundary (Fig. 4.6A).  

This horizon reaches 6.3 m in thickness and has a tendency to pinch in and out of a cliff 

exposure representing the same stratigraphic level (Little Armstrong Bay East profiles 

in Fig. 4.5).  It is overlain by a brown protosol in some exposures (Figs 4.6A, 4.6N & 

4.6S), as seen at Fish Hook Bay on Rottnest Island (Figs 4.5 & 4.6A) and is 

accompanied by rare to extensive rhizolith development (Figs 4.5O-P).  Many of the 

cliff exposures on Carnac Island, Garden Island, Cape Peron and Penguin Island are 

dominated by or are entirely comprised of a cream protosol with extensive rhizoliths 

(Fig. 4.6O).   

 

A brown protosol is commonly presented by cliff exposures on Rottnest Island and is 

commonly developed immediately above the cream protosol (Figs 4.6A, 4.6N & 4.6S).  

It is a light brownish grey to grey (10YR 6/2-10YR 5/1) fine sandy loam that is massive 

and poorly indurated with rare rhizoliths.  It varies in thickness to a maximum of 70 cm 

and has a tendency to pinch and swell in association with topographic highs and lows of 

the undulating palaeosurface on which it is developed.  Where brown and cream 
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protosols are in contact, they are separated by a transitional boundary (Figs 4.6A, 4.6N 

& 4.6S).  However, although rare, a sharp contact may also occur.  The brown protosol 

is discontinuous in cliff exposures in a similar fashion to the cream protosol which 

generally underlies it.  

 

A black palaeosol sporadically developed within the carbonate aeolianites of Rottnest 

Island is best represented at South Point (Fig. 4.6I), Charlotte Point (Fig. 4.6T) and 

Oliver Hill.  The horizon is a very dark grey to black (10YR 3/1-10YR 2/1), organic-

rich, sandy loam that is massive and weakly indurated.  It discontinuously underlies a 

thin calcrete horizon (Figs 4.6I & 4.6T).  Varying in thickness to a maximum of 1.3 m, 

the black palaeosol has a tendency to pinch and swell in association with topographic 

highs and lows on the surface to which it relates. The black palaeosol can also have rip-

up clasts that originated from the underlying aeolianite set (Fig. 4.6I). 

 

Calcretes 

Generally low dipping (<10º), calcretes are developed as cappings to aeolianites (Figs 

4.6C, 4.6P, 4.6U), protosols (Figs 4.6O-P) and black palaeosols (Figs 4.6B, 4.6I & 

4.6T).  Reaching up to 1.1m in thickness, the calcretes form massive, firm- to well-

indurated horizons that range in colour from white (10YR 8/1) to very pale brown 

(10YR 8/2) to pink (5YR 8/3).  Coarse quartz grains are common within the upper parts 

of some examples.  The calcretes have an upper surface that is smooth and undulating 

(Fig. 4.6U) and a lower contact that is clearly defined but more irregular.  Solution 

pipes are typical of some calcretes (Figs 4.6O & 4.6W), ranging up to 80 cm in diameter 

and 5.2 m in depth as at Point Atwick on Garden Island.  Extending down into the 

underlying facies (Fig. 4.6O), solution pipes extend below sea level at many locations.  

Terra rossa palaeosols have a tendency to fill these solution pipes (Fig. 4.6R) and 

overlie some calcrete horizons.     

 

Marine deposits 

Lithified shell beds (Herschell Limestone Member) and an emergent coral reef and 

shelly limestone (Rottnest Limestone Member) represent marine incursions in the 

aeolian facies on Rottnest Island (Fig. 4.8; Playford, 1977; 1988; 1997).  Formed during 

stands of sea level higher than today, the marine deposits are exposed at a few locations 

on Rottnest Island and generally occur between -1.5 m and +2.4 m relative to present 
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sea level.  These marine members have been the focus of a number of studies, which 

have described, dated and interpreted in great detail (Teichert 1947a, 1947b, 1950; 

Fairbridge, 1953; Kendrick 1977; Playford, 1977, 1988, 1997; Murray-Wallace & 

Kimber, 1989).  As a result, no additional documentation of these members was 

undertaken within the present study.   

 

Ridge-wide chronostratigraphy  

Three depositional episodes have been distinguished in the Tamala Limestone of the 

Garden Island Ridge, based on careful study of sedimentological properties, 

stratigraphic relationships and selected geochronologic analysis of 77 profiles.  Figure 

4.9 illustrates the composite chronostratigraphy of the Garden Island Ridge and shows 

the temporal relationship between depositional episodes during MIS5e/5d, MIS5a and 

MIS1 and their capping hiatal horizons (sometimes discontinuous).  Individual 

depositional packages do not necessarily show superpositional relationships and are 

commonly found lateral to one another.  A composite chronostratigraphy is applicable 

throughout the entire Garden Island Ridge.  However, some depositional episodes are 

currently not recognised for Cape Peron or Penguin, Garden and Carnac Islands due 

either non-representation of the depositional episodes or to an obscuring mantle of 

unconsolidated Holocene dune sands and vegetation.     

 

The oldest rocks recognised for the Garden Island Ridge is a depositional package of 

transgressive-phase aeolian deposits, marine highstand deposits and regressive-phase 

protosol and aeolian deposits.  Capped by a calcrete, these marine limestones and 

aeolianites have been demonstrated to have formed during MIS5e/5d (Veeh, 1966; 

Teichert, 1967; Szabo, 1979; Stirling et al., 1995, Hearty, 2003; Chapter 3).  Overlying 

and developed lateral to these oldest deposits is a depositional package comprised of 

protosol and aeolian deposits that formed during MIS5a (Chapter 3).  The MIS5a 

sedimentary succession is packaged between two calcretes.  However at many locations, 

less complete depositional suites have been preserved and the capping calcrete is 

commonly missing due to erosion.  The calcrete which caps the MIS5a suite is 

discontinuous and the MIS5a and MIS1 depositional packages are largely recognised 

through AAR and C14 dating.  The youngest package is a suite of aeolian deposits and 

marine highstand deposits and is of Holocene age (Playford, 1988; Hearty, 2003; 

Chapter 3). 
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Fig. 4.8  Features of the marine incursions identified on Rottnest Island by Playford (1977, 1988, 1997):    

A) The reef facies of the Rottnest Limestone at Fairbridge Bluff, where coralline algae coats and binds 

tabular corals of Acropora and gastropod rubble (Playford, 1988); 

B)  Shelly calcarenites are associated with the reef facies of the Rottnest Limestone and contain 

gastropods, bivalves and fragmentary corals.  Shown here, is the most abundant gastropod Turbo 

intercostalis. (Playford, 1988); 

C)  The Herschell Limestone at Mt Herschell quarry shows the two most common bivalves Katelysia 

scalarina and Katelysia rhytiphora (Playford, 1988).   The coquinite of the Baghdad Member (above the 

scale) shows the convex-upward orientation of the single valves, while the coquinite of the Vincent 

Member (below the scale) shows the lack of any preferred orientation and many paired bivalves.   
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Fig. 4.9 A schematic of the composite chronostratigraphy of the Garden Island Ridge.  Timing of 

deposition is indicated by MIS and aminozones (in brackets).  Modified from descriptions, stratigraphic 

names and geochronology used in studies by Teichert (1947a, 1947b, 1950), Fairbridge (1950), Playford 

(1950, 1977, 1988, 1997) and Hearty (2003) (see Fig. 4.2) along with additional geochronology data 

(Chapter 3) and profile descriptions (this Section). 

 

 

MIS5e/5d depositional episode 

The oldest sediment deposits of the Garden Island Ridge are exposed at locations on 

Penguin, Garden and Carnac Islands, Cape Peron and Rottnest Island at Bathurst Point, 

Parker Point, Fairbridge Bluff and Mary Cove.  The strata includes the Rottnest 

Limestone and aeolianites of Aminozone E assigned to a depositional episode of 
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MIS5e/5d age.  In every instance, these deposits are capped by a thick (5-110 cm), 

undulating calcrete that is discontinuously overlain by a terra-rossa palaeosol.    As a 

stratigraphic marker horizon, this calcrete is a mean of correlation between aeolian 

packages of the islands and Cape Peron.  Solution pipes associated with the calcrete 

horizon are partly or fully filled with terra rossa palaeosol, which preferentially fills 

topographic lows on the palaeosurface and can contain aeolianite rubble fragments, 

some of which are burnt.  Aeolianite from the MIS5e/5d depositional episode 

potentially exists in the interior of Cape Peron and Garden, Carnac and Penguin Islands 

where exposure is lacking due to vegetation cover and a blanket of contemporary sand.   

 

Carbonate aeolianite assigned to the MIS5e/5d depositional episode are comprised of 

either a single set or stacked simple sets that are separated by a first-order erosional 

boundary surface.  The stacked sets range to 8.9 m in combined thickness (e.g. South 

West on Penguin Island), whereas the more common single sets range to 7.7 m in 

thickness (e.g. Cliff Point on Garden Island Ridge).  The carbonate aeolianite sets are 

overlain in most cases by a rhizolith-bearing cream protosol, which can be 7.1 m thick 

(e.g. Orelia Point on Carnac Island).  Rhizoliths within the cream protosol extend at 

some locations into the underlying carbonate aeolianite.  At some locations, the 

rhizolith-bearing cream protosol nearly comprises the entire face of the cliff exposure, 

reaching thicknesses of up to 3.9 m (e.g. Jeannie’s Lookout West on Rottnest Island).   

The deposits assigned to the MIS5e depositional episode range in exposed topographic 

elevation from sea level (0 m ASL) to 13.6 m ASL.    

 

Petrographic observations show that the aeolianites of this depositional episode are 

comprised of skeletal carbonate from subtropical and temperate marine fauna and flora, 

mostly Bryozoa (23.9 ± 2.7%) and foraminifera (18.5 ± 3%), with varying contributions 

from Mollusca, corals and coralline algae as well as a relatively high amount of 

reworked aggregate grains (2.5 ± 0.9 %; Tables 4.3 and 4.4).  The aeolianite samples are 

weekly cemented with pore space of 8.3 ± 1 % and total cement ranging between 9.6 

and 15.2 per cent (Table 4.3).  Neomorphic inversion of aragonite grains to calcite is 

evident in all samples (7.6-11.2 %; Table 4.3).  The aeolianites have an insoluble 

fraction of nearly pure quartz sand that is <7 % in all samples examined (Table 4.3).   
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MIS5a depositional episode 

The majority of carbonate aeolianites on Rottnest Island, including exposures within the 

island’s interior and coastal cliffs, are assigned to the MIS5a depositional episode.  This 

depositional episode is represented by aeolian and protosol deposits that are sometimes 

capped by a thin (<5cm), undulating calcrete (e.g. Mary Cove on Rottnest Island).  A 

black palaeosol may be preserved under the thin calcrete horizon (e.g. South Point and 

Charlotte Point on Rottnest Island).  As the overlying calcrete horizon is thin and 

discontinuous across the Garden Island Ridge, the use of the calcrete horizon as a 

stratigraphic marker horizon is limited.  Only one documented profile on the western 

part of Bathurst Point on Rottnest Island shows the superpositional contact between 

carbonate aeolianites from the MIS5a depositional episode and carbonate aeolianites of 

the older MIS5e/5d depositional episode (Fig. 4.5).   

 

Carbonate aeolianites assigned to the MIS5a depositional episode are comprised of 

either a single set or stacked simple sets that are separated by a first-order erosional 

boundary surface with or without interdune deposits and/or protosols.  The single sets 

can reach up to 12.1 m in thickness (e.g. Jeannie’s Lookout West on Rottnest Island), 

whereas stacked simple sets can reach up to 17.4 m in combined thickness (e.g. Fish 

Hook Bay on Rottnest Island).  Protosols of variable colour are only known for some 

cliff exposures on Rottnest Island and represent sediment accumulation during local 

lulls in dune formation.  Some protosols show signs of vegetation cover, as shown by 

developments of rhizoliths, some of which extend into the underlying carbonate 

aeolianite.  Some developments of rhizoliths were also observed within the top portions 

of some carbonate aeolianite sets and represent dune stabilisation by vegetation cover.  

The deposits assigned to the MIS5a depositional episode range in exposed topographic 

elevation from sea level (0 m ASL) to 17.4 m ASL. 

 

Petrographic observations show that the aeolianites of this depositional episode are 

comprised of skeletal carbonate from subtropical and temperate marine fauna and flora, 

mostly Bryozoa (25.6 ± 3.5%) and foraminifera (24.7 ± 4.1%), with varying 

contributions from Mollusca, corals and coralline algae as well as a minor amount of 

reworked aggregate grains (2.6 ± 3.2 %; Tables 4.3 and 4.4).  The aeolianite samples are 

weekly cemented with pore space of 9.8 ± 1.6% and total cement ranging between 9.6 

and 15.2 per cent (Table 4.3).  Neomorphic inversion of aragonite grains to calcite is 
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evident in most samples and where evident ranges between 0.2 and 9.8 per cent (Table 

4.3).  The aeolianites have an insoluble fraction that is generally less than 16 wt% and is 

nearly pure quartz (Table 4.2). 

 

MIS1 depositional episode 

Relatively few partially lithified deposits on Rottnest Island have been assigned to the 

MIS1 depositional episode, which include the Herschell Limestone Member and 

aeolianites of Aminozone A (see Chapter 3).  In many instances the underlying thin 

calcrete that caps the MIS5a depositional episode was not observed due to the base of 

the aeolianite set often being covered and/or the discontinuous preservation of this 

horizon.  The only investigated profiles to show superposition of aeolianites of the 

MIS1 and MIS5a depositional episodes are at Charlotte Point and Jeannies Lookout 

West.  An erosional surface or super surface separates dunes formed during MIS1 and 

MIS5a depositional episodes at Jeannies Lookout West, whereas at Charotte Point a thin, 

calcrete horizon marks this reference horizon.  AAR geochronology has provided the 

main criterion for identification of carbonate aeolianites assignable to the MIS1 

depositional episode. 

 

The carbonate aeolianites assigned to the MIS1 depositional episode are comprised of 

single sets or stacked simple sets that are separated by first-order erosional boundary 

surfaces.  The single sets can either be isolated or stacked upon deposits from the 

MIS5a depositional episode.  Isolated single sets are generally located in the interior of 

Rottnest Island and can extend up to 4.3 m in thickness (e.g. Rottnest Bore on Rottnest 

Island).  Single sets of carbonate aeolianite from the MIS1 depositional episode that 

overly deposits of the MIS5a depositional episode reach up to 5.3 m in thickness 

(Charlotte Point on Rottnest Island).  Whereas protosols are not evident within the 

aeolianite sets, there is some incipient development of current soils and vegetation on 

the aeolianites.  The carbonate aeolianite deposits assigned to the MIS5e depositional 

episode range in exposed topographic elevation from 6 to 15.6 m ASL, while the 

Herschell Limestone Member ranges in exposed topographic elevation from -1.5 m and 

+2.4 m ASL (Playford, 1977, 1988, 1997). 
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Petrographic observations show that the aeolianites of this depositional episode are 

comprised of skeletal carbonate from subtropical and temperate marine fauna and flora, 

mostly foraminifera (26.7 ± 6.7%) and Bryozoa (22.5 ± 3.5%) with varying 

contributions from Mollusca, corals and coralline algae as well as a minor amount of 

reworked aggregate grains (0.3 ± 0.9 %; Tables 4.3 and 4.4).  The aeolianite samples are 

weekly cemented with pore space of 14.8 ± 2.3 % and total cement ranging between 7.2 

and 8.4 per cent (Table 4.3).  Neomorphic inversion of aragonite grains to calcite is 

evident in some samples but is less than one per cent (Table 4.3).  The aeolianites have 

an insoluble fraction that is generally less than 8 wt% and is nearly pure quartz (Table 

4.2). 

 

DISCUSSION 

Formation and preservation of the aeolian dunes 

Sediment supply  

The amount and form of biogenic material within coastal dunes is essentially controlled 

by: (1) production of biogenic material in the marine environment; (2) shelf bathymetry 

and transportation onshore by wave energy; (3) coastal topography and transportation 

and deposition by wind energy; and (4) the contribution of terrigenous sediments 

(Visher, 1969; Gardner, 1983; Flugel, 2004).  The original biogenic material, shelf 

bathymetry and translational energy of the marine environment determine the amount 

and condition of biogenic material moved onshore.  This process is prejudiced against 

biogenic material that cannot survive abrasion during transportation.  From the onshore 

to the nearshore ‘dune’ environment, wind energy and topography determines to a 

degree which biogenic materials are moved and deposited into a dune.  All these 

processes filter the original biogenic material sourced from the marine environment and 

condition the biogenic material preserved within an aeolianite.  Although biogenic 

material within an aeolianite cannot give a completely accurate representation of the 

original marine carbonate factory source, it can provide a useful indication.  

 

The gross petrographic composition of the aeolianites is characterised by bioclastics 

derived predominately of variously disintegrated Bryozoa and foraminifera (Table 4.4, 

Fig. 4.10).  From the petrographic data presented earlier (summarised in Table 4.4), two 

major points emerge.  First, the aeolianites from all the depositional episodes have a 

comparable grain composition throughout the study area.  It is a Foramol assemblage, in 
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the sense of James (1997), as characteristic of carbonate sediments of warm temperate 

association, with bryozoan and foraminiferal sources dominant.  Carbonate aeolianites 

with predominately bioclastic compositions have been documented from Pleistocene 

and Holocene carbonate aeolianites in the Bahamas (Kindler & Hearty, 1995; 1996).  

Here, coeval stratigraphic units have a comparable petrographic composition, similar to 

that documented on the Garden Island Ridge.  The relatively consistent composition of 

the carbonate aeolianites on the Garden Island Ridge makes the division of depositional 

episodes based on lithology alone very difficult.  Second, only a subtle change for grain 

compositions of aeolianites from the MIS5e/5d to MIS1 depositional episodes is 

apparent (Fig. 4.10).  It shows a slight decrease in bryozoan fragments accompanied by 

a slight increase in foraminiferal fragments through time (Fig. 4.10).  This subtle shift 

may indicate changing environmental conditions across the three depositional episodes.      
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Fig. 4.10 The composite biogenic composition of aeolianite samples of the Garden Island Ridge (n=80), 

organised in order of the three main aeolian pulses.  Results are based on thin section results (Table 4.3). 

 

 

For the modern Rottnest Shelf, biogenic carbonate generation depends on bathymetry, 

wave energy, influence of the Leeuwin Current and coral growth (Hodgkin & Phillips, 

1969; Collins, 1988; Hatcher, 1991).  The Shelf lies in a transition zone between the 

northern tropical and southern temperate faunas and is of a warm temperate 

biogeographic association, characterised by endemic, tropical and temperate species 

(Wilson & Gillet, 1979; Collins, 1988; James et al., 1999).  Current bioclastic sediment 
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production is dominated by bryozoans and calcareous red algae, with significant 

contributions from molluscs, foraminifera and echinoderms (Collins, 1988; James et al., 

1999).  This character is replicated in the biogenic component of unconsolidated 

Holocene beaches (Searle & Semeniuk, 1988) and dunes (Fairbridge, 1950) along the 

Perth coast.  Thus the character of aeolianites of the Garden Island Ridge should reflect 

sediment production, and the skeletonised biota of the Pleistocene-Holocene Shelf.   

     

The like Foramol-assemblage composition of carbonate aeolianites of the Garden Island 

Ridge suggests a comparable subtropical-temperate marine environment during each 

episode of dune formation.  The factors that influence carbonate production upon the 

modern Rottnest Shelf (i.e. bathymetry, wave energy, influence of the Leeuwin Current 

and coral growth) would have influenced the subtropical-temperate marine environment 

during the depositional episodes of the Tamala Limestone.  The subtle shift in bioclast 

derivation between aeolianites from the MIS5e/5d, MIS5a and MIS1 depositional 

episodes suggest that minor fluctuations in these factors did occur in the past.  

Differences in ambient temperature and the relative strength and position of the 

Leeuwin Current are most likely to have caused the subtle changes in the bioclastic 

composition of the carbonate aeolianites.     

 

Despite the subtle changes in the dominant bioclasts between depositional episodes, 

Fairbridge (1950) reported that the taxonomic affiliation of bioclastic grains within 

carbonate aeolianites of the Tamala Limestone at Point Peron matched that of 

unconsolidated Holocene beach sands in Perth.  Although no comprehensive study of 

foraminifera from the Tamala Limestone has been carried out, Fairbridge (1950) 

identified shallow water, temperate, along with some species that are typically of 

warmer water association (e.g. Calcarina sp. cf. venusta Brady and Clavulina pacifica 

Cushman), within the aeolianite sample he studied.  Whereas the foraminifera within 

the carbonate aeolianite deposits of Point Peron appear to represent mainly living 

species, not all of these are of contemporary local occurrence (Fairbridge, 1950).  

Carbonate aeolianites at Point Peron are now known to represent the MIS5e/5d 

depositional episode (Hearty, 2003; Chapter 4).  Thus Fairbridge’s report suggests that 

species may relocate regionally through time, but the carbonate producing, subtropical-

temperate foraminiferal assemblage of the Rottnest Shelf of MIS5e/5d age is similar to 
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its modern counterpart, surviving over 125,000 yrs of sea-level fluctuation and 

environmental change. 

 

There are two potential sources of terrigenous material into the coastal aeolian 

environment in this region:  (1) wind transported terrigenous dust; and (2) terrigenous 

sediment of a fluvial source for which the nearby Swan River and Harvey Estuary are 

likely agents.  The weight percentage of the insoluble content within the aeolianites of 

the Garden Island Ridge generally fluctuates between 1 and 15 per cent, with only two 

samples showing an insoluble weight percentage greater than 21.  The largest variation 

in the terrigenous fraction (1-41 wt%) is apparent for the dune deposits that occurred 

during the MIS5a depositional episode (Tables 4.2 and Table 4.4).  Fluctuations in the 

insoluble fraction are not an artefact of the grain size distribution or carbonate content 

of the samples and are unrelated to either the mean grain size or the carbonate weight 

percent (Figs 4.11B and C).  Nor is the insoluble fraction within the aeolianites related 

to the fine (<63 µm) size fraction, even when the slight increase in the amount of 

cement over time is taken into account (Fig. 4.11A).  This indicates that the input of 

terrigenous material into the aeolianites is not controlled by major fluctuations in 

terrigenous wind-born dust.  Instead, the terrigenous material must be related to fluvial 

agencies.  The fluvial input to the marine environment would then be subject to 

redistribution through marine processes (e.g. wave action and longshore drift) and 

subsequent aeolian processes until its final deposition within a coastal dune.  The 

terrigenous fraction in the dune deposits records the fluctuations in fluvial inputs from 

the rivers combined with the overwhelming contribution of carbonate sediment to the 

dunes. 

 

Aeolian transportation and deposition of sediment  

The grain size of carbonate aeolian sediment is highly controlled by the original bioclast 

size, the decay of carbonate skeletons and by the size-reduction processes that take 

place during transport (Visher, 1969; Gardner, 1983; Flugel, 2004).  According to most 

authors (see discussion in Visher (1969) and Gardner (1983)), coastal dune sand is 

characteristically medium-sized (250-500 µm) and moderately to well sorted.  Fines are 

rare as they tend to be removed by wind action and wave energy prevents their 

deposition on the beach (Gardner, 1983).  Grains >2 mm in diameter are also rare due to  
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Fig. 4.11 Plots to 

determine the relationship 

between grain size and 

content (carbonate and 

insoluble) for aeolianites 

on Garden Island Ridge 

(n=77). 

(A) Plot of the insoluble 

content against the fine 

size fraction (<63µm). 

(B) Plot of the carbonate 

content against the sand 

size fraction (63µm to 

2mm). 

(C) Plot of the carbonate 

content against the mean 

size.   
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the competence of wind energy to transport them (Visher, 1969; Gardner, 1983), 

although some rare cases involving the transport of gravel-sized bioclasts have been 

noted (e.g. Newell & Boyd, 1955).  In the aeolianites of the Garden Island Ridge, the 

narrow range of grain sizes (Fig. 4.12), the consistent moderate sorting and a consistent 

medium (250-500µm) mean grain size (Tables 4.5 & 4.6) are comparable to those 

reported from Pleistocene carbonate aeolianites in Crete (Caron et al., 2009), South 

Africa (Bateman et al., 2004) and the Bahamas (Kindler & Davaud, 2001) and modern 

coastal dune settings (Friedman, 1961; Khalaf, 1989; Wang et al., 2003; Kasper-

Zubillaga & Carranza-Edwards, 2005).  The relative increase in cement within the 

aeolianites from the MIS1 to MIS5e/5d depositional episodes (Table 4.4) is not 

accompanied by an equivalent increase in fines (<63µm) within the grain size 

distribution (Fig. 4.12A).  Thus the grain size results obtained in this study may be 

taken as reliable estimates, not excessively affected by the disaggregation technique 

used in sample preparation. 

 

Analysis of sediment samples representing each depositional episode of the Garden 

Island Ridge shows little change in the mean grain size (Table 4.4) or pattern of grain 

size distributions (Fig. 4.12B, C and D).  In fact, unconsolidated Holocene beach 

samples are similar to the range of mean grain sizes and grain size distributions of dune 

sediment samples.  Although a tendency towards a slightly coarser nature in the 

unconsolidated Holocene beach samples is evident (Tables 4.4 & 4.6; Fig. 4.12) and is 

reflective of the higher energy in the beach depositional environment.  However, if 

grain size parameters are to be taken as a guide to energy levels which applied to the 

dune depositional environment, other controls on the shape and size of carbonate grains 

must also be considered.  Included here are growth sizes of the skeletal grains (Flugel, 

2004), different architectures of calcareous organisms cause disintegration in different 

ways (Folk & Robles, 1964; Hoskin et al., 1983), differences in shape, density, size, 

angularity and structure of grains causes variations in their susceptibility to transport 

and settling (Matthews, 1991; Flugel, 2004), the distance/time over which transport 

takes place and the fact that grain size distribution patterns can be completely changed 

by major storm events (Flugel, 2004).  The consistent pattern of grain size distributions 

and mean grain sizes from the aeolianites of the Garden Island Ridge (Fig. 4.12) 

suggests a comparable availability of similar skeletal grains along with consistency in 
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physical processes (like tides, longshore drifts and winds) during each episode of dune 

formation. 
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Fig. 4.12 Variation in 

frequency distribution 

curves for sediments from 

aeolianites on Garden 

Island Ridge (MIS1; 

MIS5a; MIS5e/5d; n=77) 

and unconsolidated 

Holocene beach samples 

from Perth region (n=8). 

(A) Frequency distribution 

curves for average grain 

size parameters. 

(B) Frequency distribution 

curves for sediments from 

aeolianites deposited 

during MIS1. 

(C) Frequency distribution 

curves for selective 

sediments from aeolianites 

deposited during MIS5a. 

(D) Frequency distribution 

curves for sediments from 

aeolianites deposited 

during MIS5e/5d.  

(E) Frequency distribution 

curves for sediments from 

unconsolidated Holocene 

beach samples. 
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Covariate plots are designed to separate environments which differ strongly in their 

hydrodynamic and aerodynamic controls (Friedman, 1961).  Applying these analyses to 

dune and beach sediment samples (Fig. 4.13), three major points emerge.  Firstly, plots 

of graphic mean relative to sorting and skewness and skewness relative to kurtosis and 

sorting (Fig. 4.13) show no difference between aeolian sediments of the different 

depositional episodes.  The covariate plots are broadly similar to those of modern 

coastal dune sediments settings from a variety of regions (Friedman, 1961; Khalaf, 1989; 

Wang et al., 2003; Kasper-Zubillaga & Carranza-Edwards, 2005).  Secondly, although 

the covariate plots do not discriminate between aeolianites of different dune building 

episodes, some clusters are evident within the plots (Fig. 4.13).  Thirdly, the covariate 

plots can be used to discriminate between aeolianites and beach sediments (Fig. 4.13). 

 

Clusters evident in the plots (Fig. 4.13) indicate differences in sedimentary 

characteristics among the aeolianites and beach sediments and imply differences in the 

physical processes involved in their formation. Dune sediments with a mean size 

between 190 µm to 500 µm (fine to medium sand) are always moderately to moderately 

well sorted (Fig. 4.13A), signifying a long transport distance and that more 

homogeneous processes applied during sediment deposition.  However, dune sediment 

with a mean size of coarse sand (500-1000 µm) is invariably poorly sorted (Fig. 4.13A).   
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Fig. 4.13 Covariate plots of 

graphic mean, sorting, 

skewness and kurtosis for 

sediments from aeolianites 

on Garden Island Ridge 

(MIS1, MIS5a, MIS5e/5d; 

n=77) and unconsolidated 

Holocene beach samples 

from the Perth region (n=8). 

(A) Mean Vs Sorting. 

(B) Mean Vs Skewness. 

(C) Kurtosis Vs Skewness. 

(D) Sorting Vs Skewness.   
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In comparison, unconsolidated Holocene beach sediments are never poorly sorted, 

despite similar mean sizes that range between 227 to 729 µm (fine to coarse sand). 

These dune characteristics may relate to: transport by high-energy wind in turn related 

to storms; a shorter distance between the site of deposition and the source that 

minimises grain reduction by abrasion; and/or a change in grain source.  Skewness is 

sensitive to the environment of deposition and is not influenced by mineralogy 

(Friedman, 1961).  Skewness of the Garden Island Ridge aeolianites range from 

symmetrical to very finely skewed (Fig. 4.13B, C and D) and are comparable to the 

skewness values for Pleistocene carbonate aeolianites from South Africa (Bateman, et 

al., 2004).  However, sediment of a mean size >320 µm from the Garden Island Ridge is 

never very finely skewed (Fig. 4.13B).  In comparison, the skewness of unconsolidated 

Holocene beach samples from the region range from coarsely to finely skewed (Fig. 

4.13B, C and D) and reflect the beach environment of deposition.   

 

The skewness values reflect the dominantly aeolian character of the sands as well as the 

influence of coastal processes on the grain size distribution.  Similar conclusions have 

been derived for sands from modern coastal dune settings (Abuodha, 2003; Kasper-

Zubillaga & Carranza-Edwards, 2005).  Kurtosis, on the other hand, is not diagnostic of 

the depositional environment (Friedman, 1961).  Kurtosis of the Garden Island Ridge 

sediments is platykurtic to leptokurtic, with no indication of a dependence on skewness 

(Fig. 4.13C) and are comparable to the kurtosis values for Pleistocene carbonate 

aeolianites from South Africa (Bateman, et al., 2004).  However sediments from the 

Garden Island Ridge that are very finely skewed are either mesokurtic or leptokurtic 

(Fig. 4.13C).  The kurtosis values show that the central part of the grain size distribution 

tends to be better sorted than the tails.  The overall trends in sorting, mean grain size, 

skewness and kurtosis values reflect the marine, beach and aeolian processes as well as 

the biogenic composition of the sands that formed the aeolianites of the Garden Island 

Ridge. 

 

Preservation  

After deposition, aeolian sediments are immediately affected by diagenetic processes 

acting in the meteoric vadose zone (Flugel, 2004).  Unconsolidated Holocene dune 

deposits on Rottnest Island are being gradually cemented by percolating rainwater, 

forming a transition into the underlying partially lithified dunes of the Tamala 
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Limestone (Playford, 1977, 1988, 1997).  In all aeolianite samples from the Garden 

Island Ridge, two generations of calcite cement are observed in varying amounts and 

thicknesses - an initial micritic calcite cement is subsequently followed by a coarser 

spar-sized calcite cement.  These cementation fabrics (i.e. grain contact meniscus, 

pendant meniscus and rim cements) occur in all aeolianites from the Garden Island 

Ridge (Figs 4.7B, 4.7C & 4.7D) and indicate that lithification was in a meteoric 

(freshwater) or mixed vadose diagenetic environment (Heckel, 1983; Flugel, 2004).  In 

this zone, pores are rarely filled with water and cementation usually occurs in a film of 

water surrounding the grain (rim cement) and in a capillary film of water at grain 

contacts (grain contact meniscus cement) and beneath grains (pendant meniscus cement).  

Geopetal crystal silt is visible in some aeolianite samples as partial fillings of intra-

particle pore space (Fig. 4.7C).  Such geopetal crystal silt has been interpreted as an 

indicator of vadose diagenesis by Dunham (1969) and other authors (see Scholle and 

Ulmer-Scholle, 2003; Flugel, 2004).  The cement types and fabrics are comparable to 

those documented from Pleistocene carbonate aeolianites exposed to vadose meteoric 

environments in Crete (Caron et al., 2009), Hawaii (Blay & Longman, 2001) and the 

Bahamas (Kindler & Hearty, 1995; 1996; Kindler & Davaud, 2001), despite slightly 

different grain compositions in these locations.  McLaren & Gardner (2004) show that 

factors other than original mineralogy are more important in controlling 

cementation/diagenesis in Pleistocene carbonate aeolianites.   

 

Isopachous phreatic cements of freshwater or marine origin were not evident in any thin 

sections.  However, the aeolian sediments could have been exposed to the marine 

phreatic zone during times of higher sea level.  Pleistocene carbonate aeolianites from 

MIS9 in the Bahamas record a subsequent generation of cement from a marine phreatic 

environment (Kindler & Hearty, 1996).  Since the lowstand of MIS6, the Garden Island 

Ridge has experienced higher sea levels than the present three times: 1) the actual 

highstand of interglacial MIS5e, when sea level must have been at least 3.2 m higher 

relative to Rottnest Island than at present (Playford, 1988, 1997) and could have reached 

more than 12 m higher than it is today (Shackleton, 2000); (2) a sea-level highstand 

during MIS1 around 4,800 to 5,900 years, where sea level stood about 2.4 m above 

present sea level on Rottnest Island (Playford, 1988, 1997); and (3) a discrete 

subsequent sea level highstand during MIS1 around 2,200 to 3,100 years, where sea 

level was about one metre higher relative to that of the present on Rottnest Island 
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(Playford, 1988, 1997).  Aeolianites that formed during the transgressive phase to the 

highstand of MIS5e and stand lower than 12 m above modern sea level, would have 

experienced the marine phreatic zone.  However, no cement of a marine origin is 

evident within the aeolianite samples which may be due to meteoric dissolution during 

subsequent vadose diagenesis.  Due to constraints placed on sample collection and 

suitability for AAR dating, aeolianites that could have been effected by the marine 

phreatic zone during the two separate sea-level highstands of MIS1 (i.e. locations that 

stand lower than 2.4 m and/or ~1.0 m above modern sea level) were not sampled. 

 

Neomorphic features are common to rare within the aeolianites from the Garden Island 

Ridge, which is unusual for Holocene carbonates (Gavish & Friedman, 1969).  The 

original bioclastic sediments within the aeolianites, sourced largely from Bryozoan, 

foraminifera, coralline algae, Mollusca and coral, are comprised of a mixture of 

aragonite and high-Mg calcite (see Scholle & Ulmer-Scholle, 2003; Flugel, 2004).  

Because these minerals are prone to dissolution or transformation in the meteoric 

vadose zone, the sediments have high diagenetic potential in the sense of Schlanger & 

Douglas (1974).  Relicts of original biogenic carbonate structures are preserved in 

empty micritic envelopes or in recrystallised grains and reflect the gradual dissolution 

of the original aragonite and/or high-Mg calcite grains and the precipitation of low-Mg 

calcite.  The early generation of neomorphic features occur in all aeolianites from the 

Garden Island Ridge and reflects diagenesis in the meteoric vadose environment. 

 

The varying degrees of diagenetic alteration that are evident in the aeolianites can be 

loosely related to age.  Petrographic analysis shows that with geologic age there is a 

relative increase in cementation and neomorphism as well as a relative decrease in pore 

space (Tables 2.5 and 2.6; Fig. 4.14A).  Early cementation by two generations of 

cements that is accompanied by a minor expression of neomorphism is evident even in 

the youngest aeolianite samples related to a highstand of MIS1 at 2,200 to 3,100 years 

and 4,800 to 5,900 years.  Early diagenetic solution and/or precipitation processes in 

meteoric vadose environments need far less time than late diagenetic deeper burial 

diagenesis (Flugel, 2004).  However, Folk’s (1965) model for carbonate diagenesis 

proposes that neomorphism does not initiate until all pore spaces were filled with 

cement.  This is not the case for the Garden Island Ridge where neomorphism is evident 

even in the youngest aeolianite samples. 
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Fig. 4.14 Diagenesis graphs for aeolianite samples from Garden Island Ridge showing: A) percentage 

total cement and recrystallised grain (and deviation bars); and B) percentage total cement against mean 

grain size.  

   

 

The response of carbonate aeolianites to diagenetic processes are controlled by grain 

mineralogy, chemistry, size and texture, porosity and permeability, presence of early 

cement, pressure, temperature, pore water chemistry, pore water amount and rate of 

pore water movement (Flugel, 2004; McLaren & Gardner, 2004).  While these 

controlling factors are known to operate at different spatial and temporal scales 
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(Gardner & McLaren, 1994), most of these factors and conditions are relatively 

comparable among the aeolianites sampled on the Garden Island Ridge.  Even a 

preferential cementation of finer grain sizes that is noted in outcrops is not evident when 

examined by mean grain sizes of samples (Fig. 4.14B).  The diagenetic trends evident in 

the aeolianite samples seem to largely relate to the amount of time available for 

diagenetic alteration.  However, the aeolianite samples show a variable amount of mean 

total cement and neomorphism (Fig. 4.14A).  Therefore age assignment based on the 

degree of cementation and neomorphism alone is unreliable. Studies of the variation in 

cement amounts in carbonate aeolianites from arid to subhumid settings that range in 

age from Holocene to Late Pleistocene, show that meso-scale factors in diagenetic 

change often dominate and over-ride macro-scale (regional) factors, such as climate 

(McLaren & Gardner, 2004).  Meso-scale zones of accelerated and enhanced vadose 

diagenesis can result in very complex patterns of diagenetic changes. As the Garden 

Island Ridge deposits show overall general rates of alteration, climate seems to be the 

dominate factor in diagenesis.  Although, the large ranges in alteration between samples 

of the same age, show that other meso-scale (local) factors probably dominate also, such 

as additional pore-water fluid inputs from sea spray and the groundwater table.  The two 

generations of cement types observed in the Garden Island Ridge carbonate aeolianites 

may be related to seasonal changes in climate (Ward, 1973).  However, such 

relationships cannot be taken as established until more is known about the interplay of  

meso- and macro-scale factors (McLaren & Gardner, 2004). 

 

Ridge-wide palaeoenvironment chronology 

Aeolianite genesis on the Garden Island Ridge occurred during the transgressive sea 

level phase of MIS5e (Figs 4.9, 4.15 and 4.16A).  Sea levels higher than the 40 m 

isobath would have applied during the generation of carbonate sediment and the 

formation and preservation of carbonate aeolianite during the transgression to MIS5e 

(i.e. MIS6 to MIS5e; see Chapter 3).  Almost all aeolianite sets assigned to the 

MIS5e/5d depositional episode extend below present sea level and correspond with a 

lower sea level than present.  The sediments nucleated on early Pleistocene deposits, as 

documented from well records from Rottnest Island (Glenister et al., 1959), and resulted 

in the emergence and growth of most of the Garden Island Ridge (Fig. 4.16A).   
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The actual highstand of MIS5e marks one of three regional dune hiatal periods for the 

Garden Island Ridge (Fig. 4.15).  During this interval, the Rottnest Limestone Member 

was deposited on Rottnest Island and records a sea level at least 3.2 m higher relative to 

that of the present (Playford, 1988, 1997).  Dune accumulation began again during the  

 

 
Fig. 4.15 Timing of stratigraphy formation on the Garden Island Ridge relative to Marine Isotope Stages 

(MIS) and the composite relative sea level curve of Waelbroeck et al. (2002).  The global sea level during 

the last glacial period (~125,000 yrs ago) peaked 5.5 to 9 m above present sea level, although substantial 

variability is observed for peak sea level at geographically diverse sites (Dutton & Lambeck, 2012).  In 

Western Australia, a eustatic (or global) sea level of +5.5 m has been determined by Dutton & Lambeck 

(2012). The +2.5 m MSL recorded in the Perth region during the Holocene around 6,500 yrs BP (Searle et 

al., 1988; Playford, 1988; 1997) most likely reflects glacio-hydro-isostatic processes (as suggested by 

Searle & Woods, 1986).  These process have caused local or relative sea level observations to depart 

significantly during the Holocene (Milne & Mitrovica, 2008) and MIS5 (Dutton & Lambeck, 2012). 
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Fig. 4.16 Preserved dune deposition within the Perth area and its vicinity to the changing palaeo-shoreline:   

(A) Preserved dune deposition from MIS5e to MIS5c.  Genesis of the exposed aeolianite on the Garden 

Island Ridge began during the transgressive phase of MIS5e, when sea level rose higher than the 40 m 

isobath.  The deposition of the Rottnest Limestone records the peak of MIS5e, when sea level rose higher 

than the present mean sea level.  During the regression from MIS5e to MIS5c, sea level fluctuated but 

was higher than the 40 m isobath and a number of dune ridges formed. On mainland Perth, deposition of 

the Trigg Dunes of the Spearwood Dune System began during the regressive phase from MIS5e (Bastian, 

1996).  During MIS5c, sea level was approximately at the 20 m isobath and produced two dune ridges.     

(B) Dune hiatus during sea levels lower than the 40 m isobath.  Sea level during the MIS5b and MIS4-

MIS2 dune hiatus periods are linked with lower palaeo-sea levels.  During MIS5b, palaeo-sea levels 

reached a maximum at the 50 m isobath and a calcrete marker horizon and red palaeosol formed upon the 

Garden Island Ridge.  The final phase of dune hiatus lasted roughly 65, 000 years during MIS4-MIS2, 

where palaeo-sea levels did not reach above the 50 m isobath.  During MIS4, palaeo-sea levels were 

lowest at the 80 m isobath.  During MIS2, palaeo-sea levels were lowest at the 120 m isobath.   

(C) Preserved dune deposition from MIS5a.  A similar sea level to the MIS5e/5d depositional episode 

would have initiated dune deposition during MIS5a.  At the start of dune deposition during MIS5a, sea 

level was approximately at the 20 m isobath and a number of dune ridges were deposited.  It is most 

likely that the Five Fathom Bank (ridge outboard of the Garden Island Ridge) was emplaced during this 

time.  At the end of MIS5a and into MIS4, sea level dropped below the 50 m isobath and the production 

of carbonate dune sediment ceased.     

(D) Palaeo-shoreline at the 0 m isobath during MIS1.  During the last 6, 000 years, the palaeo-sea level 

has been higher than 0 m AHD.  During higher sea levels, wave action has partly eroded the Garden 

Island Ridge to form banks, such as that preserved in the Safety Bay Sand and the Becher Sand (Searle et 

al., 1988). 

(E) Preserved dune deposition upon Rottenest Island from MIS1.  Dune deposition upon Rottnest Island 

during MIS1 occurred at roughly the same time as the deposition of the Hershell Limestone.  The Vincent 

Member (5,900 to 4,800 yrs BP) preserves a sea level about 2.4 m AHD and relates to dune deposition 

correlated to A1 aminozone (dark shading).  The Baghdad Member (3,100 to 2,200 yrs BP) preserves a 

sea level about 1 m AHD and relates to dune deposition correlated to A2 aminozone (lighter shading 

indicated by label).  Despite this small fluctuation in sea level, dune deposition most likely continued 

relatively unabated during MIS1. 
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regression from the actual highstand of MIS5e and continued into the stadial MIS5d 

(Fig. 4.16A; Chapter 3).  A series of dune ridges formed in relation to the palaeo- 

shoreline that could have been as high as the 20 m isobath (Figs 4.15 and 4.16A).  The 

dune accumulation during MIS5e/5d was terminated by the development of a cream 

protosol and associated vegetation cover in most locations.  Vegetation cover on the 

aeolianite dunes played a major role in dune stabilisation and soil formation.  An 

extensive stabilized, vegetated area developed on the southern portion of the Garden 

Island Ridge, compared to the small pockets that developed for some areas on Rottnest 

Island.  The extensive stabilisation of dunes by increased vegetation cover and the 

development of a cream protosol over this large area indicates a xeric soil moisture 

regime and substantial vegetation cover.  The vegetation cover did limit the local 

sediment supply and may have been accompanied by reduced wind energy.  The 

presence of bioturbated beds at the top of an aeolianite set, abundant rhizoliths and/or 

protosols are distinctive (but not diagnostic) of regressive-phase aeolianites (Carew & 

Mylroie, 1995; Carew & Mylroie, 2001; Mylroie, 2008). 

 

During the next dune hiatal period of MIS5b, which technically occurred somewhere 

between MIS5c and MIS5a, a thick calcrete with solution pipes and a well-developed 

terra rossa palaeosol formed over the Garden Island Ridge (Figs 4.9, 4.15 and 4.16B).  

The calcrete and terra rossa palaeosol may extend further in the Perth region as a 

yellowish-red fossil soil overlying a calcrete-capped Tamala Limestone has been 

described in vibracores collected east of Garden Island in the Cockburn Sound (Skene et 

al., 2005).  The pedogenic features indicate an extended period of dune stability and 

formation of solution pipes, red soils and calcretes between intermediate sea level 

highstands MIS5c and MIS5a.   

 

Dune accumulation restarted during the regression of MIS5 around MIS5a (Fig. 4.15; 

Chapter 3). Sea levels higher than the 40 m isobath applied during the generation of 

carbonate sediment and the formation and preservation of carbonate aeolianite during 

the MIS5a depositional episode (see Chapter 3).  Some aeolianite sets assigned to the 

MIS5a depositional episode extend below present sea level and correspond with a lower 

sea level than that of the present.  The dune sands were blown onto the abandoned 

MIS5e/5d bedrock platform on Rottnest Island, where periods of dune deposition are 
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superimposed.  Thick sets of cross-strata, as either single or stacked simple sets, with 

minimal to rare third-order surfaces indicate that rates of deposition were much more 

than the rates of bedform migration.  Comparatively brief local dune hiatal intervals are 

evident between and on some aeolian sets.  Incipient soil formation, minor organic 

staining of some protosols and minor rhizolith development represent the local 

stabilisation of dunes.  The development of a black palaeosol only preserved at some 

locations more than likely records the end of dune accumulation during the MIS5a 

depositional episode throughout Rottnest Island. 

 

The preserved MIS5a dune accumulation is confined to Rottnest Island and no 

aeolianites assignable to the MIS5a depositional episode are found elsewhere on the 

Garden Island Ridge.  The work of Playford (1950) and Fairbridge (1950) suggest that 

carbonate aeolianites associated with either the MIS1 or MIS5a depositional episodes 

are present on Penguin Island and Cape Peron respectively.  However, during the 

present study, the only deposits within the Tamala Limestone older than the MIS5e 

deposits were observed at Two People’s Bay on Garden Island where a thin protosol 

and calcrete horizon were observed.  Rather than extensive dune accumulation upon the 

exposed part of the Garden Island Ridge, it is more probable that a dune ridge formed in 

relation to a 20-30 m isobath palaeo-shoreline during MIS5a and emplaced the Five 

Fathom Bank that extended up to Rottnest Island (Fig. 4.16C).     

 

The youngest dune hiatal period occurred between MIS4 and MIS2, and represents a 

lull in dune accumulation for the entire Garden Island Ridge that lasted roughly 

65,000 yrs (Fig. 4.9 and Fig. 4.16B).  Although this is the longest dune hiatal period for 

the Garden Island Ridge, no continuous stratigraphic boundary marker is evident. For 

Rottnest Island and maybe even for Garden Island, at least one thin calcrete layer 

formed during this period.  Poor development of the calcrete horizon suggests that 

environmental conditions supporting calcrete development did not stay optimal for long.  

The hiatus is however marked by an erosional super surface that is similar in character 

to those developed within the MIS5a depositional episode.  However, the MIS5a and 

MIS1 contact is difficult to recognise without the assistance of AAR geochronology.  It 

should be noted that deposition on the Garden Island Ridge may have occurred during 

this time period, but as erosional processes dominated this hiatal period, no recognisable 

sedimentary record remains.  The carbonate shelf would have been exposed between 
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MIS4 and MIS2 and undergoing aeolian reworking.  Any features produced between 

MIS4 and MIS2 on the Rottnest Shelf are currently submerged.  A submerged 

discontinuous ridge 3-10 m high along much of the outer shelf identified in a high-

resolution bathymetric dataset by Brooke et al. (2010) most likely represents features 

formed on the shelf between MIS4 and MIS2.   

 

The youngest phase of aeolian accumulation is associated with Holocene marine 

deposits of the Herschell Limestone (Chapter 3; Fig. 4.9 and Fig. 4.16E).  Both 

carbonate dune and marine sediments were deposited during the transgressive and 

stillstand phases of the current Holocene sea-level highstand, MIS1.  Dune 

accumulation during the MIS1 depositional episode relates to a postglacially rising sea 

level that has the potential to entrain calcareous sands at a sea level higher than the 10 m 

isobath.  However, the association of partially lithified dune sands with the Herschell 

Limestone indicates that a higher palaeo-sea level of 1-2.4 m AHD (Playford, 1977, 

1988, 1997) was experienced during the MIS1 dune depositional episode.  Analysis of 

radiocarbon dates of the Herschell Limestone and A/I values of Aminozone A (Chapter 

3) indicate that the two marine members of the Herschell Limestone were of close 

temporal association with two pulses of dune formation within MIS1, which are now 

partially lithified carbonate aeolianites.  The dune sands were blown onto the abandoned 

MIS5 bedrock platform on Rottnest Island, where periods of dune deposition are 

superimposed.  Dune accumulation occurred in isolated sets at a few locations around 

Rottnest Island, either as isolated deposits of uncertain context or upon older sets of 

aeolianites (Fig. 4.16E).  Transgressive-phase aeolianites are difficult to identify based 

on physical properties alone, as few distinctive features are diagnostic of the 

transgressive phase (Abegg et al., 2001).   

 

A third pulse of dune formation within MIS1 is recorded in the unconsolidated dune 

deposits upon the Garden Island Ridge.  The unconsolidated dunes on the Garden Island 

Ridge tend to be fixed by low scrub and are being gradually cemented from percolating 

water, as described on Rottnest Island (Playford, 1988, 1997).  As a result, a gradual 

transition exists between unconsolidated dunes and the underlying partially-lithified 

dunes of the Tamala Limestone (Playford, 1988, 1997).  The youngest aeolianite 

samples of the Garden Island Ridge from MIS1 are partially cemented and support the 

interpretation that the unconsolidated dune sediments on the Garden Island Ridge are 
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<2,200 years in age.  This is similar to the unconsolidated coastal dunes on the mainland 

that appear to postdate the deposition of the Safety Bay  

Sand and are <2,000 years in age (Searle et al., 1988).     

 

At this stage, AAR dating is the only indicative test of partially lithified dunes 

accumulated during MIS1 and additional AAR dating may reveal more aeolianites 

formed during MIS1 on the Garden Island Ridge.  As the boundary between 

unconsolidated Holocene dune sands and the underlying aeolianites of the MIS1 

depositional episode is a gradual transition (Playford, 1977, 1988, 1997), stacked simple 

sets of aeolianite and/or additional single sets of aeolianite from the MIS1 depositional 

episode may yet develop.  However, contemporary carbonate dune development on the 

Garden Island Ridge is strongly influenced by stabilization and vegetation projects run 

by council, state and national park authorities (e.g. Development Planning Policy and 

the Rottnest Island Management Plan 2009-2014 of the Rottnest Island Authority, see 

http://www.rottnestisland.com).     

 

Palaeoclimatic implications of the soil and calcrete intervals 

The calcrete and red soil formation between intermediate sea level highstands MIS5c 

and MIS5a creates an interesting scenario, as the regional climate was relatively colder 

with sea-levels fluctuating between the 20 m and 50 m isobaths (Fig. 4.15; Waelbroeck 

et al., 2002).  Solution pipes extend under modern sea level and correspond with a 

lower sea level than present.  For pervasive solution to occur, effective CaCO3 leaching 

and dissolution is needed and suggests high pCO2 of percolating waters.  The vertical 

extent of the solution pipes indicates that the flux of meteoric waters much have 

considerably increased and suggests that wet conditions occurred (Wright, 1988).  Terra 

rossa sediments filling the solution pipes also indicate wetter conditions associated with 

a thick soil cover.  The development of calcrete suggests that effective CaCO3 leaching, 

dissolution and precipitation occurred in arid conditions with low rainfall (Goudie, 

1983).  The laminated calcrete crusts form a lining to the solution pipes and incorporate 

terra rossa soils and abundant soil-derived angular quartz grains into the calcretes.   

Thus, the formation of calcrete is interpreted to postdate terra-rossa formation.  The 

development pattern of the pedogenic features outlined above represents a response to 

changes in climate and record a wetter, subhumid to humid climate followed by a drier 

arid climate between MIS5c and MIS5a.  Similar pedogenic features have been 
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documented from Pleistocene carbonate aeolianites exposed between MIS5c and MIS5a 

on Crete (Caron et al., 2009) and Bermuda (Hearty, 2002). 

 

The origin of terra rossa palaeosols is controversial (Bricker & Mackenzie, 1970; 

Yaalon & Ganor, 1973; Ruhe & Olson, 1980), but they are generally viewed 

(sometimes incorrectly) as glacial-age soils.  The hypothesis that the limestone is the 

primary parent material on which the terra rossa palaeosols are developed is problematic 

as the amount of limestone dissolution involved is commonly too low to explain the 

observed palaeosol thickness (e.g. Macleod, 1980; Olson et al., 1980; Ruhn & Olson, 

1980; Mee et al., 2004).  For the Garden Island Ridge to produce the observed terra 

rossa palaeosol in such a short time span (<15,000 yrs), a large thickness of limestone 

would have to have been removed by dissolution under an unlikely weathering regime.  

This suggests that the terra rossa palaeosol does not have a primary origin from 

limestone residuum, but resulted from aeolian processes.  Aeolianite fragments, some 

burnt, preserved within the terra rossa palaeosol represents the input of local material to 

the soil as well as indicating that bushfires were a feature of the environment.  The 

erosion of nearby land/soils may have been initiated by deforestation through fire, 

torrential rainfall or some combination of these mechanisms.  Therefore the terra rossa 

palaeosol is dominated by aeolian-derived components, much like the terra rossa 

palaeosols associated with carbonate aeolianites in southeast South Australia (Mee et al., 

2004) and the Mediterranean region (Yaalon, 1997) as well as those on Bermuda 

(Herwitz & Muhs, 1995; Hearty, 2002) and the Bahamas (Boardman et al., 1995; 

Kindler & Hearty, 1996; Mylroie, 2008).  These authors too could not give the terra 

rossa palaeosols at these locations a numerical age range.     

 

Abundant rhizoliths and protosols are associated with the carbonate aeolianites 

deposited during MIS5a and provides a further example of the common association 

between rhizoliths, protosols and carbonate aeolianites.  Each sequence of aeolian 

activity was followed by stabilization of the dunes by the roots and incipient soil 

development may reflect seasonal changes in climate during MIS5a.  The early 

calcification of root systems characterise a slow diffuse flow of percolating meteoric 

waters in the near surface environment, suggesting semi-arid conditions (Wright, 1988).  

Similar rhizocretions have been documented in Pleistocene carbonate aeolianites 

exposed under semi-arid or arid climates in Spain (Alonso-Zarza et al., 2008), Crete 
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(Caron et al., 2009), Bermuda (Hearty, 2002) and Bahamas (Carew & Mylroie, 1995; 

1997).   

 

The longest lull in dune accumulation for the entire Garden Island Ridge occurred 

between MIS4 and MIS2 (Fig. 4.9 and Fig. 4.16B).  These ~65,000 yrs are marked by a 

discontinuous black palaeosol and a thin discontinuous calcrete layer.  The rip-up clasts 

inherited from the underlying aeolianite and the developed black soil (Fig. 4.6I) suggest 

a more stable landscape during at least part of MIS4-2.  For calcrete to develop, 

effective CaCO3 leaching, dissolution and precipitation is needed and suggests a similar 

arid climate and low rainfall to calcrete development during MIS5c-5a applied.  The 

poor development of the calcrete horizon suggests that the climatic conditions, which 

support calcrete development, did not stay optimal for long.  The lack of continuous 

deposits associated with MIS4-2 on the Garden Island Ridge is interpreted as indicating 

an unstable, variable climate that is dominated by erosional activities.   

 

Correlation with regional aeolian activity 

The Tamala Limestone within the Perth region was deposited as coastal aeolianite, 

which is arranged as a series of successive lines of dunes (Playford et al., 1976).  

Although the Perth Basin is recognised as being out of isostatic equilibrium (Vening-

Meinesz, 1948; Playford et al., 1976; Lambeck, 1987), significant tectonic uplift during 

dune deposition is absent in the region (Lambeck, 1987; Kendrick et al., 1991).  This 

has resulted not only in the close proximity of dune ridges but in compounded 

generations of dune formation within individual ridges.  This is evident for the Swan 

Coastal Plain where two generations of dunes developed and overlie each other in the 

highest parts of Bonorin Hill in the Perth suburb of Edgewater (Bastian, 1996).  This is 

quite unlike the pattern expressed by the Bridgewater Formation of the Coorong region 

in South Australia.  Here significant tectonic uplift in the Coorong region (Cook et al., 

1977) resulted in a back-stepping of the shoreline and the consequent separation of 

successive dune ridges as distinct limestone ‘ranges’ (Belperio, 1995; Belperio et al., 

1996).  For the Perth region, whereas some dune ridges can be quite distinct, the 

distinctions between generations of dune formation are commonly blurred.  As a 

consequence, temporal subdivision of the Tamala Limestone on topography alone is 

somewhat suspect.  This is similar to the tectonically stable southern Cape coast of 
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Bateman et al. (2004) in South Africa.  These large shore-parallel coastal ridges 

comprise vertically stacked dune units deposited during a number of interglacials.     

 

Distribution of the Tamala Limestone in the Perth region coincides with a topographic 

expression known as the Spearwood Dune System (McArthur & Bettenay, 1974; 

Bastian, 1996).  Bastian (1996) subdivided the Spearwood Dune System into several 

dune subsystems, with the base of two subsystems associated with dated marine 

deposits.    The youngest aeolianite generation in the Swan Coastal Plain, the Trigg 

Dune Subsystem, corresponds to dunes formed after the MIS5e highstand.  The three 

depositional episodes of carbonate aeolianite on the Garden Island Ridge can be 

correlated to the Trigg Dune Subsystem and part of the Karrinyup Dune Subsystem (Fig. 

4.17).  The growth of the coastal ridges occurs by lateral and vertical accretion and is 

dependent on the geometry of the distally steepened ramp-like setting (i.e. depositional 

system profile), climate and pattern of sea level change when sea levels are higher than 

the 50 m isobath.  The lateral and vertical growth of the Garden Island Ridge and other 

ridges in the Perth region is self regulating: the greater the lateral growth, the greater the 

source area for sediment production that is required for growth; and the greater the 

vertical growth, the greater the source amount for sediment mobilisation and deposition 

that is required for growth.  Subsequent vertically stacked dune units require 

accommodation through a significantly higher sea level in order to overstep the high 

ridges along the barrier.  Lateral and vertical growth of the ridges ceases at a time when 

the shelf becomes too narrow and/or steep to sustain the formation and landward 

transport of sediments.  Submerged ridges on the shelf (e.g. Five Fathom Banks) are 

relict features formed when sea level was around 25-60 m lower than present (Brooke et 

al., 2010) and preserve the back-stepping of the carbonate ridges.  During lowstands, 

dune deposits indurate and form nucleation points or anchors for subsequent deposition 

during high sea levels.   

 

Figure 4.18 shows that by combining a relative sea-level curve and previously published 

ages with the new AAR chronology from the Garden Island Ridge, phases of aeolianite 

deposition extending back to the interglacial MIS13 or MIS15 can be identified in the 

Perth region.  Some of the barriers represent composite features formed during more 

than one sea-level highstand, with older carbonate aeolianite cores acting as anchors on 

which younger sediment has accumulated.  An older series of coastal barriers called the 
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Fig. 4.17  The temporal relationships between the carbonate aeolianites of the Garden Island Ridge and 

the Pleistocene aeolian deposits of the Swan Coastal Plain, Perth region, as described by Bastian (1996).  

Although a direct comparison of geomorphic divisions on the Swan Coastal Plain does not constitute an 

exact match to the chronostratigraphic divisions recognised for the Garden Island Ridge, a coarse 

comparison is applicable.  The coarse comparison is possible due the MIS5e correlation of dated marine 

deposits of the Minim Cove Member, which is the base of the Trigg Dunes, and the Rottnest Limestone 

Member on the Garden Island Ridge. 

 

 

Bassendean Dunes occurs further inland (McArthur & Bettenay, 1974).  Critical to this 

understanding is the timing and extent of sea-level changes over the last 600 ka, how 

these changes affected the western coastline and the distance of the aeolianites from 

sediment sources.  Corroborative regional evidence for aeolian activity during the 

Holocene, MIS5a, MIS5e and older interglacial periods as found in the Perth region can 

be found from dunes along thousands of kilometres of coastal Western Australia 

(Hearty & O’Leary, 2008) and from the extensively dated coastal dune barriers in 

southern Australia (Murray-Wallace et al., 2001).  Comparison with the global 
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aeolianite record also shows island aeolianite deposition on Bermuda occurred at MIS5a, 

MIS5e and MIS7 (Hearty, 2003), whilst successive and stacked coastal barrier dune 

deposition likewise occurred in South Africa during interglacials (Bateman et al., 2004). 

 

 

    
Fig. 4.18  The aeolian dune ridges/systems in the Perth region compared to the Marine Isotope Stages of 

the globally distributed benthic δ18O records (Lisiecki & Raymo, 2005).  The calibrated ages for the last 

seven major glacial terminations are included.  Shifts in this δ18O ratio are a measure of global ice-volume, 

which is dependent on global temperature and which determines global sea level (Cohen & Gibbard, 

2010).  The red line depicts the approximate position of the -50 m RSL isobath of the Rottnest Shelf.  Sea 

levels above this isobath are required to generate abundant carbonate sediment, the major source of 

carbonate aeolianites in the region. 

 

 

CONCLUSIONS 

(1) The Garden Island Ridge stratigraphic succession consists of four broad facies: 

dune accumulation deposits; palaeosols/protosols; calcretes; and marine deposits.  

Allostratigraphic mapping of the aeolianites and associated deposits indicate that there 

are three successive depositional episodes – MIS5e/5d, MIS5a and MIS1.  Each episode 

of dune emplacement was followed by a period of pedogenesis.   
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(2) The last interglacial MIS5e and the regressive phase to MIS5d are well 

represented on the Garden Island Ridge with a package of transgressive-phase 

aeolianites, a marine highstand unit and regressive-phase aeolianites bounded on top by 

a calcrete horizon with deep solution pipes and terra rossa palaeosol.  Regressive-phase 

aeolianites from MIS5a dominate the aeolianite preserved on Rottnest Island and consist 

of either single carbonate aeolianite sets or composite carbonate aeolianite sets that are 

usually separated by erosional contacts and/or protosols.  The long hiatal period in dune 

development between MIS5a and MIS1 is marked on the Garden Island Ridge by a 

discontinuous calcrete marker horizon and black paleosol.  The youngest package of 

transgressive-phase aeolianites on Rottnest Island record dune deposition broadly 

synchronous with the emplacement of the Herschell Limestone Member during MIS1. 

(3)  All the carbonate aeolianites exhibit a similar mix of skeletal and shell grains – 

mainly Bryozoa and foraminifera with minor amounts of Mollusc, coral and coralline 

algae.  The dominant source of sediment for the carbonate aeolianites were Foramol 

subtropical-temperate marine biogenic carbonates of the Rottnest Shelf.  Small 

variations in the biogenic composition of the aeolianites are attributed to the relative 

strength and position of the warm Leeuwin Current over the Rottnest Shelf.  The source 

of the insoluble fraction (dominantly quartz) in the carbonate aeolianites is fluvial 

terrigenous sediment, principally derived from the Swan River and Harvey Estuary. 

(4) Comparable sediment sources and transportational mechanics are evident for all 

three aeolian depositional episodes.  The aeolianites are characteristically moderately 

sorted, medium sand with grainsize distributions that are finely skewed and mesokurtic, 

much like unconsolidated Holocene aeolian sediment. 

(5) Partial cementation of aeolianites occurred under freshwater or mixed vadose 

conditions, as indicated by the dominance of grain contact meniscus and pendant 

meniscus cements.  With increased geological age, the aeolianites show a relatively 

small increase in cementation and neomorphism as well a relatively small decrease in 

pore space.  However, age assignment based on the degree of cementation and 

neomorphism alone is unreliable.  Climate seems to be the dominate factor in diagenesis, 

although other local factors also seem to play a role.    
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CHAPTER 5 

 
 

Palaeowind directions during the Pleistocene-Holocene on the Garden Island Ridge: 
evidence from carbonate aeolianites of the Tamala Limestone, Western Australia 

 

INTRODUCTION 

Numerous studies have used cross-strata dip directions in aeolian successions to 

reconstruct and depict changes in atmospheric circulation patterns (e.g. Opdyke & 

Runcorn, 1960; Peterson, 1988; Jiang et al., 2001; Ulicny, 2004; Scherer & Goldberg, 

2007; Jiang et al., 2008).  In these studies, the reconstruction of palaeowind patterns in 

different time intervals is based on the systematic analysis of palaeocurrent inferred 

from cross-strata dip directions in aeolian units.  However, unravelling the sedimentary 

succession of Pleistocene and Holocene coastal dune formation is commonly 

complicated and most of these palaeowind studies lack a solid temporal framework for 

the assessment of changes in palaeowind patterns.  For example, MacKenzie (1964a) 

and Ward (1975) measured foreset dip directions from Pleistocene carbonate aeolianites 

on Bermuda and in the north-eastern Yucatan Peninsula respectively that documented a 

wide range in palaeowind directions.  However, MacKenzie (1964a) and Ward (1975) 

were unable to reconstruct and evaluate the changes in Pleistocene palaeowind patterns 

due to the difficulties of defining and correlating aeolian packages. 

 

Dating and correlating carbonate aeolianite sequences as a precursor to palaeowind 

studies have been improved with recent advances in whole-rock amino acid 

racemization (AAR) dating.  Successfully applied to studies of carbonate aeolianites in 

locations such as Bermuda (Hearty et al., 1992), Hawaii (Fletcher et al., 1999; Hearty et 

al., 2000), Bahamas (Hearty & Kaufman, 2000), Lord Howe Island (Brooke et al., 2003) 

and the Coorong region of South Australia (Murray-Wallace et al., 2001), whole-rock 

AAR dating has also provided calibrated age estimates of carbonate dune formation on 

the Garden Island Ridge of Western Australia (Fig. 3.1, Hearty, 2003; Chapter 3).  Due 

to the discontinuous exposure of the dune deposits on the Garden Island Ridge and the 

lack of distinctive markers, unravelling the sequence of the aeolian deposits proved to 

be only partly successful in past studies (Teichert 1950; Playford 1977, 1988, 1997; 

Hesp et al. 1999; Price et al. 2001).  A new chronostratigraphic framework for the 
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aeolian system on the Garden Island Ridge was determined by integrating 

lithostratigraphic analyses of facies packages with geochronological methods (Chapter 

4).  This approach provides a solid temporal framework for palaeowind studies on the 

Pleistocene and Holocene record preserved on the Garden Island Ridge. 

 

In the present study, the carbonate aeolianite foreset bedding from the Garden Island 

Ridge is analysed and incorporated into the temporal depositional framework (see 

Chapters 3 and 4).  The principle research aims are: (1) the characterisation of foreset 

bedding in relation to palaeowind direction on the Garden Island Ridge; (2) the 

determination of palaeowind directions that applied during the dune building episodes 

on the Garden Island Ridge; (3) an evaluation of shifts in palaeowind direction through 

geological time on the Garden Island Ridge; and (4) the appraisal of the relationship of 

palaeowind strength and direction to dune formation and source. 

Zonal wind patterns 

At the most fundamental level, global atmospheric circulation is a response to the 

uneven distribution of heat on the Earth’s rotating surface.  The pattern of zonal wind 

belts is controlled by the rotation of the Earth and the latitudinal temperature gradient.  

For the southern hemisphere, three latitudinal wind belts associated with cells of 

atmospheric circulation are apparent: (1) the southeast trade wind belt of the Hadley cell 

located between the equator and low mid-latitudes (~30ºS); (2) the westerly wind belt of 

the Ferrel cell located in the mid-latitudes between ~30ºS and ~60ºS; and (3) the polar 

wind belt of the Polar cell located between ~60ºS and the south pole.  The Garden 

Island Ridge, at ~32ºS, currently lies within the westerly wind belt of the Ferrel cell and 

is dominated by southerly to north-westerly winds (Fig. 5.1). 

 

For Western Australia, the winds regularly change direction and strength with the 

eastward passage of transitory anticyclones (Gentilli, 1971; Jones & Simmonds, 1994; 

Sturman & Tapper, 2006).  Initially developed over the central Indian Ocean, 

anticyclones are chiefly located between latitudes 25ºS and 42ºS.  Unlike the Azores 

anticyclone pattern of the northern hemisphere, the Australian equivalents are not 

excessively modified by continental influences in their eastward passage.  On average, 

40 anticyclones pass over Australia each year and each brings a roughly week-long
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Fig. 5.1  Monthly mean atmospheric circulation patterns for the Garden Island Ridge and wind rose 

diagrams summarising data from climatic stations located on Rottnest Island and at the Perth airport.  The 

monthly mean atmospheric circulation patterns were derived from 2005 data compiled as monthly mean 

wind maps by the Bureau of Meteorology (Atmospheric Circulation Patterns http://www.bom.gov.au/cgi-

bin/climate/cmb.cgi) and reflect the dominant southerly to westerly winds produced from zonal wind belt 

flow.  The dashed line on the Western Australia map represents the area over the Garden Island Ridge 

were a wind arrow was taken off the monthly mean wind maps and replicated here.  Mean wind direction 

(arrow point shows the direction the wind is blowing to) and speed (relative size of the arrow) is derived 

from the Bureau of Meteorology’s Global Analysis and Prediction (GASP) model, which analyses 

observations at 6-hourly intervals.  Wind data from climatic stations in the Perth region is collected twice 

daily and wind rose diagrams based on this data does not correspond to the mean atmospheric circulation 

patterns.  The wind rose diagrams were prepared on request by the Western Australia Climate Services 

Centre, Bureau of Meteorology (email on climate.wa@bom.gov.au).  Those for the Rottnest Island 

climatic station (Latitude 32º00’25”S, Latitude 115º30’08”E, Elevation 43.1m) were prepared using data 

between November 1987 and July 2006, with recordings taken generally twice a day at approximately 

9am (7:30am-10:30am) and 3pm (1:30pm-4:30pm).  Those for the Perth airport climatic station (Latitude 

31º55’39”S, Longitude 115º58”35”E, Elevation 15.4 m) were prepared using data between May 1944 and 

July 2006, from observations taken approximately twice a day at roughly 9am (7:30am-10:30am) and 

3pm (1:30pm-4:30pm).  Each petal represents wind direction (petal orientation), speed range (petal 

thickness) and frequency (length of petal) based on the twice-daily observations. Note that the Rottnest 

Island climatic station (1983-now, elevation 43.1 m) is distinct from the Rottnest Island climatic station 

(1879-1995, elevation 46 m) mentioned in Chapters 3 and 6. 
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weather cycle that is potentially capable of generating local changes in wind direction.  

The level of perturbation in the westerly wind belt varies from time to time, with the 

fixed, strong zonal wind pattern sometimes being transformed to a more perturbed wind 

pattern for roughly four to five days.  Further north along the western Australian coast, 

the wind regime changes to become dominated by the southeast trade wind belt.  

 

Anticyclones exert a strong control on the sequence of weather changes experienced in 

the mid-latitude region of Western Australia (Gentilli, 1971; Jones & Simmons, 1994; 

Sturman & Tapper, 2006).  The latitude of mean anticyclonic tracks migrate between 

~30ºS during winter and ~38ºS during summer (Russel, 1893; Kidson, 1925; Karelsky, 

1961; Gentilli, 1971; Jones & Simmonds, 1994).  Rose diagrams of winds based on 

twice-daily wind measurements give a misleading picture of wind conditions in the belt 

affected by the passage of anticyclonic centres (Gentilli, 1971; Jones & Simmonds, 

1994).  This is also illustrated by wind data captured twice-daily from climatic stations 

in the Perth region (Fig. 5.1).  The latitude of mean anticyclonic tracks are positioned 

near the Garden Island Ridge during winter and the succession of anticyclones through 

the region produces the variable wind measurements that are captured in the twice-daily 

wind measurements of the climatic stations.  The resultant wind rose diagram for the 

winter months give too much weight to these short-lived variable winds in an otherwise 

westerly dominated wind regime (Fig. 5.1).  During the spring to autumn months, the 

latitude of mean anticyclonic tracks are located to the south of the Garden Island Ridge.  

The succession of anticyclones in the south has only a minor influence on wind 

measurements captured by the climatic stations.  In the Perth region, dominate wind 

conditions of southerly to westerly winds are produced from zonal wind belt flow and 

are seen in the monthly mean atmospheric patterns of Figure 5.1.  Synoptic weather 

systems that move through the region can cause short periods of fluctuating winds 

(Gentilli, 1971; Jones & Simmonds, 1994; Sturman & Tapper, 2006) and are 

represented in the wind rose diagrams of Figure 5.1. 

 

METHODS 

Field Measurements 

The cross strata on the Garden Island Ridge is dominated by large- and very large-scale 

tabular planar crossbedding (Chapter 4), which according to numerous studies are likely 
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to be present in transverse dunes (e.g. McKee 1966; Reading, 1986; Bigarella, 1972; 

Rubin & Hunter, 1987; Patterson, 1988; Kocurek, 1991; Jiang et al., 2001).  Because 

the migration of transverse dunes (recorded as foreset dips) is in the same direction as 

the prevailing wind, the foreset dips of large and very large transverse dunes are equated 

with palaeocurrents (Rubin & Hunter, 1987; Patterson, 1988; Kocurek, 1991; Jiang et 

al., 2002).  The wind direction obtained from small dunes is unreliable (Rubin and 

Hunter, 1983; Kocurek, 1991).  Therefore measurement of foreset bedding on the 

Garden Island Ridge was restricted to large (defined by a horizontal migration distance 

≥5 m and a vertical thickness ≥1.5 m), simple sets or cosets of cross bedding with a dip 

angle ≥15º.  Longitudinal and oblique dunes, which result in a different spread of dip 

vectors, are generally not preserved with these characteristics (Rubin & Hunter, 1987; 

Kocurek, 1991, Jiang et al., 2008).  Many exposures were selected for measurement 

because they were also sites of AAR geochronology that ensured the temporal context.  

Due to the protocols applied to the measurement of foreset bedding, including the type 

of cross-stratal sets and distribution of AAR geochronology sites, a geographical bias 

within the data set exists that could not be avoided.   

 

Although foreset bedding dip directions are considered to reflect ground-level wind 

currents, local deviations from the regional wind pattern can arise, due to scour 

pits/obstacles, etc (Rubin and Hunter, 1983; Kocurek, 1991).  A large number of 

measurements made through as great a vertical sequence of strata as possible, negates 

the influence of such anomalies (Peterson, 1998; Kocurek, 1991).  For this reason more 

than ten foreset bedding measurements of dip angle and dip direction were taken 

vertically through each stratal sequence.  The measured values therefore reflect a single 

dune migration event.  In a few cases, data was collected from more than one location 

within a set, sampling its lateral migration over 10-50 m.  Consequently, measurements 

from the same set of cross strata can vary to some extent due to change in the pattern of 

dune migration over a short distance and time interval.     

 

Data analysis 

The analysis of orientation data used here follows that developed by Reiche (1938), as 

improved by Curray (1956) and used by Peterson (1988) and Scherer & Goldberg 

(2007).  A mean and standard deviation of dip angle and a vector mean, standard 

deviation and vector mean strength of dip direction was calculated for each cross bed set 



 136 

using at least ten observations of dip direction and angle.  Foreset bedding vector means 

(also known as resultants) are a statistical measurement of the central tendency of the 

dip direction measurements.  The vector mean is conveniently represented on maps by a 

“tadpole” symbol, were the head is at the place of measurement and the tail leads away 

in the direction of the vector mean.  Ranging between one (all measurements pointing in 

one direction) and zero (totally random or a “bow tie” distribution), the vector mean 

strength (VMS, also known as the consistency factor or consistency ratio) is a measure 

of the dispersion of the individual measurements within a group. 

 

One or more summary rose diagrams for each time slice were produced from the vector 

means.  Accompanying each rose diagram are: (1) a summary vector mean (SVM) 

calculated from the vector means used to make each rose diagram; and (2) a summary 

vector mean strength (SVMS) calculated from the same vector means.  Traditionally 

rose diagrams and SVMs are ways of treating and representing the data (e.g. Peterson, 

1988).  However such representation may be an oversimplification and rose diagrams 

and SVMs must be viewed in conjunction with a mapped distribution of the data 

(Peterson, 1988). 

 

RESULTS 

A total of 907 foreset bedding measurements were made on sets of aeolian cross strata 

from 73 profile locations on the Garden Island Ridge (Fig. 5.2). Table 5.1 summarises 

the results obtained from foreset bedding measurements obtained on each cross bed set 

(Table 5.1).  In Chapter 4, the sets of aeolian cross strata were assigned to one of three 

depositional episodes in the Tamala Limestone of the Garden Island Ridge (MIS1, 

MIS5a or MIS5e/5d).  The depositional episodes are distinguished in the Tamala 

Limestone on the basis of AAR geochronology, sedimentological properties and 

stratigraphical relationships (Chapter 4).  The sets of cross strata range in exposed 

vertical thickness from 0.4 m to 12.1 m, with only cross strata of a vertical thickness of 

≥1.5 m appraised for foreset bedding measurements.  Of the measured sets, the most 

common vertical thickness is between 2.51 m and 3.5 m (Fig. 5.3A) and the maximum 

vertical thickness observed for a cross-stratal set is 12.1 m (Table 5.1). 
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Fig. 5.2  Profile locations for foreset bedding measurements on the Garden Island Ridge at: A) Rottnest 

Island (RI); B) Carnac Island (CI); C) Garden Island (GI); D) Cape Peron (CP); and E) Penguin Island 

(PI).  For profile sketches see Chapter 4, especially Fig. 4.7 to 4.9. 
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Table 5.1:  Foreset bedding parameters from aeolianites on Garden Island Ridge (n=88), arranged in order 

of the three depositional episodes.  The location of data sets for cross strata is denoted by Fig. 5.2.  

P=profile; S=set of cross strata; N=number of measurements; VM=vector mean; SD=standard deviation; 

VMS=vector mean strength; M=mean.  Stacked simple sets within each depositional episode are 

indicated by bold sets of cross strata.  AAR ratios for sets of cross strata reported in Chapter 3 are 

indicated by bold Site Codes.  Sites which provided AAR ratios reported by Hearty (2003) are indicated 

by *.   
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Dip Direction Dip Angle Dip Direction Dip Angle Dip Direction Dip Angle Site 
Code 

P S N 
VM SD VMS M SD 

Site 
Code 

P S N 
VM SD VMS M SD 

Site 
Code 

P S N 
VM SD VMS M SD 

Marine Isotope Stage 1 (Aminozone A2) RHLDE* 1 1 10 159.9 6.1 0.9949 35.1 3.7 RPL 1 1 10 118.7 5.6 0.9958 22.1 3.6 

RHLS 1 1 10 127.0 6.1 0.9949 30.6 4.6 RHLDE* 2 1 10 149.3 6.0 0.9951 33.7 5.4 RPLN 1 1 10 172.6 5.8 0.9954 28.2 6.3 

Marine Isotope Stage 1 (Aminozone A1) RHLDW 1 1 10 141.5 3.4 0.9984 30.6 1.6 RPLN 2 1 10 177.8 2.6 0.9991 30.6 1.5 

RBLN 3 2b 10 127.7 6.7 0.9939 31.2 2.0 RHLDW 2 1 11 153.1 6.8 0.9935 29.5 3.4 RPP* 1 1 10 160.0 6.2 0.9948 33.0 2.9 

RGBS 1 1 10 103.5 6.2 0.9947 30.7 3.1 RHLN 4 1d 10 126.8 4.0 0.9978 31.5 2.7 RSL 5 3 10 39.3 3.1 0.9987 33.4 2.4 

RJLW 3 1c 10 193.1 4.1 0.9977 31.3 3.7 RHLN 3 1c 10 165.0 2.4 0.9992 30.8 2.7 RSL 1 2 10 123.1 4.5 0.9972 32.3 2.1 

RRB 1 1 12 168.0 2.0 0.9994 24.3 7.2 RHLN 2 1b 10 18.8 3.8 0.998 33.1 2.5 RSL 2 1b 10 358.6 4.4 0.9974 32.5 2.4 

RRB 2 1 10 163.7 1.8 0.9996 28.9 4.9 RHLN 1 1a 10 151.9 5.5 0.9958 34.5 1.6 RSL 3 1b 10 357.3 3.2 0.9986 32.8 2.3 

RRH 1 1 10 180.1 3.9 0.9979 28.6 2.9 RHRE 1 1b 12 154.2 5.0 0.9965 29.7 2.0 RSL 3 1a 10 52.6 3.5 0.9983 30.7 2.4 

Marine Isotope Stage 5a (Aminozone C) RHRE 1 1a 10 87.6 3.2 0.9986 27.2 3.5 RSL 4 1a 10 45.1 6.1 0.9949 32.6 2.2 

RAH* 1 1b 10 23.8 4.0 0.9978 29.6 2.2 RJLW 2 1b 10 141.5 6.3 0.9945 30.0 2.3 RSP* 2 1d(b) 10 189.4 5.7 0.9956 27.3 2.0 

RBLN 2 2a 10 18.0 3.0 0.9973 33.2 1.5 RJLW 3 1b 10 137.6 5.9 0.9952 31.8 4.2 RSP* 1 1b 10 177.2 4.6 0.9971 31.4 2.7 

RBLN 1 1 11 18.0 4.4 0.9973 34.6 3.4 RJLW 4 1b 10 135.7 1.9 0.9995 34.5 1.3 RTB* 1 1b 10 177.2 4.7 0.997 31.7 3.2 

RBLS 3 1b 10 128.1 4.6 0.9972 18.5 1.5 RJLW 2 1a 11 138.4 2.5 0.9991 30.1 1.3 RTB 1 1a 10 95.9 7.7 0.9919 27.1 1.4 

RBLS 4 1b 10 150.6 4.8 0.9969 29.6 4.6 RJLW 3 1a 14 158.3 8.9 0.9887 28.9 2.3 RTB 2 1a 10 68.5 6.0 0.995 32.5 2.0 

RBLS 5 1b 10 154.5 7.2 0.993 21.7 5.6 RLAE 1 5 12 172.3 5.7 0.9954 27.5 3.0 Marine Isotope Stage 5e/5d (Aminozone E) 

RBLS 2 1a 10 35.1 5.7 0.9955 30.5 2.3 RLAE 3 4 10 101.3 5.7 0.9956 29.7 3.9 CNW 2 3 12 26.2 3.1 0.9987 33.0 1.3 

RBLS 3 1a 11 27.6 4.2 0.9976 28.5 3.6 RLAE 2 4 10 103.4 5.6 0.9958 30.9 3.6 CNW 1 1 14 70.9 4.1 0.9976 33.5 1.7 

RBP* 3 3a 10 196.4 5.6 0.9958 24.8 2.2 RLAE 1 2 10 87.5 5.8 0.9954 30.6 1.6 CSW 1 1 10 108.3 2.2 0.9993 35.0 0.8 

RCP 1 1b 10 57.1 5.4 0.996 30.3 4.7 RLAE 2 2 10 84.0 2.7 0.999 32.3 2.9 GCPt* 1 1 10 84.2 3.8 0.998 33.0 0.9 

RCP 1 1a 12 38.5 3.2 0.9985 31.5 2.2 RLAW 1 4b 11 162.1 5.1 0.9964 31.8 3.4 GPtA 1 1 10 14.2 3.7 0.9981 34.7 1.4 

RFH 1 1 10 81.8 5.9 0.9952 32.6 2.0 RLAW 1 2a 10 153.3 2.2 0.9993 30.4 2.4 GTPB 1 1 10 23.0 3.4 0.9984 33.7 2.7 

RFHB* 1 6c 10 96.8 2.9 0.9988 20.4 2.0 RLV* 1 1 10 20.8 5.4 0.9961 30.6 2.6 PIS 1 1 10 22.7 5.2 0.9963 29.5 2.1 

RFHB* 1 5 10 126.1 3.3 0.9985 31.0 2.4 RMC 1 5a 10 158.5 5.5 0.9958 30.5 2.9 PtP 2 1 12 323.6 5.9 0.9952 32.3 1.4 

RFHB* 1 3a 10 169.0 6.1 0.995 19.7 2.5 RMtH* 1 1 10 21.2 6.0 0.9951 31.3 3.8 RBP* 1 1b 10 107.5 4.2 0.9976 32.3 2.2 

RGBW 1 1 10 121.0 4.0 0.9978 29.9 2.0 RNL 3 3 10 156.6 2.3 0.9993 34.3 1.6 RBP* 2 1c 10 0.8 3.6 0.9982 29.0 2.3 

RGLN 3 2 10 57.2 3.7 0.9981 29.6 2.1 RNL 2 2 10 102.4 4.4 0.9973 28.1 1.7 RBPS 2 2 10 122.1 4.7 0.9969 32.4 2.5 

RGLN 2 1 10 158.4 4.9 0.9968 29.7 3.2 RNL 1 1 10 52.3 8.5 0.9901 30.5 2.9 RBPS 1 1 10 63.9 6.6 0.9941 25.7 4.2 

RGLN 1 1 11 166.0 5.1 0.9964 33.3 2.8 RNN* 1 1 10 93.4 4.6 0.997 19.5 2.2 RLS 1 1b 10 112.2 3.2 0.9986 30.5 3.2 

RGLS 1 1 10 53.2 3.6 0.9982 33.0 1.8 ROL* 1 1 10 132.8 4.6 0.9971 32.1 3.0 RLS 1 1a 11 322.0 5.3 0.996 33.0 3.5 

RGLS 2 2 10 53.6 4.0 0.9978 32.3 2.5 ROL* 2 1 10 130.8 3.6 0.9982 30.9 2.4          
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Fig. 5.3  Stacked histograms showing (A) measured vertical thicknesses (≥1.5m) of cross-stratal sets 

(total number = 88) and (B) measured dip angles of the foreset bedding (≥15º) (number = 907).  The plots 

discriminate the three depositional episodes MIS5e/5d, MIS5a and MIS1. 

 

Measured set thickness (m) 
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Foreset bedding dip angles  

Sets of cross-strata typically consist of foresets that display a dip angle ranging from 

medium (11º-24º) to high (25º-45º).  In some outcrops, the medium-angle bedding 

gradually increases in dip to that of high-angle foreset bedding, reflecting the migration 

of the dune bedform.  Keeping in mind that foreset bedding measurements were 

restricted to dune sets with a dip angle of ≥15º, the most common dip angle within 

cross-stratal sets were between 30.1º and 35º (Fig. 5.3B), with some sets displaying dip 

angles as high as 38º.   

 

Foreset bedding dip directions 

Table 5.1 presents the calculated vector means, standard deviations and VMSs from the 

foreset bedding dip direction measurements.  The foreset bedding within the sets of 

aeolian cross strata showed consistent dip directions and very high VMSs of >0.988 

(Table 5.1).  Figure 5.4 summarises the results obtained from foreset bedding dip 

measurements for each depositional episode upon the Garden Island Ridge.  Included 

within Figure 5.4 are the vector means (tadpole symbols) and rose diagrams of the 

vector mean data.   

 

MIS5e/5d depositional episode 

A total of 155 foreset bedding measurements were made at 14 locations extending south 

of Rottnest Island to Penguin Island (Fig. 5.4A and Table 5.1).  Vector means obtained 

from the foreset bedding measurements (Fig. 5.4A and Table 5.1) yield a SVM dipping 

to the northeast at 50º (Fig. 5.4A).  The rose diagram of vector means (Fig. 5.4A) is 

trimodal with the SVM lying in a sector that contains no vector means.  A moderate 

SVMS of 0.6312 obtained from the statistical analysis of the vector means reflects the 

trimodal distribution show by the rose diagram (Fig. 5.4A).  The modes of the vector 

means dip toward the east, north or northwest.   

 

MIS5a depositional episode 

The majority of the sets of aeolian cross strata on Rottnest Island are part of the MIS5a 

depositional episode (Chapter 4, Table 5.1).  The 67 vector means representing this 

depositional episode yielded a SVM dipping to the south east at 114º (Fig. 5.4B).  

Statistics applied to the vector means yielded a moderate SVMS of 0.6003, reflecting 

considerable variation in vector means as apparent on the rose diagram (Fig. 5.4B).  The 
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Fig. 5.4  Vector mean data of foreset bedding measurements from carbonate aeolianites assigned to: A) 

the MIS5e/5d depositional episode; B) the MIS5a depositional episode; and C) the MIS1 depositional 

episode.  Each “tadpole” symbol represents dip directions of at least 10 foreset bedding measurements.  

N=number of vector means, SVM=summary vector mean, SVMS=summary vector mean strength. 
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vector means record a dominant mode (approximately 50% of the vector means), which 

dips toward the south to southwest, and two minor modes that dip toward the east and 

northeast. 

 

MIS1 depositional episode 

Foreset bedding measurements for aeolianites representing two separate depositional 

periods within the MIS1 depositional episode were made at seven locations on Rottnest 

Island (Fig. 5.4C).  The seven vector means obtained yielded a SVM that dips to the 

southeast at 152º (Fig. 5.4C).  Statistical analysis of this vector mean set yielded a high 

SVMS of 0.8634, showing good consistency (Fig. 5.4C).  The small range of vector 

means that produced the high SVMS value is evident on the rose diagram (Fig. 5.4C).  

The modes of vector means dip towards the southeast.  Of the seven vector means 

obtained for MIS1, only one vector mean at 127º is related to dune formation at ~2,200-

3,100 yrs BP (Chapter 3, Table 5.1).  The remaining six vector means preserve a 

slightly older dune formation episode related to a separate sea level highstand within 

MIS1 at ~4,800-5,900 yrs BP (Chapter 3, Table 5.1).  These six vector means yield a 

SVM dipping to the southeast at 157º.     

 

DISCUSSION  

Palaeowind strength 

The transportation and deposition of aeolian sediment and the migration of dunes is 

fundamentally controlled by the components of sediment supply, transport capacity of 

the wind and the degree to which sediment is available for transport by the wind 

(Kocurek & Lancaster, 1999; Flugel, 2004; Boggs, 2006).  The transport capacity of the 

palaeowind experienced upon the Garden Island Ridge during the depositional episodes 

is recorded to some extent by the aeolian sediment.  Many wind-related transportation 

processes begin at a threshold strength or velocity, which has to be exceeded for grains 

to be subject to transportation.  The precise threshold value is determined by grain size, 

shape, density, sorting, dryness and surface character of the grains (Flugel, 2004; Boggs, 

2006). 

 

Most energy-based aeolian experiments and/or models have generally been developed 

for uniform siliceous materials (e.g. Anderson & Haff, 1988; Sorensen, 1991; Hopwood 
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& Scott, 1997; Iversen & Rasmussen, 1999; Namikas, 2003), whose characteristics are 

different from biogenic materials causing silicious sands to behave differently in aeolian 

environments.  For biogenic sands, such as carbonate aeolianite material, the threshold 

value is difficult to define as the texture and character of the grains vary widely.  Prager 

et al. (1996) conducted an energy-based aeolian experiment on biogenic sands and 

concluded that the transport threshold value is similar to that which applies to quartz 

sand of similar size, shape and density.  However, Paphitis et al. (2002) investigated the 

hydrodynamics of irregularly shaped biogenic grains and demonstrated that their 

transport threshold is related primarily to particle shape rather than particle size or 

density.  Unfortunately, the particle shape and density of calcareous sand grains may 

increasingly vary with grain size (Prager et al., 1996; Paphitis et al., 2002; Smith & 

Cheung, 2002, 2004).  The composition of the aeolianites of the Garden Island Ridge is 

characterised by moderately-sorted, medium-sized (250-500 µm) biogenic sediment 

composed predominately of disintegrated bryozoans, foraminifera, coralline algae and 

molluscs (Chapter 4).  The variability in the biogenic composition and hence the shapes 

of skeletal grains makes defining a transport threshold of such sediment difficult.     

 

Studies of modern coastal aeolian depositional environments reveal some major 

controls with respect to the transport threshold of mixed carbonate sediment.  Aeolian 

transport in modern coastal analogues relates to strong wind regimes (Goldsmith et al., 

1990; Namikas, 2003; Wiggs et al., 2004; Levin et al., 2006).  In modern coastal dunes, 

the transport of medium-grained (250-500 µm) biogenic sand occurs at a threshold wind 

speed of 10 m/s, as measured two metres above the ground (Anderson & Willetts, 1991, 

Liu et al., 2005).  This threshold is similar to a threshold value of 6 m/s observed for 

190 µm quartz sand in energy-based experiments (McDonald & Anderson, 1995).  By 

considering such studies, a threshold velocity value of 9 m/s (32.4 km/hr) is considered 

reasonable for the mobilisation of the biogenic grains with a mean medium-sized sand 

size (288.4 µm) (Chapter 4) that comprises the carbonate aeolianites of the Garden 

Island Ridge.  Wind speeds of at least 9 m/s are required to form the dunes of which the 

Garden Island Ridge is constructed.  By the Beaufort wind scale, wind speeds of 9 m/s 

are equated to fresh winds (8–10.8 m/s), which lie between moderate (5.5–8.0 m/s) and 

strong (10.8–13.9 m/s) winds.  Although variations in wind strength almost certainly 

occurred, the foreset bedding records that at least fresh winds were required to transport 
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and deposit dunes during MIS1 and MIS5, similar to the 9 AM and 3 PM wind speeds 

at Rottnest Island today (Fig. 5.1).  

 

Reconstruction of palaeowind patterns  

Palaeowind direction has been determined traditionally by simply measuring the dip 

direction of foreset bedding in a set of cross strata, which is usually obtained by taking 

measurements at random intervals from the outcrop (e.g. MacKenzie 1964a, 1964b; 

Ward 1975; Peterson, 1988; Scherer & Goldberg, 2007)).  However, only in certain 

circumstances is this an accurate reflection of the palaeowind regime.  Cross strata can 

also reflect local dune-modified airflow (i.e. secondary airflow), rather than the regional 

wind regime (i.e. primary airflow) (Hunter & Rubin, 1983; Rubin, 1987; Kocurek, 

1991).  A clearer understanding of primary and secondary airflow over dune types have 

developed from modern field observations (Tsoar, 1983; Livingstone, 1986; Sweet & 

Kocurek, 1990; Tseo, 1993; Frank & Kocurek, 1996; Walker & Nickling, 2002), 

laboratory studies (Fryberger & Schenk, 1981; Rubin & Ikeda, 1990) and computer 

simulations (Rubin, 1987; Rubin & Hunter, 1987; Werner & Kocurek, 1997; Walker 

1999).  The foreset bedding of different types of dunes are different and result in 

different spreads of dip vectors (Rubin & Hunter, 1987; Rubin & Ikeda, 1990; Werner, 

1995; Werner & Kocurek, 1997; Beveridge et al., 2006).  To minimise the 

misrepresentation of primary wind directions in foreset bedding measurements, 

protocols were applied in this study to restrict measurement of foreset bedding to large 

to very large transverse dunes.   

 

The directional consistency of the data obtained within the large to very large cross-

stratal sets (VMSs of >0.988, Table 5.1) from the Garden Island Ridge confirms that the 

migration of large and very large transverse dunes is in the same direction over a period 

of time.  Because the foreset dips of large and very large transverse dunes are equated 

with palaeocurrents (Bigarella, 1972; Rubin & Hunter, 1987; Patterson, 1988; Kocurek, 

1991; Jiang et al., 2002), the restricted foreset dips of cross strata obtained from the 

carbonate aeolianites on the Garden Island Ridge are considered an excellent reflection 

of the palaeowind regime.   

 

Figure 5.5 summarises the rose diagrams and major palaeowind directions for each dune 

formational episode.  Modes of the vector means obtained from the foreset bedding 
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Fig. 5.5  A summary illustration showing vector means in rose diagram form, major palaeowind 

directions and shifts recorded by carbonate aeolianites of the Garden Island Ridge.  Shifts in palaeowind 

directions are recorded by successive sets of cross strata (see text) and labelled with site codes (Table 5.1) 

that refer to locations shown in Fig. 5.2.  The sets of cross strata that have abrupt AAR geochronology, 

either as reported in Chapter 3 or from Hearty (2003), are marked by an asterisk (*).  Dep E = 

depositional episode; N=number of vector means; SVM=summary vector mean; SVMS=summary vector 

mean strength. 

 

 

measurements associated with the MIS5e/5d depositional episode dip toward the east, 

north and northwest.  As winds are referred to by their source direction, the east, north 

and northwest modes of the vector means record three main prevailing palaeowind 

directions during MIS5e/5d, from the west, south and southeast respectively (Fig. 5.5).  

The vector mean modal data indicates that during the MIS5a depositional episode, the 

main prevailing winds were north to northwesterly, with some westerly and 

southwesterly winds (Fig. 5.5).  The seven vector means obtained from the foreset 

bedding measurements associated with the MIS1 depositional episode indicate 
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northwesterly palaeowinds (Fig. 5.5).  The size and type of the cross-stratal sets and the 

consistency of the data through both time and space (SVMSs of 0.6312, 0.6003 and 

0.8666) demonstrates that not only is the direction of prevailing palaeowinds being 

recorded in the aeolian cross strata but these rocks are also recording atmospheric 

circulation patterns.  

 

The prevailing wind directions experienced on the Garden Island Ridge during the 

MIS5e/5d, MIS5a and MIS1 depositional episodes are from the west, north, northwest, 

southwest, south and southeast.  The Garden Island Ridge was mainly controlled by the 

westerly wind belt of the Ferrel cell and sometimes by the southeast trade wind belt of 

the Hadley cell.  The alternation of westerly wind belt winds and southeast trade wind 

belt winds during MIS5e/5d indicates that the southeast trade wind belt of the Hadley 

cell drifted over the Garden Island Ridge region during the MIS5e/5d depositional 

episode.  Compared to MIS5a and MIS1, global temperatures during MIS5e were the 

highest (Imbrie et al., 1984; Shackleton et al., 1990; Shackleton, 2000; Waelbroeck et 

al., 2002) with sea level ~10 m higher relative to present (Waelbroeck et al., 2002).  

The expansion and movement of the Hadley cell is consistent with that expected to 

accompany the change from a glacial to an interglacial climate (Peterson, 1988; Jiang et 

al., 2001; Ulicny, 2004; Scherer & Goldberg, 2007; Jiang et al., 2008).  The distinct 

northwest vector means record the influence of the southeast trade wind belt and the 

Hadley cell over the Garden Island Ridge during the interglacial highstand of MIS5e.  

The transition in palaeowind directions from southeast trade winds to westerly winds is 

preserved within the stacked simple sets of cross strata at Little Salmon Bay on Rottnest 

Island (Table 5.1, Fig. 5.5).  This transition records the retreat of the Hadley cell 

northward during the regression from the actual highstand of MIS5e and is consistent 

with that expected to accompany the cooling of an interglacial climate (Peterson, 1988; 

Jiang et al., 2001; Ulicny, 2004; Scherer & Goldberg, 2007; Jiang et al., 2008).     

 

Besides the atmospheric circulation pattern, it is important to emphasize that other 

influences may have controlled the orientation of palaeowind data.  Orogenic features 

can locally influence palaeowind directions.  There is no evidence that modern orogenic 

features of Western Australia have influenced the modern circulation patterns (Gentilli, 

1971; Jones & Simmons, 1994; Sturman & Tapper, 2006), therefore the influence of 

orogenic features on the circulation patterns during the Pleistocene and Holocene is 
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considered minimal.  Tectonic movement can alter the true orientation of foreset 

bedding.  While the Perth Basin is recognised as being out of isostatic equilibrium 

(Vening-Meinesz, 1948; Playford et al., 1976; Lambeck, 1987), the claims of uplift 

values (~2 m in the central part of the Perth Basin during the Holocene by Playford 

(1988) and Semeniuk & Searle (1986)) fall within the limits attributed to relatively 

stable coasts (Thomson & Walton, 1972; Szabo et al., 1978; Ku et al., 1974; Neuman & 

Moore, 1975; Lambeck, 1987).  The Garden Island Ridge is thus located within a region 

of relative tectonic stability and the Pleistocene to Holocene sequence preserved on the 

Garden Island Ridge is considered to have moved minimally since its formation.   

 

Abrupt shifts in westerly wind belt palaeowind directions during the MIS5a and 

MIS5e/5d depositional episodes are revealed by the successive vector means from 

stacked simple aeolian sets (Table 5.1 and Fig. 5.5).  Some sets of cross strata, either 

both stacked sets or one of the stacked sets, were directly sampled by AAR dating 

(Hearty, 2003; Chapter 3) and provide more context of these abrupt shifts in palaeowind 

direction within the depositional episodes.  The abrupt shift in palaeowind direction 

from westerly to south-southwesterly recorded on Carnac Island is directly dated by 

AAR dating to dune formation during the regression from MIS5e.  The relationships of 

cross strata with AAR dating were used to piece together an overall shift in palaeowind 

direction during the MIS5a depositional episode that is exploratory at this stage (Fig. 

5.6).  The stacked simple sets record a large southward shift in palaeowind directions 

and a large northward shift in palaeowind directions (Fig. 5.6), which probably relate to 

the transgression to and regression from the highstand of MIS5a, respectively.  The 

abrupt shifts in westerly wind belt palaeowind directions during MIS5a and MIS5e/5d 

are most likely the more subdued global temperature fluctuations that applied during the 

smaller oscillations within the overall regressive phase of MIS5 (Imbrie et al., 1984; 

Shackleton et al., 1990; Shackleton, 2000; Waelbroeck et al., 2002). 

 

Source area 

On the Garden Island Ridge, the upwind source of the dune sand deposited from 

westerly wind belt winds was from the beach environment, as proposed by 

sedimentological analysis (Chapter 4).  The setting of the Garden Island Ridge during 

the MIS5e/5d depositional episode (Chapter 4) enabled the upwind source of the dune 

sand deposited by southeasterly winds to be continually refreshed by carbonate on 
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Fig. 5.6 The shift in palaeowind directions obtained from successive sets of cross strata within the MIS5a 

depositional episode where at least one of the sets (as denoted with an asterisk) have been sampled by 

AAR dating (see Chapter 3).  Sets of cross strata are labelled with site codes (see Table 5.1 and locations 

plotted on Fig. 5.2).  At least one major southward shift and at least one major northward shift in 

palaeowind directions are indicated by the stacked sets of cross strata.  Dashed arrows represent 

incomplete successions for which records of at least one set of cross strata are missing.  

 

 

the adjoining shallow marine shelf (Fig. 4.10).  For the modern marine environment, the 

Leeuwin Current directly or indirectly influences carbonate production on the modern 

Rottnest Shelf (Hodgkin et al., 1969; Collins, 1988; Hatcher, 1991).  The southward 

flowing Leeuwin Current dominates the modern near-surface ocean circulation of 

Western Australia and is strongest when associated with winds of similar direction 

(Holloway & Nye, 1985; Cresswell, 1991; Cresswell & Peterson, 1993).  Northwesterly 

palaeowinds in the Garden Island Ridge region during the MIS5a and MIS1 

depositional episodes would have assisted the Leeuwin Current and brought warm 

waters to the Rottnest Shelf.  In addition, longshore drift to the south would have 

transported and distributed fluvial sediment discharged from the Swan River.  As the 

palaeowinds were dominantly onshore, it seems unlikely that the small component of 

terrigenous sediment within the dune deposits originated from dust from the mainland.  

The aeolian deposits at Little Salmon Bay and Point Peron that were deposited by 

southeasterly winds (i.e. offshore winds) do not show an elevated terrigenous sediment 
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component compared to aeolianites deposited from onshore winds (Table 4.2).  The 

terrigenous component within the aeolianites was likely derived from sediment 

discharged from the Swan River that was then reworked into the beach zone and 

deposited in the coastal dunes.      

 

While extensive coral reef development along the Western Australian coast during 

MIS5e indicates a stronger than present Leeuwin Current during at least part of MIS5e 

(Greenstein & Pandolfi, 2008; Wyrwoll et al., 2009), sea surface temperatures (SSTs) 

from MIS5e do not correspond with the palaeoecological data (see Wyrwoll et al., 

2009).  Wells & Wells (1994) documented a SST during MIS5e on the southwestern 

coast of Australia that is similar to today (within a ±1.3ºC error range), rather than a 

significant increase in sea surface temperatures to match the higher sea level of MIS5e.  

McCulloch & Esat (2000) also obtained SSTs from MIS5e at Ningaloo Reef on the 

Western Australian coast that are similar to, but slightly cooler than present.  The 

reduced Leeuwin Current activity during part of MIS5e could be related to the 

southeasterly and/or southwesterly winds experienced during the MIS5e/5d depositional 

episode.  The modern Leeuwin Current is controlled by a balance between a southward 

pressure gradient force and a northward wind stress (Cresswell, 1991; Wyrwoll et al., 

2009).  A strong equatorward wind stress can impede the southward movement of the 

tropical water of the modern Leeuwin Current down from northern Western Australia 

(Holloway & Nye, 1985; Cresswell & Peterson, 1993).  Therefore a significant increase 

in southeasterly and/or southwesterly winds during part of MIS5e/5d could impede to 

some degree the southward movement of the warm Leeuwin Current, ultimately 

influencing the SST and carbonate production on the Rottnest Shelf.   

 

Wells & Wells (1994) also reported an anomalous SST cooling of -2 ºC west of Shark 

Bay during MIS5e.  In light of the fact that the West Australian Current is greatly 

affected by winds, the southeasterly and/or southwesterly winds experienced during part 

of MIS5e/5d could facilitate the northward flow of the cool West Australian Current 

adjacent to the Leeuwin Current.  The anomalous SST cooling recorded west of Shark 

Bay by Wells & Wells (1994) could relate to increased West Australian Current activity 

during MIS5e/5d.      

 



 153

CONCLUSIONS  

(1) The foreset dips of large- and very large-scale tabular planar crossbedding on the 

Garden Island Ridge are an excellent record of the prevailing palaeowind direction and 

of planetary-scale atmospheric circulation patterns.  The consistency of the foreset 

bedding data indicates persistent palaeowind directions over a period of time. 

(2) The grain size, shape and composition of the carbonate dunes record that winds 

of at least 9 m/s or “fresh” winds (between moderate and strong winds on the Beaufort 

scale) formed the large to very large palaeodune structures during MIS1 and MIS5 on 

the Garden Island Ridge. 

(3) The prevailing wind directions on the Garden Island Ridge were: 1) from the 

west, south and southeast during MIS5e/5d; 2) from the north to northwest with some 

from the west and southwest during MIS5a; and 3) from the northwest during MIS1. 

The Garden Island Ridge was mainly controlled by the westerly wind belt of the Ferrel 

cell and sometimes during MIS5e/5d by the southeast trade wind belt of the Hadley cell.     

(4)  The alternation of westerly wind belt winds and southeast trade wind belt winds 

during MIS5e/5d indicate that the southeast trade wind belt of the Hadley cell drifted 

over the Garden Island Ridge region during the MIS5e/5d depositional episode.  The 

movement of the Hadley cell is consistent with that expected to accompany the change 

from a glacial to an interglacial climate at the interglacial highstand of MIS5e.  A 

transition from southeast trade winds of the Hadley cell to the westerly winds of the 

Ferrel cell are recorded within the stacked simple sets of cross strata at Little Salmon 

Bay on Rottnest Island.  This transition records the retreat of the Hadley cell northward 

and is consistent with that expected to accompany the cooling of an interglacial climate. 

(5) Abrupt shifts in westerly wind belt palaeowind directions within the MIS5a and 

MIS5e/5d depositional episodes that are recorded by stacked simple aeolian sets are 

most likely the more subdued global temperature fluctuations within the overall 

regressive phase of MIS5.   

(6) The palaeowind directions that predominated during deposition of the Tamala 

Limestone forming the Garden Island Ridge indicate that the upwind source of the dune 

sand was from the beach environment, which was continually refreshed by carbonate on 

the adjoining shallow marine shelf.  The terrigenous component of the aeolianites was 

not derived from dust from the mainland carried by offshore winds but rather through 

riverine influx into the coastal area from the Swan River.   
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(7) The winds active during the dune building depositional episodes may have 

affected the behaviour of the southward flowing Leeuwin Current – by either assisting 

the southward flow of the Leeuwin Current during MIS5a and MIS1 by the 

northwesterly palaeowinds or impeding the southward flow of the Leeuwin Current 

during part of MIS5e/5d by the southeasterly and southwesterly palaeowinds.  The same 

southeasterly and southwesterly palaeowinds that may have impeded the southward 

flow of the Leeuwin Current during part of MIS5e/5d, may have also assisted the 

northward flow of the cool West Australian Current adjacent to the Leeuwin Current. 
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CHAPTER 6 
 

 
Carbonate aeolianite systems within the Naturaliste-Leeuwin region of southwest 
Western Australia: correlation with the Pleistocene aeolianites of the Perth Basin 

 

INTRODUCTION 

Aeolian processes have played an important role in the Pleistocene and Holocene 

landscape evolution within the southern Perth Basin of Western Australia.  The Tamala 

Limestone extends for up to 800 km along the western coast within the Perth Basin and 

is composed predominately of aeolian deposits (Playford et al., 1976).  For the Perth 

region, research into the character and succession of Pleistocene and Holocene 

palaeoenvironments has been deduced from the nature and stratigraphic relationships of 

aeolian and marine deposits.  However, little attention has been given to the Tamala 

Limestone within the Naturaliste-Leeuwin region to the south.     

 

Located approximately 200 km south-southwest of Perth, the Naturaliste-Leeuwin 

region extends roughly from Cape Naturaliste in the north to Cape Leeuwin in the south 

(Fig. 6.1).  The region is underlain by the Leeuwin Complex, which comprises 

Neoproterozoic granitic gneiss and subordinate mafic granulite and anorthosite (Collins, 

2003; Janssen et al., 2003; Freeman & Donaldson, 2006).  Pleistocene to Holocene 

deposits including the Tamala Limestone, blanket parts of the Leeuwin Complex and 

are of restricted distribution to a few kilometres of the coast (Freeman & Donaldson, 

2006).  Beside large-scale (1:250 000) geologic mapping in the early 1960s by the 

Geological Survey of Western Australia (GSWA; Lowry, 1967) and some more detailed 

(1:50 000) geologic mapping in the early 1990s and 2000s (Leonhard, 1991; Marnham 

et al., 2000; Hall and Marnham, 2002), only a single investigation has focussed on the 

Pleistocene deposits of the Naturaliste-Leeuwin region, that of Fairbridge and Teichert 

(1953).  In this study, soil horizons and marine deposits intercalated within the 

aeolianites of Hamelin Bay and Cowaramup Bay respectively were investigated.  Apart 

from being broadly grouped into the predominately aeolian deposits of the Perth Basin 

(Teichert, 1947a, 1947b; Fairbridge & Teichert, 1953; Playford et al., 1976) and 

sampled in a broad-scale geochronology study of aeolianite along some 1,000 km of the 

west Australian coast (Hearty & O’Leary, 2008), no detailed examination of the aeolian 

deposits within the Naturaliste-Leeuwin region has previously been undertaken.     



 156 

Fig. 6.1 Map showing the 

location and bathymetry of the 

Nauraliste-Leeuwin region in 

Western Australia. The surface 

extent of the Tamala Limestone is 

shown in purple.  Climatic 

stations are located at the Cape 

Leeuwin and Cape Naturaliste 

Lighthouses. Bathymetry was 

modified from the National 2009 

Bathymetry Dataset (Geoscience 

Australia, 2009). 
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This paper presents and discusses the results of sedimentological investigations of the 

Tamala Limestone at two locations within the Naturaliste-Leeuwin region of southwest 

Western Australia - Hamelin Bay and Bunker Bay (Fig. 6.1).  The principal research 

aims include: (1) a detailed sedimentological study of the depositional systems; (2) 

appraisal of the palaeoenvironmental context of the aeolian deposits; and (3) the 

evaluation of whole-rock amino acids from selected samples to place the aeolian 

deposits within a chronological framework. 

 

Area of study  

The Tamala Limestone within the southern Perth Basin was deposited as coastal sand 

dunes that are arranged in discrete and successive lines (Playford et al., 1976).  

Carbonate dune deposits are interlayered with less extensive marine deposits and 

horizons of residual sand considered to have been derived from in situ weathering of the 

Tamala Limestone (Playford et al., 1976; Wyrwoll & King, 1984; Playford, 1988; 

Bastian, 1996; Tapsell et al., 2003).  The Swan Coastal Plain in the Perth region has 

been studied using several methods, including heavy-mineral characteristics of surficial 

residual sand related to weathering history, to differentiate a number of dune systems 

(McArthur & Bettenay, 1974; Bastian, 1996; Tapsell et al., 2003). A ‘maturity index’ of 

the residual soil mineralogy revealed a pronounced east-west zonation that ranged from 

a distinctive ‘young’ assemblage on dune ridges near the coast to an ‘old’ assemblage 

further inland (Bastian, 1996).  Such successive buildup of dune systems in coastal 

regions are common and have been well illustrated, such as within the Bridgewater 

Formation of the Coorong region in South Australia (Belperio, 1995; Belperio et al., 

1996).  However, the absence of significant tectonic uplift in the region during the time 

of dune formation (Lambeck, 1987; Kendrick et al., 1991) has resulted not only in the 

close proximity of dune ridges but also in multiple generations of dunes within some 

individual ridges (Bastian, 1996).  

 

The Tamala Limestone within the Naturaliste-Leeuwin region is different to its 

counterpart in the Perth Basin as it overlies and abuts a block of middle Neoproterozoic 

granitic gneiss (ca 750 Ma) of the Leeuwin Complex (Collins, 2003; Janssen et al., 

2003).  Rising up to 230 m AHD, the elongated basement block extends in a north-south 

direction for roughly 100 km between Cape Naturaliste and Cape Leeuwin.  The 

predominately aeolian deposits were initially grouped as the “Coastal Limestone” of 
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Western Australia (Teichert, 1947a, 1947b; Fairbridge & Teichert, 1953) and 

subsequently assigned to the “Tamala Limestone” of the Perth Basin (Playford et al., 

1976).  The type section of the Tamala Limestone is located on the Zuytdorp Cliffs in 

the Southern Carnarvon Basin (roughly 800 km to the north-northwest) and contains 

large-scale cross-bedding, intercalated soil horizons and calcified root structures (i.e. 

rhizoliths) (Playford et al., 1975; Hearty & O’Leary, 2008).  The Tamala Limestone 

consists of a wide variety of deposits along the coast, including tongues or lenses of 

marine limestone, whose distribution and volume are small in comparison with the 

aeolian facies (Wyrwoll, 1984). 

 

In the Naturaliste-Leeuwin region, only one marine limestone unit has been reported 

within the Tamala Limestone and is named the Cowaramup Conglomerate.  The type 

sequence of this unit consists of a massive bioclastic marine limestone with granite-

gneiss boulders and lenses of shells, overlain by thin layers of beach-rock and less 

consolidated shell beds (Fairbridge & Teichert, 1953).  The type locality at Cowaramup 

Bay (Fig. 6.1) has not been directly dated, but geomorphological evidence was used to 

infer an age for these deposits as having formed in an elevated sea level period during 

the Pleistocene (Fairbridge & Teichert, 1953).  Similar outcrops of the Cowaramup 

Conglomerate have been noted at several other locations in the Naturaliste-Leeuwin 

region, notably at Yallingup, Cape Naturaliste, Cape Leeuwin (Fairbridge & Teichert, 

1953) and Canal Rocks (Teichert, 1947a, 1947b; Fairbridge & Teichert, 1953) (Fig. 6.1).  

Two coral samples from the Naturaliste-Leeuwin region were dated by uranium-thorium 

methods to 107,420 ± 420 yrs (Foul Bay area) and 122,050 ± 970 yrs (Cowaramup area) 

indicating marine deposition during MIS5e (Hearty & O’Leary, 2008).  Electron spin 

resonance (ESR) dating of mollusc shells near Augusta and Vasse (Fig. 6.1) date marine 

deposition to MIS5e and MIS7 respectively (Hewgill et al., 1983).  However, the 

samples dated by Hewgill et al. (1983) and Hearty & O’Leary (2003) are not well 

described or located and it is uncertain if the mollusc shells or corals sampled are from 

the Cowaramup Conglomerate or a previously unreported marine deposit. 

 

For this study, two localities have been examined and sampled in the Naturaliste-

Leeuwin region:  1) Whitecliff (34º13’26.5”S, 115º01’22.5”E) at Hamelin Bay; and 2) 

Shelly Beach (33º32’17.2”S, 115º01’47.8”E) at Bunker Bay (Fig. 6.1).  Hamelin Bay is 

about seven kilometres across and is located 20 km northwest of Cape Leeuwin (Fig. 
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6.1).  The southern headland of the bay is known as Whitecliff to the locals and is a cliff 

exposure approximately 275 m long and is composed of alternating aeolian and 

palaeosol deposits.  The palaeosol horizons within the cliff exposure are those studied 

by Fairbridge & Teichert (1953) and some aeolianite sets within the cliff exposure were 

sampled by Hearty & O’Leary (2008).  Bunker Bay is about two kilometres across and 

located three kilometres east-southeast of Cape Naturaliste (Fig. 6.1).  Shelly Beach is 

the western-most beach in the bay, with granite-gneiss basement rock outcrop on its 

western headland and angular to rounded boulders of basement found on the beach 

today.  Within this previously unstudied cliff exposure of the western headland, calcrete, 

aeolian, palaeosol and conglomeratic limestone deposits overly granite-gneiss basement. 

 

 

METHODS 

Descriptions, measurements and sampling  

The exposed cliffs at Whitecliff and Shelly Beach were investigated with facies 

description, measurement of stratigraphic profiles and foreset bedding orientation as 

well as sample collection for lithological characterisation and AAR dating.  Samples 

were obtained from a depth of at least 80 cm beneath the surface of the exposure and 

from the central parts of aeolian sets, generally from high-angle cross-bedding (i.e. slip 

face) of the dune deposits.  These sampling controls were undertaken to minimise the 

influence of: a) dune form on sedimentological properties; b) surficial weathering 

and/or insulation heating on AAR ratios; and c) climatic effects on AAR ratios related 

to palaeosurfaces represented by disconformities.   

 

At least ten foreset bedding measurements of dip angle and direction were obtained 

from sets of cross-strata that had: 1) dips ≥15º; 2) a set thickness of ≥1.5 m; 3) a 

horizontal set dimension (i.e. horizontal migration distance) ≥5 m.  Measurements were 

also taken in a vertical succession through the strata to negate local deviations (caused 

by scour pits/obstacles, etc) from the regional wind pattern (Peterson, 1998; Kocurek, 

1991).  Full details of the orientation data analysis adopted for this study are described 

in Peterson (1988) and Chapter 5 and consist of: 

1) mean and standard deviation from dip angle measurements; 

2) vector mean (VM), standard deviation (SD) and vector mean strength (VMS) 

from dip direction measurements.  Vector means (also known as resultants) are a 
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statistical measurement of the central tendency of the dip direction 

measurements.  The VMS (also known as the consistency factor or consistency 

ratio) is a measure of the dispersion of the individual measurements and ranges 

between one (all measurements indicating one direction) and zero (totally 

random or a “bow tie” distribution); 

3) Summary rose diagrams for each aeolian system produced from the vector 

means calculated from each set of cross-strata; and   

4) Accompanying each rose diagram are: (a) a summary vector mean (SVM) 

calculated from the vector means used to make each rose diagram; and (b) a 

summary vector mean strength (SVMS) calculated from the same vector means.    

 

Air-dried samples of aeolianite were sub-sampled into at least three parts for particle 

size, calcium carbonate-insoluble and compositional analyses.  In most cases, a fourth 

sub-sample was taken for AAR analysis.  The first sub-sample was gently disaggregated 

using a mortar and pestle and subsequently passed through nested sieve sets using a 

mechanical sieve shaker run for 15 minutes.    The mesh of the sieves were graduated at 

1Ø intervals and ranged between apertures of 63 µm and 2 mm.  Microscopy confirmed 

that the grains retained in the sieved size fractions were discrete particles rather than 

aggregates.  Informal inspection of grain properties and size distributions obtained from 

microscopy of selected samples prior to crushing indicate that sample modification due 

to the disaggregation procedure was modest.  Grain size parameters of the sieve results 

were computed using the PC Gradistat program (Blott & Pye, 2001) and are based on 

the Folk and Ward graphical methods (Folk & Ward, 1957).   

 

The second sub-sample of the original air-dried sample was analysed to measure the 

calcium carbonate and insoluble fractions.  The carbonate-insoluble weight proportions 

were estimated by treatment with 10% HCl using the method of Siesser & Rogers 

(1970).  The insoluble fraction was examined under a stereo microscope and the 

proportions of components estimated.  The third sub-sample was orientated, 

impregnated with an epoxy of resin-hardener, thin-sectioned and examined under a 

polarising microscope for compositional analysis.  Petrographic recognition of 

constituents used size, form, surface features and internal structures as compared to 

constituents documented by Scholle & Ulmer-Scholle (2003) and Flugel (2004).  

Quantitative analysis was made with an automated point-counter, using the method 
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developed by Chayes (1956) and revised by Halley (1978), Harrell (1981) and Flugel 

(1982).  To reduce errors linked to rock heterogeneity, a minimum of 500-point counts 

(two distinctive sets of 250-point counts) were preformed on each thin section.   

 

Amino acid racemization (AAR) 

Whole-rock AAR dating has been successfully applied in numerous carbonate 

aeolianites studies in locations such as the Bahamas (Hearty & Kaufman, 2000), Hawaii 

(Fletcher et al., 1999; Hearty et al., 2000), Bermuda (Hearty et al., 1992), Lord Howe 

Island (Brooke et al., 2003) and the Coorong of South Australia (Murray-Wallace et al., 

2001).  AAR dating is based on the epimerization of the protein amino acid L-isoleucine 

(Ile) to its non-protein diasteriomer D-alloisoleucine (aIle) within the organism 

immediately following its death and represents the process of amino acid racemization.  

During natural diagenesis, the rate of isoleucine epimerization at any given time is a 

function of the relative proportions of isoleucine in different positions from faster 

epimerization positions (terminal and cyclic) to the slower epimerizing positions (free 

state) (Kriausakul & Mitterer, 1978; Mitterer & Kriausakul, 1984; Mitterer & 

Kriausakul 1989).  However, the extent to which this reaction has progressed in a fossil 

is proportional to the length of time elapsed since the organism lived and to the ambient 

temperature of the reaction medium.  The abundance of D-alloisoleucine relative to L-

isoleucine (aIle/Ile or A/I) defines the extent of racemization for the isoleucine amino 

acid.   

 

Whole-rock AAR dating represents an “average” of the different extents of 

racemization in a range of organisms that emplace carbonate in their skeletal 

construction.  Compared to results obtained from a single taxon of molluscs, whole-rock 

sample results show similar kinetic behaviour and yield consistent amino acid ratios 

(Hearty et al., 1992).  By using the consistent amino acid ratios of organic residues in 

bioclastic or skeletal carbonate sands, samples can be matched and grouped into modal 

classes within a broadscale stratigraphic framework for the strata being examined 

(Rutter & Blackwell, 1995).  Whole-rock AAR dating of carbonate aeolianite  material 

from the Perth region of the Perth Basin has provided age estimates of dune formation 

to MIS7, MIS5 and MIS1 (Hearty, 2003; Chapter 3).  Recently, Hearty & O’Leary 

(2008) included aeolianite samples from Hamelin Bay in a large-scale, basin-wide 

geochronologic study on the range of aeolianite deposit ages along the coastal zone of 
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Western Australia.  This study did not attempt to provide precise age estimates of the 

strata at Whitecliff (Hamelin Bay), but only to assign generalised ages of Late 

Pleistocene (MIS5) and Holocene (MIS1) or reworked Late Pleistocene (MIS5) for 

aeolianites at Hamelin Bay.  As samples analysed by Hearty & O’Leary (2008) are not 

well described and their location in the cliff exposure at Hamelin Bay is uncertain, their 

results could not be precisely related to the aeolianite sets identified in the current study.   

 

Samples were prepared and analysed according to methods documented in Hearty & 

Kaufman (2000), Hearty (2003) and Chapter 3.  Briefly, the 250- to 850-μm sand 

fraction of each sample was obtained by gentle disaggregation and sieving, removing 

large grains or shells that could disproportionately influence the A/I ratio in the process.  

Samples were analysed at the Amino Acid Laboratory of Northern Arizona University, 

where standard procedures (Miller and Brigham-Grette, 1989) were followed.  About 

30% of the sample weight was removed from approximately 100 mg of each sample by 

etching in dilute hydrochloric acid (HCl), which also reduces possible contamination by 

cements or organic residues on grain surfaces.  Each sample was digested in 7M HCl 

containing 6.25μM norleucine, an internal standard, and subsequently flushed with N2.  

After being sealed in vials and hydrolysed at 110ºC for 22 hours, samples were 

evaporated under N2 in a head block or vacuum and injected onto an ion-exchange high-

performance liquid chromatograph (HPLC), which employs fluorescence detection and 

postcolumn derivitisation with o-phthaldialdehyde (OPA).  To check instrument 

precision and obtain well-resolved peaks of the D- and L-amino acids of interest, at 

least two injections per sample were made.  Mean A/I ratios are presented in the format 

0.231 ± 0.012(n), where ‘0.231’ is the mean, ‘± 0.012’ is the standard deviation, and 

‘(n)’ is the number of injections per whole-rock sample analysed.  The ILC standards of 

Wehmiller (1984) were analysed to monitor machine stability and to facilitate intra- and 

inter-laboratory comparisons. 

 

RESULTS 

Whitecliff at Hamelin Bay  

The coastal cliff at Whitecliff contains three broad facies:  (1) aeolianites; (2) protosols; 

and (3) calcretes.  The exposure consists of an approximately 12 m thick sequence of 
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indurated aeolianite, intercalated with up to six weakly developed protosols and at least 

one thin calcrete (Figs 6.2 and 6.3). 

 

The aeolianite facies is composed of carbonate (Table 6.1) and displays sub-horizontal 

to low-angle laminations or small- to large-scale, trough and planar sets of cross-strata 

(Fig. 6.2).  Individual sets are generally less than 200 m wide (maximum available 

exposure) and 0.5-11.5 m thick (vertical exposure).  Sets are generally either isolated 

single sets (Fig. 6.3B) or stacked simple sets separated by erosion surfaces that dip from 

9º-15º (Fig. 6.3A).  Rhizoliths (or rhizocretions) are commonly preserved within sets 

and are commonly best developed in the top portion of the set (Figs 6.3A, 6.3C and 

6.3D).  In some instances, parts of the aeolianite facies lack preserved bedding 

structures, with rhizoliths becoming so abundant, especially in the top portion of sets, 

that sedimentary layering is hard to detect or completely obliterated (Figs 6.3C and 

6.3D).  In many instances, sets pass beneath modern sea level.     

 

Within the aeolian sets, a range of bedding can be preserved that reflects either an 

interdune deposit or a portion of the dune-bed form.  Sub-horizontal to low-angle (<10º) 

lamination is a common sedimentary structure within aeolian deposits and can preserve 

topset (Figs 6.3B and 6.3E), bottomset or interdune intervals (terminology by Boggs, 

2006).  Laminae tend to be coplanar within each set (Fig. 6.3F), but large differences in 

the orientation of laminae can occur between the sets.  Sets of cross-strata typically 

consist of foresets that display dip angles ranging from medium (11º-24º) to high (25º-

36º) and commonly consist of grainflow strata ranging from 2 to 5 cm thick (Fig. 6.3F).  

Sets of cross-strata range in thickness from 0.9 m to 11.5 m (Fig. 6.2).  In some 

instances, medium-angle stratification gradually increases in dip within a set to that of 

high-angle foreset bedding, indicating a change in bedform with dune migration (Fig. 

6.3G).  Dune crests may be preserved within foresets and is commonly overlain by 

topset lamination (Figs 6.3B and 6.3D)   

 

A total of 130 foreset bedding measurements were made within 13 sets of high-angle 

bedding (Table 6.1).  The sets show consistency of dip directions and all investigated 

sets display a very high VMS of >0.996 (Table 6.1).  Dip directions from a single phase 

of dune formation was further investigated within one aeolian foreset (NWC4c) that 

forms the tip of the headland at Whitecliff (Fig. 6.3H).  Here, the simple aeolian set was
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Fig. 6.2  Cross-sections of cliff exposures at Whitecliff in Hamelin Bay showing aeolianites, protosols, calcrete, AAR samples and aeolian set locations (e.g. 4c_2).
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Fig. 6.3  Features of facies at Whitecliff in Hamelin Bay:   

A) Mosaic of the outcrop distribution from northeast to southwest showing some 250 m of the B-B’ 

section.  Photo taken from the boat ramp;  

B) Isolated single set of aeolianite showing foreset bedding with crests and topset bedding (carbonate 

aeolianite set 5b_2);  

C) A black protosol overlying a rubble-dominated protosol and carbonate aeolianite.  Abundant rhizoliths 

in the top portion of the aeolianite make the physical sedimentary structures of the aeolianite hard to 

detect.  The box outline shows the close up of the section shown in Figure 6.3D. 

D) Close up of Figure 6.3C, showing calcrete overlying the black protosol, rubble-dominated protosol and 

rhizolith-dominated carbonate aeolianite. 

E) Top portion of foreset bedding with crests and topset bedding (carbonate aeolianite set 6c);  

F) Foreset bedding showing grainflow stratification typical of aeolianites (carbonate aeolianite set 6d);  

G) An exposure of foreset bedding perpendicular to strike that shows a gradual increase in the dip angle 

within the aeolianite set to that of high-angle foreset bedding (carbonate aeolianite set 6d);  

H) Measurements of high-angle foreset bedding from the aeolian foreset NWC4c record only a small (20°) 

shift in VMs over a ~40 m perpendicular to strike transect (carbonate aeolianite set 4c_2);  

I) Stacked weakly developed protosols from the A-A’ section (Figure 6.2), that display a “cafe-au-lait” 

soil type and containing rhizoliths of variable abundance. 

J) The thin calcrete that can be traced the entire length of the cliff exposure and generally contains 

abundant rhizoliths.  Photo of a portion of the A-A’ section. 
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Table 6.1 Whole-rock amino acid (A/I) data and foreset bedding parameters from aeolianites at Whitecliff 

and Shelly Beach.  Sample and set locations are found in Figs 6.2 and 6.4.  * indicates samples from low 

angle bedding aeolianite. In the text A/I ratios are presented in the format 0.24 ± 0.01(4) (where ‘0.24’ is 

the average, ‘± 0.01’ is the standard deviation, and ‘(4)’ is the number of whole-rock samples analysed.  

Abbreviations: SD=Standard Deviation; n=number of samples; N=number of measurements; M=Mean; 

VM=Vector Mean; VMS=Vector Mean Strength; ND=not determined. 

Dip Angle Dip Direction 
Sample/Set CaCO3 

Mean 
A/I ratio 

SD (n) N 
M SD VM SD VMS 

Whitecliff – Hamelin Bay  
NWC3a 98.06 0.237 0.010 (2) Low-angle laminations, no foreset  
NWC3b* 95.47 0.230 0.001 (2) bedding measurements taken 
NWC4c_2(a) 95.98   10 32.5 0.5 69.8 2.5 0.9991 
NWC4c_2(b) 96.54 0.229 0.003 (2) 10 32.7 0.8 48.8 3.3 0.9985 
NWC4c_2(c) 97.25   10 32.9 0.7 62.3 3.3 0.9985 
NWC5a_1 97.33   10 32.1 1.4 72.0 2.6 0.9991 
NWC5a_2 98.59 0.224 0.010 (2) 10 29.4 1.3 107.5 2.7 0.9990 
NWC5b_1 99.32 0.223 0.003 (2) 10 30.9 1.9 41.1 3.0 0.9988 
NWC5b_2 95.77 0.217 0.007 (2) 10 31.9 1.2 28.3 3.4 0.9984 
NWC6a 80.54 0.210 0.009 (2) 10 25.8 1.2 17.8 2.5 0.9992 
NWC6b 98.12 0.209 0.003 (2) 10 33.7 1.4 38.5 3.8 0.9980 
NWC6c 99.11 0.206 0.000 (2) 10 32.0 1.2 21.4 2.8 0.9990 
NWC6d 80.82 0.167 0.001 (2) 10 34.1 1.5 340.4 3.4 0.9984 
NWC6e 97.19 0.208 0.021 (2) 10 31.9 1.4 48.9 4.9 0.9967 
NWC6f 99.22 0.186 0.014 (2) 10 33.1 1.9 1.1 5.2 0.9962 
Average A/I   0.212 0.020 (12)       
Shelly Beach – Bunker Bay       
NSB2_1 72.15 0.534 ND (1) 10 30.0 1.6 118.0 2.7 0.9990 
NSB2_2 80.78   10 30.3 1.5 117.2 3.2 0.9986 

Footnote: A/I values for the Inter-Laboratory Comparison Standards 4087 ILC-A, 4088 ILC-B and 4089 
ILC-C measured at Northern Arizona University (April-May 2005) were 0.1523 ± 0.007 (3), 0.4827 ± 
0.0129 (3), 1.0343 ± 0.0343 (3).  These values are well within the range measured for the same standard 
samples in other laboratories (Wehmiller, 1984).  
 

 

 

traced laterally, perpendicular to strike and in the direction of dune migration for ~40 m.  

Only a small 20º shift in the VMs is recorded by the measurements (Table 6.1) that 

were taken in three groups roughly 12 m apart along the transect.  The small variation in 

bedform geometry during the migration of the dune is reflected in a high SVMS of 

0.9886 for the three VMs (Table 6.1).  Vector means obtained from the foreset bedding 

measurements (Table 6.1) yield a SVM dipping to the northeast at 41.15º (Fig. 6.4).  

The rose diagram of VMs (Fig. 6.4) corresponds to the moderate SVMS of 0.8554.  The 

unimodal manner of the VMs dip toward the northeast (340º to 107º; Fig. 6.4B). 
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Fig. 6.4  Vector mean data of foreset bedding measurements from carbonate aeolianites at Hamelin Bay: 

A) vector mean data in relation to the measurement location; and B) rose diagram of vector mean data.  

N=number of vector means, SVM=summary vector mean, SVMS=summary vector mean strength.   

 

 

The aeolian dune deposits are carbonate aeolianite (>80% CaCO3; Table 6.1) composed 

of medium-grained bioclastic carbonate sand cemented to different extents by calcium 

carbonate (Tables 6.2 and 6.3).  The allochems in the carbonate aeolianites are almost 

entirely of marine origin (Table 6.3).  Examination of the aeolianites in thin section 

reveal that their main components are shell and skeletal fragments/whole parts of 

foraminifera, Bryozoa, coralline algae, Mollusca, coral and echinoderms in various 
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proportions (Table 6.3 and Fig. 6.5A).  The majority of grains are rounded to well 

rounded with a high degree of sphericity (Figs 6.5A and 6.5B).  Reworked lithoclasts 

derived from older carbonate aeolianites are rarely evident in the thin sections (Table 

6.3).  A small insoluble fraction is evident in all of the aeolianites (<20%) and consists 

mainly of quartz, which is also obvious in thin section.  Minor to rare amounts of 

sponge spicules, feldspar and heavy minerals are only evident in the condensed 

insoluble fraction (Table 6.4).   

 

Fresh aeolianite samples examined in thin section are weakly cemented with total 

cement ranging between 1.3 and 10.8 per cent (Table 6.3).  Two generations of calcite 

cement are recorded in all aeolianite samples – an early micritic phase followed by later 

coarse spar (Figs 6.5A-D).  While micritic calcite cement is overall the most common 

cement (Figs 6.5A-D), both generations of cements are found in variable amounts and 

development within and between samples.  The cements partly to completely fill inter- 

and intra-granular pore space (Figs 6.5A-D).  Overwhelmingly the most common forms 

are grain-contact meniscus and pendant meniscus cements with rim cements found in 

relatively minor amounts (Figs 6.5A-D).  Cement that completely fills some pore space 

represents the build-up of meniscus cements and in some cases rim cements rather than 

isopachous cements.  In general, the carbonate aeolianite samples have comparable 

amounts of total cement (Table 6.3), the main cement types vary both within and 

between samples.  Minor to rare amounts of neomorphic inversion are apparent for all 

samples examined (Table 6.3).   

 

The aeolianites display consistent trends in grain size, sorting, skewness and kurtosis 

(Table 6.2).  The mean grain size varies between medium sand (280.698 µm) and coarse 

sand (604.128 µm), with an average of medium sand (363.838 µm).  The sorting ranges 

between moderately well sorted (1.540 µm) and moderately sorted (1.839 µm) and has 

an average of moderately sorted (1.666 µm).  Skewness values range from fine skewed 

(-0.200) to coarse skewed (0.189) and kurtosis values range from platykurtic (0.863) to 

very leptokurtic (1.667).  The mean value of skewness (-0.083) and kurtosis (1.140) 

indicate that the grain sizes are generally symmetrical in skewness with leptokurtic 

distributions.  The one sample taken from aeolianite with low-angle laminations 

(NWC3b) has a mean grain size slightly coarser than its foreset bedding counterpart 

(Table 6.2).  However, sorting, skewness and kurtosis of the sediments from the low-
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angle laminations are clearly within the range of sediments displayed in foreset bedding 

(Table 6.2). 

 

 

 

 

Table 6.2  Single and composite grain size parameters of sediments from aeolianites in the Naturaliste-

Leeuwin region (n = 15) and the sample descriptions based on the statistical data.  * indicates samples 

from slight bedding (<10º) of the aeolianite.  Abbreviations used: MG=mean graphic size; σG=sorting; 

SkG=skewness; KG=kurtosis; S=Sand; MW Sort=Moderately Well Sorted; Mod Sort=Moderately Sorted; 

Platy=Platykurtic; Meso=Mesokurtic; Lepto=Leptokurtic; V Lepto=Very Leptokurtic. 

 MG (µm) σG (µm) SkG KG Mean Size Sorting Skewness Kurtosis 

Single sample statistics and descriptions 

NWC3b* 604.128 1.766 -0.150 1.182 Coarse S Mod Sort Fine Skewed Lepto 

NWC4c_2 280.698 1.839 -0.200 1.175 Medium S Mod Sort Fine Skewed Lepto 

NWC5a_2 316.622 1.719 -0.075 1.256 Medium S Mod Sort Symmetrical Lepto 

NWC5b_1 327.662 1.628 -0.098 1.367 Medium S Mod Sort Symmetrical Lepto 

NWC5b_2 447.488 1.684 0.005 0.944 Medium S Mod Sort Symmetrical Meso 

NWC6a 289.970 1.577 -0.180 0.959 Medium S MW Sort Fine Skewed Meso 

NWC6b 378.326 1.793 -0.034 1.259 Medium S Mod Sort Symmetrical Lepto 

NWC6c 295.794 1.585 -0.156 1.047 Medium S MW Sort Fine Skewed Meso 

NWC6d 309.542 1.609 -0.110 1.246 Medium S MW Sort Fine Skewed Lepto 

NWC6e 317.775 1.589 -0.102 1.294 Medium S MW Sort Fine Skewed Lepto 

NWC6f 434.212 1.540 0.189 0.863 Medium S MW Sort Coarse Skewed Platy 

NSB2_1 399.641 1.779 -0.025 1.667 Medium S Mod Sort Symmetrical V Lepto 

NSB2_2 314.513 1.710 -0.085 1.261 Medium S Mod Sort Symmetrical Lepto 

Composite sample statistics and descriptions 

Whitecliff (13) 363.838 1.666 -0.083 1.145 Medium S Mod Sort Symmetrical Lepto 

Shelly Beach (2) 357.077 1.745 -0.055 1.464 Medium S Mod Sort Symmetrical Lepto 

All (15) 362.798 1.678 -0.079 1.194 Medium S Mod Sort Symmetrical Lepto 
Scales for mean, sorting, skewness and kurtosis: Silt (<63 µm), Very fine sand (63-125 µm), Fine sand 
(125-250 µm), Medium sand (250-500 µm), Coarse sand (500-1000 µm), Very coarse sand (1-2 mm), 
Very fine gravel (2-3 mm); Very well sorted (<1.27), Well sorted (1.27-1.41), Moderately well sorted 
(1.41-1.62), Moderately sorted (1.62-2.00), Poorly sorted (2.00-4.00), Very poorly sorted (4.00-16.00), 
Extremely poorly sorted (>16.00); Very fine skewed (-0.3 to -1.0), Fine skewed (-0.1 to -0.3), 
Symmetrical (-0.1 to +0.1), Coarse skewed (+0.1 to +0.3), Very coarse skewed (+0.3 to +1.0); Very 
platykurtic (<0.67), Platykurtic (0.67-0.90), Mesokurtic (0.90-1.11), Leptokurtic (1.11-1.50), Very 
leptokurtic (1.50-3.00), Extremely leptokurtic (>3.00). 
 

 



 176 

Table 6.3 Composition of carbonate aeolianite samples from Whitecliff and Shelly Beach measured in 

thin sections as well as the calculated average and standard deviation of components.  Bry=bryozoan; 

For=foraminiefera; CA=coralline algae; Moll=mollusc; Cor=coral; Ech=echinoderm; Re=reworked 

aggregate grain; Pore=pore space; Cem=cement (intra- and inter- particle cement); ReC=recrystallised 

grain; Un=unknown; Qtz=quartz. 

Composition (%) Sample 
Number  Bry For CA Moll Cor Ech Re Pore Cem ReC Un Qtz 
Whitecliff – Hamelin Bay 
NWC3a 22 24.4 5.2 6.4 6 0.4 1.4 9.6 9.6 10 0.6 4.4 
NWC3b 24.8 23.4 5.2 7.2 7 0.6 3.4 8.4 9.8 8 0.8 1.4 
NWC4c_2 22.4 25 5.2 12.2 7 1 1.2 10.4 10.8 0.4 1.4 3 
NWC5a_1 24.6 24.4 6.4 12.2 6.6 1.6 0.4 10.4 9.6 1.4 0.6 1.8 
NWC5a_2 24.2 24.2 5.6 8 5.8 0.8 0.6 9.8 9.6 1.6 1.6 8.2 
NWC5b_1 24.8 28.6 5.4 7.8 5.4 1.2 0.4 8.6 9.4 0.8 1 6.6 
NWC5b_2 25.4 26 3.4 7.2 4 0.4 0.2 11.4 9 4.6 0.2 8.2 
NWC6a 26.6 19.8 5.8 9.4 6 0.8 0.4 8.6 8.6 7.8 0.6 5.6 
NWC6b 22.2 25.4 7 8.6 6.8 0.8 2.8 8 7.6 7.2 1 2.6 
NWC6c 29.8 20 11.2 10 7.8 0.6 0.2 8.6 8.8 1.4 0.4 1.2 
NWC6d 22.4 29 4 8.8 6.4 1.2 1.6 4.8 8.2 6.4 0.8 6.4 
NWC6e 27.2 28 5 10.4 5.6 0.4 0.4 11 7.2 1.6 0.8 2.4 
NWC6f 25.4 29.6 5.2 9.8 5 0.6 0.4 10.4 5.8 2.4 0.4 5 
Average 24.8 25.2 5.7 9.1 6.1 0.8 1.0 9.2 8.8 4.1 0.8 4.4 
Std Dev 2.3 3.1 1.9 1.8 1.0 0.4 1.0 1.7 1.3 3.3 0.4 2.5 
Shelly Beach – Bunker Bay 
NSB2_1 23.8 22.2 5 10 8 0.6 1.2 8.2 9.8 5.4 1 4.8 
NSB2_2 25.6 24 5 9.2 8.4 1 1.4 5.8 8.6 4.8 1.4 4.8 
Average 24.7 23.1 5.0 9.6 8.2 0.8 1.3 7.0 9.2 5.1 1.2 4.8 
Std Dev 1.3 1.3 0.0 0.6 0.3 0.3 0.1 1.7 0.8 0.4 0.3 0.0 

 

 

 

The protosol facies are composed of weakly developed protosols and a rubble-

dominated protosol (Figs 6.3A, B, C and H).  The weakly developed protosols consist 

of structureless silty or clayey sediments that have a high carbonate content (as 

described in Fairbridge & Teichert, 1953).  The average protosol horizon is about 0.5 to 

1.5 m thick, but protosol horizons can reach up to three metres in thickness (Figs 6.2 

and 6.3A).  This protosol is generally of a “café-au-lait” soil type (terminology in 

Avnimelech, 1952) where a gradual colour change occurs from whitish-grey at the 

bottom to brown at the top (Fig. 6.3I).  However, this gradual division is not continuous, 

with the top brown section of the protosol absent in some profiles (Fig. 6.2).  Both the 

whitish-grey and brown protosols contain rhizoliths of variable abundance.   
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A prominent horizon within the exposed cliff is a rubble-dominated protosol capped by 

a thin calcrete that can be traced the entire length of the cliff exposure (Figs 6.2 and 

6.3A).  At least 30 cm thick in places, this whitish-grey to dark-brown protosol is 

characterised by angular rubble pieces (9-150 mm) composed of aeolianite (Figs 6.3A, 

6.3B and 6.3C).  The rubble-dominated protosol overlies either a rhizolith-dominated 

aeolianite or a rubble-free protosol and the contact is gradual.  The upper contact 

between the rubble-dominated protosol and the thin calcrete cap is sharp.  The thin (5-

10 cm) calcrete has an upper surface that is undulating and generally contains rhizoliths 

(Fig. 6.3J).     

 

 

 

 

 

Table 6.4  Calcium carbonate and insoluble fractions of aeolianite samples from Whitecliff and Shelly 

Beach.  The insoluble component of the insoluble fraction is depicted as M for major, m for minor, r for 

rare and n for none, with abbreviations of: Q = medium to coarse quartz; FQ = fine quartz; F= Feldspar, S 

= sponge spicules; H = heavy minerals. 

Insoluble component 
Sample Number 

CaCO3 

(wt%) 
Insol 

(wt%) Q FQ F S H 

Whitecliff – Hamelin Bay 
NWC3a 98.06 1.94 M M n r  n  

NWC3b 95.47 4.53 M M n r  n  

NWC4c_2(a) 95.98 4.02 M M r r  n  

NWC4c_2(b) 96.54 3.46 M M n r  r  

NWC4c_2(c) 97.25 2.75 M M r n r  

NWC5a_1 97.33 2.67 m M n r  r  

NWC5a_2 98.59 1.41 m M n r  n  

NWC5b_1 99.32 0.68 m M n n n 

NWC5b_2 95.77 4.23 m M n n r 

NWC6a 80.54 19.46 r M n m n 

NWC6b 98.12 1.88 r M n n n 

NWC6c 99.11 0.89 r M n n n 

NWC6d 80.82 19.18 r M n m n 

NWC6e 97.19 2.81 r M n n n 

NWC6f 99.22 0.78 r M n n n 

Shelly Beach – Bunker Bay 
NSB2_1 72.15 27.85 M M m r m 

NSB2_2 80.78 19.22 M M m r m 
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Fig. 6.5  Cross-polarised, microscopic view of carbonate aeolianite samples from Hamelin Bay (A-D) and 

Bunker Bay (E-F):    

A)  Various grains and proportions of shell and skeletal fragments/whole parts (CA=coralline algae; 

F=foraminifera; B=Bryozoa) that have a marked concentration of micritic and coarser spar-sized calcite 

cements at or near grain contacts as well as pendant morphologies.  These highly rounded pore spaces and 

pendant cements are characteristic of meniscus fabrics, which are produced from the meniscus surfaces of 

water held at grain contacts and gravitational meniscus surfaces held under grains, respectively.  Two 

generations of cement are evident in an early micritic calcite cement followed by a later coarser spar-

sized calcite cement.  Some intra-granular pore spaces (voids within the grain) are completely filled by 

the calcite cements, while others are only partially filled.   

B)  Moderately sorted grains with a mean grain size of medium sand showing various thicknesses of grain 

contact meniscus and partially to fully rimmed cement forms.  Two generations of cement are evident in 

an early micritic calcite cement followed by a later coarser spar-sized calcite cement.   The grains are 

somewhat conditioned by original form and are rounded to well rounded with a high degree of sphericity. 

C) A combination of pendant meniscus, grain contact meniscus and partially rimmed cements formed by 

two generations of calcite cement – an early micritic calcite cement followed by a later coarser spar-sized 

calcite cement.  Here, the meniscus surfaces of water that are held between the grains produce the micritic 

and coarser spar-sized cements between the grains.  The thickest cements are in the pore space between 

three grains.   

D)  A combination of pendant meniscus, grain contact meniscus and partially rimmed cements formed by 

two generations of calcite cement – an early micritic calcite cement followed by a later coarser spar-sized 

calcite cement.  Here, the meniscus surfaces of water that were held between the grains and at grain 

contacts produce the micritic and coarser spar-sized cements between the grains.  The thickest cements 

are in the pore space between the three grains whereas other inter-particle and intra-particle pore spaces 

are only partially filled.     

E)  Various grains and proportions of shell and skeletal fragments/whole parts (CA=coralline algae; 

F=foraminifera; B=Bryozoa) that are moderately sorted.  A combination of pendant meniscus, grain 

contact meniscus and partially rimmed cements formed by two generations of calcite cement – an early 

micritic calcite cement followed by a later coarser spar-sized calcite cement.  Most intra-granular pore 

spaces (voids within grains) are completely filled by the calcite cement.  Geopetal crystal silt is visible as 

partial fills of intraparticle pore spaces of foraminifera (F) and confirms downwards gravitational 

direction (also recorded during sample acquisition).  The white box depicts the magnified area shown in 

Fig. 6.5F. 

F)  Close up of Figure 6.5E, showing meniscus cements forming highly rounded pore spaces.  Intra-

particle pore spaces of the foraminifera (F) are completely filled by calcite cements.   
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Shelly Beach at Bunker Bay  

On the western headland of Shelly Beach, four broad facies categories overly the middle 

Neoproterozoic granite-gneiss basement rock:  (1) conglomeratic limestone; (2) red 

palaeosol; (3) aeolianite; and (4) calcrete.  In vertical sequence, each facies occurs once 

with the conglomeratic limestone overlain in order by red palaeosol, aeolianite and  

calcrete (Figs 6.6, 6.7A and 6.7B).  The basement rocks outcrop on the floor of the bay 

and in rugged cliffs on the north and south side of the bay (Figs 6.6, 6.7A and 6.7C).  

The beaches within Bunker Bay consist of angular to rounded cobbles and boulders of 

granite-gneiss basement rock. 

 

Unconformable on the granite-gneiss, conglomeratic limestone is composed of granite-

gneiss cobbles and boulders in a matrix of cemented calcarenite with a lens of evenly 

bedded calcareous limestone (Figs 6.7B and 6.7C).  The lower part of the unit is a clast-

supported conglomerate, with well-rounded cobbles and boulders (mostly 30-80 cm 

across) of granite-gneiss in a matrix of cemented cream-coloured marine calcarenite 

(Figs 6.7D and 6.7E).  The boulders are more rounded and slightly larger than the 

angular boulders of the granite-gneiss basement being thrown up on the shore today.  

Sedimentary structures within the conglomerate are lacking.  The upper part of the unit 

passes into bedded shelly limestone that is laterally discontinuous (Figs 6.6 and 6.7A).  

Individual lens of shelly limestone up to 1.1 m thick are positioned between 7.8 m and 

8.9 m above present sea level (Fig. 6.6).  The shelly limestone consists of thin to 

medium beds of fine- to medium-grained calcarenite (Figs 6.7D and 6.7E) with 

common mollusc shells that in general show no preferred orientation.   

 

The red palaeosol facies is composed of structureless, silty or clayey sediment that have 

been well lithified (Figs 6.7C and 6.7F).  Aeolianite and limestone rubble pieces of up 

to 22 cm in diameter are abundant is some parts of the palaeosol (Fig. 6.7F).  The 

horizon is up to 0.7 m in thickness and continuously overlies the conglomeratic 

limestone with a sharp erosional contact.  The upper contact between the palaeosol and 

overlying aeolianite facies is also a sharp contact.   
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Fig. 6.6  Cross-sections of cliff exposures at Shelly Beach in Bunker Bay showing granite-gneiss, conglomeritic limestone, red palaeosol, aeolianite, calcrete, AAR sample 

NSB2_1 location and aeolian measurement locations (e.g. NSB2_2). 
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Fig. 6.7 Features of facies at Shelly Beach in Bunker Bay:   

A)  Mosaic of the outcrop distribution along the B-C section, showing facies relationships.  The box 

outline shows the close up shown in Figure 6.7C. 

B)  Part of the A-B section, showing foreset bedding in the carbonate aeolianite; 

C)  Close up of Figure 6.7A, showing granite-gneiss basement overlain by a conglomeritic limestone 

(clast-supported conglomerate and shelly limestone), red paleosol and aeolianite; 

D)  Clast-supported conglomerate showing well-rounded cobbles and boulders and the overlying shelly 

limestone; 

E)  The shelly limestone showing the fine- to medium-grained calcarenite with scattered shells; 

F)  Red palaeosol with rubble pieces overlying the limestone. 



 185 

A)  

 



 186 

B) 

 

 

 



 187

C) 

 

D) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 188 

 

E) 

 

F) 

 



 189

The aeolianite facies is composed of a partially indurated carbonate aeolianite that 

consists of a single, large-scale, high angle (25º-40º) cross-bedded set, which reaches up 

to 18 m in thickness (Figs 6.6, 6.7A and 6.7B).  The length of cliff exposure is ~400 m 

and cuts acutely to the strike of the foreset bedding.  The cross strata consist of 

grainflow beds (1-5 cm thick) that displays a dip angle ranging from 28º to 32º (Table 

6.1).  Dune crest or dune toe bedding are not evident within the aeolianite set, but 

abundant rhizoliths within its upper two metres (Figs 6.6 and 6.7A) obliterates or 

obscures sedimentary structures.  A thin calcrete (~80 cm) caps the rhizolith-dominated 

portion of the aeolianite set and represents the fourth facies preserved at Shelly Beach 

(Figs 6.6, 6.7A and 6.7B). 

 

Two groups of foreset bedding measurements roughly 60 m apart were taken within the 

aeolian set (Fig. 6.6 and Table 6.1).  The locations were chose on the basis of access to 

the outcrop.  Consistent dip directions (118±2.7 and 117.2±3.2) and very high VMS 

values of >0.998 (Table 6.1 and Fig. 6.8) were observed.  The two vector means yield a 

SVM that dips to the east-southeast at 117.5º (Fig. 6.8).  The VM rose diagram is 

unimodal but should be treated with caution due to the limited data available and the 

same observation applies to the SVMS of 1.0 (Fig. 6.8).  

 

The aeolian dune deposit is carbonate aeolianite (>70% CaCO3; Table 6.1) composed of 

medium-grained bioclastic carbonate sand that is weakly cemented by calcite (Tables 

6.2 and 6.3).  The vast majority of the grain population is of marine origin (Table 6.3).  

Its main components (63-67%) are shell and skeletal fragments/whole parts of 

foraminifera, Bryozoa, Mollusca and coral in various proportions (Table 6.3 and Fig. 

6.5E).    The majority of grains are rounded to well rounded with a high degree of 

sphericity (Figs 6.5E and 6.5F).  Reworked lithoclasts derived from older carbonate 

aeolianites, are rarely evident in thin section (~1.3%; Table 6.3).  An insoluble fraction 

(<30%) mainly consists of quartz that is also obvious in thin section (Table 6.3).  Minor 

to rare amounts of mica, feldspar and heavy minerals are only evident in the condensed 

insoluble fraction (Table 6.4). 

 

The two fresh aeolianite samples examined in thin section are weakly cemented with an 

average total cement of 9.2±0.8 per cent (Table 6.3).  Two generations of calcite cement 

are recorded in both aeolianite samples.  An early micritic calcite cement is followed by  
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Fig. 6.8  Vector mean data of foreset bedding measurements from carbonate aeolianites at Bunker Bay: A) 

vector mean data in association with the measurement location; and B) rose diagram of vector mean data.  

N=number of vector means, SVM=summary vector mean, SVMS=summary vector mean strength. 

 

 

 

a secondary coarser sparry calcite phase (Figs 6.5E-F).  Micritic cement is overall the 

most common cement (Figs 6.5E-F).  However, both generations of cements are found 

in variable amounts and thickness within and between the samples and partly to 

completely fill inter- and intra- granular spaces.  The cements usually show grain-

contact meniscus and pendant meniscus morphologies (Figs 6.5D-F).  Rim cements are 

found in relatively minor amounts and are not equally developed around the grains or in 
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intra-granular spaces (Figs 6.5E-F).  Pore space infill represents the build-up of 

meniscus cements (including geopetal morphologies) and sometimes rim cements rather 

than isopachous cements (Figs 6.5E-F).  Neomorphic inversion of carbonate grains is 

apparent in minor amounts (<5.5%; Table 6.3).   

 

The aeolian set displays consistent trends in grain size, sorting, skewness and kurtosis 

(Table 6.2).  Kurtosis values range from very leptokurtic (1.667) to leptokurtic (1.261), 

with an average of leptokurtic (1.464).  The average value of mean grain size 

(357.077 µm), sorting (1.745) and skewness (-0.055) indicate that the sediments are 

generally medium grained and moderately sorted with symmetrical skewness.    

 

Whole-rock AAR analysis 

AAR ratios were determined for a total of 26 whole-rock aeolianite samples: 24 from 

aeolianite sets at Whitecliff; and one from the single aeolianite set at Shelly Beach 

(Table 6.1).  The sampled horizons are indicated for each stratigraphic section in Figs 

6.2 and 6.6.  The mean A/I (aIle/Ile) ratios of the isoleucine amino acid within whole-

rock aeolianite samples from Whitecliff and Shelly Beach are given in Table 6.1.     

 

Whole-rock A/I ratios from aeolianite samples at Whitecliff are narrowly distributed 

between 0.167 and 0.237, averaging 0.212 ± 0.020 (n=12) (Table 6.1).  The mean A/I 

ratios are well resolved with the ratios having coefficients of variation mostly less than 

4.5%.  The sequence of mean A/I ratios agrees with the observed stratigraphic 

succession, showing a close correspondence between AAR ratios and the stratigraphic 

position of the beds within the Whitecliff section.  The reproducibility of A/I ratios 

within the dune deposits show that reworking, contamination or other potential effects 

have not significantly affected the whole-rock data.       

 

Whole-rock A/I data from the aeolianite at Shelly Beach yielded a ratio significantly 

larger than those from Whitecliff (Table 6.1).  Of the two whole-rock aeolianite samples 

analysed from Shelly Beach, only one injection from one sample returned an A/I ratio 

(0.534), while the remaining three injections returned amino acid concentrations too low 

to be detected (Table 6.1).  The aeolianite deposit at Shelly Beach has a low 

concentration of amino acids and a high A/I ratio of 0.534. 

 



 192 

Combined AAR dataset for Hamelin Bay aeolianites 

The whole-rock data from this study is similar to recent whole-rock A/I data from 

Hamelin Bay produced as part of a very large-scale, multi-basin-wide geochronology 

study on the range of aeolianite deposit ages along the coastal zone of Western Australia 

by Hearty & O’Leary (2008).  As the samples acquired by Hearty & O’Leary (2008) are 

not well described and their location in the cliff exposure at Hamelin Bay is uncertain, 

these sample results could not be precisely related to the aeolianite sets in the current 

study.  However, the combined dataset of all whole-rock A/I ratios from Hamelin Bay 

signifies a more representative analytical result and is given in Fig. 6.9.  The combined 

dataset extends the range of the mean A/I ratios at Hamelin Bay and shows the mean 

A/I ratios are distributed between 0.167 and 0.253 (Fig. 6.9).  The combined dataset 

shows that the whole-rock average for Hamelin Bay is 0.221 ± 0.02 (n=20). 

 

DISCUSSION 

Palaeoenvironment interpretation  

 Whitecliff, Hamelin Bay 

At Whitecliff the succession of aeolianite and protosol horizons illustrates that periods 

of frequent, short duration sand accumulation were followed by reduced sand or no sand 

deposition, facilitating protosol development.  The aeolianites were part of active dune 

systems.  Winds are referred to by their source direction, and the orientations of the 

vector means indicate major palaeowind directions from the southwest for dune 

formation at Whitecliff.  Sub-horizontal to low-angle bedding within the aeolian 

deposits preserve interdune, bottomset or topset deposits and represent respectively: a) 

aeolian sand deposition without dune bedforms; b) aeolian sand laid down at the 

windward edge of migrating dunes; or c) aeolian sand laid down at the top of migrating 

dunes.  The dunes eventually stabilised under changed conditions likely to represent a 

combination of reduced wind energy, reduced sediment supply and/or increased 

vegetation cover, as indicated by rhizoliths in some aeolian sets.  In most cases the dune 

deposits were subsequently eroded by wind action prior to soil development.   

 

The aeolianite/protosol succession was built up in stages, with quiescent periods being 

indicated by formation of soil horizons.  Protosol horizons are weakly developed and in 

some cases eroded, indicating that soil profiles were relatively short lived and did not 

reach maturity.  The absence of thick calcretes, pipes or other karst features indicate that 
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the periods of soil development were of short duration and interrupted by frequent 

periods of dune formation.  Previous studies also suggested that aeolian deposits 

experienced repeated periods of soil development and that the development of each soil 

profile had been suspended at the early stage by dune-building (Fairbridge & Teichert, 

1952).  The laterally extensive rubble-dominated protosol marks a change in 

generational style and more than likely includes a short erosional hiatus.  The aeolianite-

rubble composition of the protosol suggests that processes different from these involved 

in generating protosol in general applied with pieces of underlying aeolianite dislodged 

and transported upwards into the soil profile.   

 

 

 

 

 

 
Fig. 6.9 Frequency histogram determined for mean whole-rock A/I ratios (total n=20) from the present 

study in Whitecliff (n=12) combined with those recently obtained for Hamelin Bay by Hearty & O’Leary 

(2008; n=8).  Independent U/Th dates for marine deposits from Foul Bay and Cowaramup (Hearty & 

O’Leary, 2008; depicted by solid lines on the graph) give independent calibration of racemization 

reactions.  A/I ratio of 0.27 is equivalent to MIS5d at 107,420 ± 420 yrs and A/I ratio of 0.29 is equivalent 

to MIS5e at 122,050 ± 970 yrs. 
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Shelly Beach, Bunker Bay  

The cliff exposure at Shelly Beach contains a conglomeratic limestone overlain by a 

palaeosol, a set of aeolian cross strata and a calcrete cap.  The conglomeratic limestone 

shows a fining upward sequence from a clast-supported conglomerate to a shelly 

limestone.  Textural criteria (large (<80 cm diameter), well rounded cobbles and 

boulders, clast-supported texture) and compositional data (cobbles and boulders of local 

basement in a limestone matrix) is consistent with littoral facies generated under 

conditions of high wave energy similar to today’s shoreline to shallow marine 

environment in the area.  The fining upward succession to shelly limestone records a 

deepening of the shallow marine environment to conditions that were less energetic.  

The top of the shelly limestone is 9.8 m above modern sea level suggesting a palaeo sea 

level at least 11.3 m above that of the present, assuming deposition of this facies in a 

water depth exceeding 1.5 m. 

 

The conglomeratic limestone at Shelly Beach is comparable to the Cowaramup 

Conglomerate described at many locations within the Cape Naturaliste-Leeuwin region 

(Teichert, 1947a, 1947b; Fairbridge & Teichert, 1953).  The Cowaramup Conglomerate 

at Cowaramup Bay was interpreted as reworked granite conglomerate and shell pockets 

deposited in a shallow marine to shoreline environment, during which sea level must 

have stood at least 3.05 to 3.66 m above the present sea-level datum (Fairbridge & 

Teichert, 1953).  Fairbridge & Teichert (1953) divided the Cowaramup Conglomerate 

into two categories based on outcrop in the Naturaliste-Leeuwin region: exposures that 

rise up to about 7.62 m (Cape Leeuwin, Canal Rocks); and exposures standing at no 

more than 3.05 to 4.57 m (Yallingup, Cowaramup Bay).  The Cowaramup 

Conglomerate at Bunker Bay may either extend the first category up to about 8.9 m or 

represent a new category recording a higher sea level.  Erosional terraces in the gneiss 

hills around Cowaramup Bay record a sea level at 12.19 m, older than the last period of 

dune-building at Cowaramup Bay (Clarke et al., 1944; Fairbridge & Teichert, 1952).  

Therefore, sea levels of at least 11.3 m above the present datum, as observed at Shelly 

Beach, are recorded elsewhere in the Cape Naturaliste-Leeuwin region.  Global sea 

level rose higher than 10 m above present at least twice over the last 450 ka years 

(MIS5e and MIS11; Waelbroeck et al., 2002).  Given its age constraints, the 

conglomeratic limestone at Shelly Beach was likely to have been emplaced during the 
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highstand of MIS11.  However, association with an even older sea level stand cannot be 

ruled out.   

 

A significant change in environmental conditions produced a well-developed terra rossa 

palaeosol overlying the conglomeratic limestone.  A change in sea level was required 

for soil development, as the terra rossa palaeosol signals subaerial exposure.  The origin 

of terra rossa palaeosols in association with limestone has become controversial (Yaalon 

& Ganor, 1973; Ruhe & Olson, 1980; Mee et al., 2004).  Two lines of reasoning are 

proposed in the literature: 1) terra rossa palaeosols are simply an accumulation of 

insoluble constituents released during dissolution of the underlying calcareous material 

(e.g. Stace et al., 1968; Milnes & Hutton, 1983); and 2) terra rossa palaeosols have had 

significant additions of aeolian material in order to form the thicknesses of terra rossa 

observed in many regions (e.g. Macleod, 1980; Herwitz & Muhs, 1995; Nihlen & 

Olsson, 1995; Yaalon, 1997).  At Shelly Beach, the terra rossa palaeosol represents the 

accumulation of insoluble iron oxides on a sharp, abrupt contact with indurated 

limestone.  In the few comparable Pleistocene terra rossa palaeosols, such as in 

Bermuda (Hertwitz & Muhs, 1995), Bahamas (Foos & Bain, 1995) and Coonawarra 

area of South Australia (Mee et al., 2004), the parent material of the soil is aeolian 

detritus or dust.  Considering the evidence pointing towards aeolian activity in and 

around the region, as well as the nature and interpretation of the few comparable 

Pleistocene terra rossa palaeosols, it is reasonable to conclude that these horizons in 

southwest Western Australia are dominated by an aeolian component rather than 

primarily representing limestone residuum.  The terra rossa palaeosol was subsequently 

cemented by carbonate-saturated water, most likely percolating from the overlying 

carbonate aeolianite.   

 

The phase of terra rossa soil development was subsequently followed by the deposition 

of carbonate aeolian sands.  The single set of cross-beds observed within the exposure at 

Shelly Beach is suggestive of a large, simple, transverse dune with minimal slipfaces  

and no superimposed dunes.  Unidirectional cross-beds that yield a SVM that dips to the 

east-southeast at 117.5º (Fig. 6.8) indicate consistent west-northwest palaeowind 

directions during the formation and migration of the dune.  However the assessment of 

dune formation is based on only two vector means and requires more measurements to 

fully substantiate the nature of the migration of the dune set.  Rhizoliths within the 
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upper portion of the set suggests that the dune was subsequently stabilised by vegetation 

cover.  However cessation of dune activity may have been accompanied by reduced 

wind energy and/or reduced sediment supply. 

 

Age calibration of A/I data and age interpretation 

Whitecliff, Hamelin Bay 

Apparent parabolic kinetics (APK) models the kinetics of isoleucine epimerization and 

is a procedure that generates a linear relationship between the A/I values and the square 

root of age of samples for most of the reaction range (Mitterer & Kriausakul, 1989).  

Marine deposits in the Naturaliste-Leeuwin region dated by U/Th techniques give 

independent calibration of racemization reactions: a) an A/I ratio of 0.270 at Foul Bay 

to MIS5d at 107,420 ± 420 yrs; and b) an A/I ratio of 0.290 at Cowaramup to MIS5e at 

122 050 ± 970 yrs (Hearty & O’Leary, 2008).  Accepting the APK model, the A/I 

values from the calibration of these two samples may be plotted against the square root 

of time as a straight line (Fig. 6.10).  Accordingly, numeric ages can be derived using 

the equation:  t = [(A/I)s-(z) / mc]
2  where t is the calculate age of an unknown sample in 

years,  (A/I)s is the A/I ratio in the sample of unknown age, z is the extrapolated A/I 

ratio at zero time and mc is the slope of the line obtained from calibration sample/s 

(Mitterer & Kriausakul, 1989).  Using this approach produces an age of ~80,000 yrs for 

the average of A/I ratios (Fig. 6.10) from Hamelin Bay (i.e. combined dataset).  This 

suggests that the A/I ratios from Whitecliff record dune deposition during MIS5a dated 

at 75,000-84,000 yrs BP by Waelbroeck et al. (2002).   

 

The calculated age of average A/I ratios from Hamelin Bay is likely to be slightly 

underestimated by the APK model.  Racemization reactions decrease with decreasing 

temperature (Wehmiller & Hare, 1971; Bada & Man, 1980; Miller & Mangerud, 1985, 

Hearty & Dai Pra, 1992) and the aeolian deposits in Hamelin Bay experienced thermal 

fluctuations during their thermal history due to glacial-interglacial climatic oscillations.  

An accurate thermal history for Hamelin Bay is not easily determined and cannot be 

incorporated into the racemization reaction model (Fig. 6.10).  However, the age of the 

average A/I ratio from Hamelin Bay can be refined by reference to the independently 

dated marine deposits emplaced during MIS5e at Cowaramup and MIS5d at Foul Bay.  

This association suggests the dunes at Whitecliff represent dune formation during the 

regressive phase of MIS5 – more specifically between MIS5c and the regressive phase 
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of MIS5a, dated at 75,000-105,000 yrs BP by Waelbroeck et al., (2002).  This correlates 

with the generalised age of Late Pleistocene (MIS5) assigned by Hearty & O’Leary 

(2008) to several aeolianites developed in Hamelin Bay.  The narrow range of mean A/I 

ratios indicate that the alternating dune and soil developments occurred over a relatively 

short period of time. 

 

 

 
Fig. 6.10 Extent of isoleucine epimerization (A/I) as applicable at Hamelin Bay, using the apparent 

parabolic kinetic (APK) model described by Mitterer & Kriausakul (1989).  The APK equation is 

calibrated using the two independently dated marine deposits from Foul Bay (A/I ratio of 0.27 calibrated 

to MIS5d at 107,420 ± 420 yrs; Hearty & O’Leary, 2008); and Cowaramup (A/I ratio of 0.29 calibrated to 

MIS5e at 122,050 ± 970 yrs; Hearty & O’Leary, 2008).  The APK equation may be used to calculate the 

age of the unknown sample where t=[(A/I)s-(-0.0334)/0.0009]2.   

 

 

 

Shelly Beach, Bunker Bay 

The A/I ratio obtained from Shelly Beach is very close to the effective range of the 

whole-rock AAR method in the Naturaliste-Leeuwin region.  As racemization reactions 

are dependent on so many factors, there is no specific numerical value that sets an age 

limit for the AAR dating method.  Taxonomic and diagenetic factors as well as 

temperature are all significant in determining the useful age range of AAR methods.  

The highest whole-rock AAR ratios in the Perth area are located at Peppermint Grove 
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(0.395) and Fremantle fort (0.478) obtained by Hearty (2003).  These locations are 

considered to lie within the Karrinyup Dunes of the Spearwood Dune System (Bastian, 

1996; Tapsell et al., 2003) and have been assigned to deposition during MIS7 by both 

AAR dating (Murray-Wallace & Kimber, 1989) and geomorphic assessments (Bastian, 

1996).  The oldest whole-rock AAR sample location is Mt Eliza, which returned amino 

acid concentrations too low to be detected (ND from Hearty, 2003).  Lying within the 

Balcatta Dunes of the Spearwood Dune System (Bastian, 1996; Tapsell et al., 2003), Mt 

Eliza has not been directly dated but is regarded as older than the Karrinyup Dunes 

(McArthur & Bettenay, 1974; Bastian, 1996; Tapsell et al., 2003).  In comparison with 

these from the Perth region, the A/I ratio from Shelly Beach (0.534 or 0.605 with the 

addition of a temperature dependence of 0.071) is older than the Peppermint Grove and 

Fremantle fort aeolianite localities (i.e. MIS7) but younger than the Mt Eliza aeolianite 

locality.  Hence the AAR analysis indicates that the aeolian set at Shelly Beach was 

deposited during the MIS7 transgression or in an even older depositional event.   

 

Regional comparison of A/I ratios  

Aminostratigraphy is an application of AAR dating where sets of geological or 

palaeontological localities (with similar or identical current mean annual temperatures 

CMATs) can be placed in stratigraphic order according to the AAR ratios measured 

from the same group of fossils (Ortiz et al., 2006).  Clusters of whole-rock A/I values 

can be grouped into aminozones that constitute one phase of dune formation, which is 

either sporadic or continuous.  For the Garden Island Ridge in the Perth region (Chapter 

3), three aminozones were identified in the carbonate aeolianites: 1) Aminozone A 

(average A/I ratio = 0.123 ± 0.019); 2) Aminozone C (mean A/I ratio = 0.208 ± 0.028); 

and 3) Aminozone E (mean A/I ratio = 0.294 ± 0.045).  Whole-rock samples from 

Hamelin Bay produced similar A/I ratios to Aminozone C from the Garden Island Ridge.  

However, to directly compare A/I ratios of the Naturaliste-Leeuwin region to those of 

the Garden Island Ridge, consideration of possible influences other than age on AAR 

ratios is required.  The extent and rate of racemization is controlled by several factors, 

most importantly time, taxonomy, precipitation and temperature (Wehmiller & Miller, 

2000).   

 

The variation in racemization rates between taxa are well documented in the literature 

(e.g. Lajoie et al., 1980; Hearty et al., 1992; Kaufman, 2003).  Differences in the rate of 
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racemization between taxa result from taxon-dependent arrangement of amino acids 

and/or from morphological and structural differences that influence the different loss of 

free and peptide-bound amino acids (Kaufman, 2003).  However, a similar mix of 

constituent particles in terms of their taxonomic provenance within whole-rock samples 

will make this effect minimal.  In such circumstances a reasonable balance between 

proportions of fast, moderate and slow ‘racemisers’ within each sample will result in 

similar kinetic behaviours and yield consistent amino acid ratios, as demonstrated in 

heating experiments (Hearty & Kaufman, 2000) and in naturally epimerizing samples 

with ages ranging over the past half million years (Hearty et al., 1992; Hearty & 

Kaufman, 2000; Murray-Wallace et al., 2001).  The potential variation in A/I ratios due 

to compositional differences between the Naturaliste-Leeuwin and Perth regions is 

negligible because their carbonate grain populations are alike in terms of the organisms 

from they were derived (Fig. 6.11). 
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Fig. 6.11 Biogenic composition of aeolianite samples of the Perth (Garden Island Ridge) and Naturaliste-

Leeuwin (Whitecliff and Shelly Beach) regions showing a similar mix of constituent grains.   
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Rainfall rates (i.e. moisture) need consideration when comparing A/I ratios between 

different locations.  The rate of racemization differs between desert areas and pluvial 

regions with similar or identical CMATs due to variation in the effective insolation 

(Schmidt-Nielsen et al., 1971; Ortiz et al., 2006).  Studies in the Negev desert, Israel 

showed that higher epimerization rates in land snails from the Negev desert were 

associated with lower precipitation rates when compared to land snails from locations of 

similar CMATs (Goodfriend, 1987, 1992).  Ortiz et al. (2006) also concluded that 

epimerization ratios between the Negev desert and Bermuda could not be directly 

compared due to a maximum difference of 1347 mm/yr in precipitation rates. Records 

from climatic stations within the Garden Island Ridge and Naturaliste-Leeuwin region 

(original data available at http://www.bom.gov.au/climate/averages, summarised in 

Table 6.5) show that a minor difference in precipitation rates of 103.0 to 264.3 mm/yr 

exists between locations.  Therefore, the potential influence on A/I ratios due to 

significant differences in precipitation rates between the Naturaliste-Leeuwin and Perth 

regions is likely to be of little consequence, assuming this relationship has also applied 

in the past.   

 

 

Table 6.5  Climatic parameters from observation stations located at the Rottnest Island Lighthouse, 

Mandurah Park, Cape Naturaliste and Cape Leeuwin.  The years of operation for each climatic station are 

given in brackets and the locations of the climatic stations  at Cape Naturaliste Lighthouse and Cape 

Leeuwin Lighthouse are shown in Fig. 6.1.  Original data obtained from 

http://www.bom.gov.au/climate/averages.  Mean annual temperature calculated from the monthly mean 

maximum and minimum temperatures. 

Climatic 
Station 

Latitude Longitude 
Elevation 

(m) 

Mean 
annual 
rainfall 
(mm) 

Mean 
annual 

maximum 
temp. (ºC) 

Mean 
annual 

minimum 
temp. (ºC) 

Mean 
annual 
temp.  
(ºC) 

Rottnest Island 
Lighthouse 
(1879-1995) 

32.01ºS 115.50ºE 46 712.5 21.5 14.9 18.20 

Mandurah Park 
(1889-2001) 

32.50ºS 115.77ºE 15 882.2 23.0 12.4 17.72 

Cape 
Naturaliste 
(1903-2006) 

33.54ºS 115.02ºE 109 815.5 20.6 12.7 16.62 

Cape  
Leeuwin 
(1897-2006) 

34.37ºS 115.14ºE 13 976.8 19.7 14 16.86 
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As racemization is a thermo-dependent process, a gradient in CMATs between locations 

has been attributed to differences in A/I ratios measured in samples of the same age.  

For example, differences of 0.12 in A/I ratios measured in marine Glycymeris shells 

from Mallorca and Tunisia of the same aminozone (E) and age (MIS5e) were attributed 

to a CMAT difference of 1.7ºC between localities (Hearty et al., 1986).  A CMAT 

difference of 1.4ºC between north and south ends of the Bonneville Basin (Utah, USA) 

were similarly considered to have been responsible for differences in A/I values of 0.02 

in similar-age Candona shells (Kaufman, 2003).  Moreover, a warming gradient of 

~1.1ºC between Abaco and Exuma islands of the Bahamas caused differences in A/I 

values of 0.06 in whole-rock skeletal carbonate samples of similar aminozone (C1) and 

age (MIS5a) (Hearty & Kaufman, 2000).  Therefore a latitudinal temperature gradient 

along the southern Perth Basin may be expected to influence the whole-rock A/I values 

resulting in differences between samples of the same age.   

 

Climatic data shows that the Cape Leeuwin area has a slightly lower mean annual 

temperature, offset by 1.3ºC, compared to the Garden Island Ridge (Table 6.5).  

Therefore A/I ratios of whole-rock samples of a similar aminozone are expected to be 

slightly lower for the Garden Island Ridge compared to the Leeuwin-Naturaliste region.  

In fact, a decrease in A/I values of 0.04 is evident between A/I ratios measured in 

marine corals of the same age (MIS5e) and aminozone (E) from Rottnest Island (0.33 to 

MIS5e at 123,500 ± 800 yrs; Stirling et al., 1995; Hearty, 2003) and Cowaramup (0.29 

to MIS5e at 122,050 ± 970 yrs; Hearty & O’Leary, 2008).  The CMAT difference of 

some 1.3ºC between the localities can account for the observed difference in A/I values.  

However, the average A/I ratio of whole-rock samples from Hamelin Bay (0.221) is 

0.013 higher than the average A/I values from Aminozone C on Garden Island Ridge 

(0.208).  This small offset between locations may reflect: a) a small compositional 

difference in the aeolianites with a different mix of slower and faster ‘racemisers’; 

and/or b) that the average age of aeolianites at Whitecliff may be slightly older than the 

average age assigned to Aminozone C for Garden Island Ridge sites.   

 

Assessment of the influence of temperature on whole-rock A/I values from Hamelin 

Bay is not possible until independently dated deposits of MIS5a-5c age are recognised 

from other locations within the Perth Basin.  Two possibilities may apply: 1) the 
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epimerization ratios can be directly compared between the two locations with the 

assumption that a temperature difference is of little or no consequence; or 2) a 

temperature influence on whole-rock A/I values from MIS5e does apply for the two 

regions, in the expectation that the temperate dependence is similar between dune 

deposition episodes and that a correction needs to be applied to values measured from 

Hamelin Bay in assessing age dependence.   

 

In the first scenario, the A/I ratios at Hamelin Bay (0.167 to 0.253) are nearly identical 

to Aminozone C from the Garden Island Ridge (0.160 to 0.276, Chapter 3).  Analysis of 

AAR ratios of Aminozone C suggest that the three submodes of Aminozone C (C1, C2 

and C3 submodes) represent three pulses of dune formation around MIS5a – more 

specifically the regressive phase of MIS5a and the preceding and subsequent phases of 

dune formation around or within this phase (Chapter 3).  By association, the aeolian 

deposits from Whitecliff are comparable to dune deposition during MIS5a.   

 

In the second scenario, the temperature dependence of A/I values from Cowramup and 

Rottnest Island for MIS5e are applied to the values obtained from Hamelin Bay.  

Accordingly an adjustment in A/I values of 0.04 reflecting a warming gradient of 

~1.3ºC between the Naturaliste-Leeuwin and Perth regions is applied.  The A/I ratios 

from Hamelin Bay (0.167-0.253, averaging 0.221 ± 0.02) would increase in value to 

0.207-0.293 averaging 0.261 ± 0.020.  These ratios are comparable to submode C1 of 

Aminozone C (0.256 ± 0.011) and submode E3 of Aminozone E (0.259 ± 0.017) from 

the Garden Island Ridge (Fig. 3.4 in Chapter 3).  Consideration of AAR ratios of 

Aminozones C and E suggest that submode C1 represents dune formation preceding or 

within the regressive phase of MIS5a and submode E3 represents dune formation after 

the actual highstand of MIS5e (Chapter 3).  By association, the aeolian deposits from 

Whitecliff reflect dune deposition between the regressive phase of MIS5e and the 

regressive phase of MIS5a. 

 

Regardless of the scenario adopted, the A/I data indicate that all dune deposition at 

Whitecliff occurred during the overall regressive phase of MIS5 – more specifically 

between the regressive phase of MIS5e and the regressive phase of MIS5a.  This is 

somewhat different to the conclusion of Hearty & O’Leary (2008), who correlated some 

aeolianites sampled in Hamelin Bay with the generalised ages of Holocene (MIS1) or 



 203

reworked Late Pleistocene (MIS5).  The APK model presented in the current study 

actually underestimates the independently determined (U/Th) MIS5a age, and the effect 

of a cooling gradient from north to south would only result in older ages.  A generalised 

age of Holocene (MIS1) as suggested by Hearty & O’Leary (2008) is not supported for 

Hamelin Bay aeolianite examined in the present study.   

 

Regional dune formation  

The age interpretation of the Whitecliff and Shelly Beach aeolianites show that there 

has been synchronicity in dune deposition within the southern Perth Basin.  Sea level 

controls the amount and composition of sediment available for aeolian deposition 

whereas palaeoclimate and depositional profile are the main factors influencing the size 

and location of aeolian accumulations (Chapters 3 and 4).  Although narrower and 

shallower than the shelf near Perth, the shelf in the Naturaliste-Leeuwin region is a 

distally steepened ramp.  It represents a combination of two depositional profiles 

traditionally related to carbonate aeolian deposition (as described in Abegg et al., 2001):  

a) steep-rimmed platforms; and b) ramps.  To a depth of 50 m below present sea-level 

datum, the shelf acts as a ramp where the carbonate factory operates continuously.  

However during sea levels lower than 50 m below present sea-level datum, the shelf 

acts as a steep-rimmed platform with the shoreline below the platform edge and limiting 

a beach source for aeolian deposition.  Therefore to enable carbonate sediment 

production and availability for aeolian deposition, sea level must be higher than the 

50 m isobath.  This circumstance is similar to that applying in the Perth region.   

 

The preservation of carbonate aeolianite, which is influenced by the mobility of the 

carbonate dunes and the timing of cementation, is ultimately controlled by climate 

(Abegg et al., 2001).  The cementation of dunes would have discouraged long aeolian 

migration distances, restricting the deposition of carbonate dunes to a zone adjacent to 

the palaeoshoreline.  The dunes sediments would have been deposited regionally in a 

broad strip close to the palaeoshoreline, with dune migrating to a maximum of no more 

than 15 km from the palaeoshoreline.   A sea level stand of at least the 30 m isobath 

would produce a palaeoshoreline within reach (i.e. within 15 km) for the migration of 

carbonate sands to their present location.  In the Naturaliste-Leeuwin region, a tract of 

middle Neoproterozoic granitic gneiss (the Leeuwin Complex) disrupts the depositional 

continuity of successive dune ridges like those seen in the Perth region.  Dune deposits 
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either overly the Leeuwin Complex or abut the Leeuwin Complex, as at Shelly Beach 

and Whitecliff, respectively.  Whereas depositional profile and sea levels higher than 

the 30 m isobath controlled the amount and composition of the sediment available for 

aeolian deposition, topography of the Leeuwin Complex and palaeoclimate were the 

major factors influencing the size and location of dune accumulations. 

 

Carbonate aeolianites have the potential to be emplaced during both the transgressive 

and regressive phases of an interglacial highstand (Abegg et al., 2001).  Aeolian sets at 

Whitecliff extend beneath modern sea level, showing that the dunes were deposited 

from a stand of sea level at least two metres lower than that of the present.  Analysis of 

AAR ratios from Whitecliff suggests that dune formation occurred during the overall 

regressive phase of MIS5 – more specifically between the regressive phase of MIS5e 

and that of MIS5a (Fig. 6.12).  The composite relative sea-level curve of Waelbroeck et 

al. (2002) indicates that global sea level rose above the 30 m isobath during interglacial 

periods MIS5a, MIS5c and MIS5e (75-133 ka).  Thus during interglacial period MIS5, 

sea level was sufficiently high to flood the Naturaliste-Leeuwin shelf and produce a 

nearby palaeoshoreline for carbonate dunes to form at  Whitecliff (Fig. 6.12) on top of 

or on the side of previous dune formations.  Subsequent to the regressive phase of 

MIS5a (or the regressive phase to MIS4), sea level dropped below the rim of the distally 

steepened ramp and terminated the carbonate source for aeolian deposition at Whitecliff 

(Fig. 6.12).  The carbonate shelf would have been exposed between MIS4 and MIS2 

and undergoing aeolian reworking.  Any features produced between MIS4 and MIS2 on 

the Naturaliste-Leeuwin Shelf are currently submerged, but could well be represented 

by discontinuous ridges similar to those identified for the outer shelf near Perth (Brooke 

et al., 2010).   

 

Analysis of AAR ratios from Shelly Beach suggests that dune formation occurred 

during the transgression to MIS7 or an even older deposition period.  The conglomeratic 

limestone that underlies the aeolianite at Shelly Beach was likely to have been emplaced 

during the actual highstand of MIS11.  From the composite relative sea-level curve of 

Waelbroeck et al. (2002), sea level rose above  the 30 m isobath three times between 

242 ka (end of MIS8, transgression to MIS7) and 450 ka yrs (transgression to MIS11), 

more specifically during periods of 282-291 ka (MIS8e), 300-337 ka (MIS9a-9c) and 

363-422 ka (MIS11).  Therefore during the phases of MIS8e, MIS9 or the regressive 
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phase of MIS11, sea level was sufficiently high to flood the Naturaliste-Leeuwin shelf 

(i.e. above the 30 m isobath), providing a carbonate source for carbonate dune formation 

at Shelly Beach.   

 
Fig. 6.12 Timing of stratigraphic architecture at Whitecliff relative to MIS, the composite RSL curve of 

Waelbroeck et al. (2002) and the deposition at Garden Island Ridge in the Perth region.  AAR analysis 

shows that the aeolian deposits from Whitecliff represent dune deposition during MIS5.  Alternative APK 

models calculate dune deposition during MIS5c to MIS5a and MIS5e to MIS5a.   The second APK model 

is preferred, which calculates that dune deposition occurred during the regressive phase of MIS5 – more 

specifically between the regressive phase of MIS5e and the regressive phase of MIS5a.  See caption of 

Fig. 4.15 for a brief discussion of RSL.   
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CONCLUSIONS 

(1) The sedimentary succession at Whitecliff shows a repetition of carbonate dune 

sand accumulation and soil development.  The aeolianites were produced by dominantly 

southwest palaeowinds that deposited moderately to moderately well sorted, medium-

grained bioclastic carbonate sands.  The soil profiles show immature soil development, 

representing short periods of time, each capped by subsequent dune formation. 

(2) At Shelly Beach, west-northwest palaeowinds deposited a large, single set of 

aeolian cross-strata that is composed of moderately sorted, medium-grained bioclastic 

carbonate sands.  The aeolian sands were deposited upon a red palaeosol and 

conglomeratic limestone.  The fining-upward conglomeratic limestone is comparable to 

the Cowaramup Conglomerate described at Cowaramup Bay (Fairbridge and Teichert, 

1953).  The higher sea level that deposited the shelly limestone interval within the 

conglomeratic limestone is also recorded by a 12.19 m high terrace in the gneiss hills 

around Cowaramup Bay as described in Clarke et al. (1944) and Fairbridge & Teichert 

(1953).   

(3) AAR analysis shows that the aeolian deposits from Whitecliff represent dune 

deposition during MIS5 – more specifically between the regressive phase of MIS5e and 

the regressive phase of MIS5a.  During MIS5a, MIS5c and MIS5e, sea level is 

sufficiently high (i.e. above the 30 m isobath) to flood the Naturaliste-Leeuwin shelf (a 

distally steepened ramp), providing a carbonate source for carbonate dune formation at 

Whitecliff.  The palaeoshoreline position during MIS5a, MIS5c and MIS5e is 

sufficiently close (i.e. within 15 km) to allow the migration of carbonate sands to their 

present location. 

(4) The A/I ratio obtained from aeolianite at Shelly Beach is very close to the 

effective range of values obtained by the whole-rock AAR method in the Naturaliste-

Leeuwin region.    The age attributed to the AAR value indicated that the aeolian 

deposit at Shelly Beach represents dune deposition during the transgression to MIS7 or 

an even older depositional period.  However, this deposit has an underlying marine unit 

that was likely to have been emplaced during MIS11.  Therefore, the aeolian deposits at 

Shelly Beach represent a past phase of dune formation during MIS8e, MIS9 or the 

regressive phase of MIS11, when sea level stood higher than the 30 m isobath. 

(5) For the Naturaliste-Leeuwin region, the depositional profile and sea level 

ultimately controlled the amount and composition of the sediment available for aeolian 
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deposition.  However, topography of the Leeuwin Complex and climate were the main 

factors that influence the size and location of aeolian accumulations.  
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CHAPTER 7 

 
 

Thesis conclusions 

 
 

The principle goal of this study was to investigate carbonate aeolianites along the 

coastline of the southern Perth Basin.  In particular to determine aeolian sediment 

composition and cementation but most importantly to identify the timing of carbonate 

aeolian deposition.  As a result, details of the role of environment and climate in the 

formation and preservation of carbonate aeolianite were expected outcomes.  This study 

shows that the characteristics of the carbonate aeolianites combined with a robust 

chronological framework allows the clarification of environment and climate in the 

formation and preservation of carbonate aeolianite.  Two main locations within the 

Tamala Limestone of Western Australia were targeted: the Garden Island Ridge mainly 

located offshore of Perth; and the Naturaliste-Leeuwin region of the Margaret River 

area.   

 

GARDEN ISLAND RIDGE REGION 

Chapters 3-5 specifically addressed carbonate aeolianite of the Garden Island Ridge. 

 

Timing of dune formation 

Chapter 3 demonstrates that the timing of dune formation of the Garden Island Ridge 

can be constrained using AAR dating techniques and lithostratigraphic correlation.  

New amino acid (A/I) ratios from Garden Island Ridge whole-rock samples fall into 

three distinct clusters or aminozones (aminozones E, C and A).  A combination dataset 

of new A/I ratios and those of Hearty (2003) give a more representative portrayal of the 

aminozones of the entire Garden Island Ridge – specifically redefined aminozones A, C 

and E (average A/I values of 0.123, 0.208 and 0.294 respectively).  The temperature-

dependence of the racemization reaction during the depositional history of the aeolian 

deposits required calibration of the APK model against dating results from independent 

methods for each aminozone and show that:  the average of Aminozone E can be 

correlated to MIS5d; the average of Aminozone C can be correlated to MIS5a; and the 

average of Aminozone A can be correlated to MIS1.  The AAR results show the major 
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episodes of dune formation can be attributed to interglacial highstands (MIS5 and MIS1) 

– more specifically to MIS5e/5d, MIS5a and MIS1.   

 

The formation of carbonate dunes on the Garden Island Ridge required sea levels higher 

than at least the present 40 m isobath to generate a proximal carbonate sediment source 

as needed to generate the coastal dune systems.  Age and sedimentologic data indicates 

that dune formation occurred during the transgressive and regressive phases of sea level 

highstands.  Dating of the youngest carbonate aeolianites refines the palaeo-sea level 

during the MIS1 period to a sea level higher than at least the 10 m isobath, which may 

be a very similar shoreline position to that of the present. Climate, sea-level change and 

the distally steeped ramp (i.e the depositional system profile) therefore controlled 

sediment production, mobilization, deposition and preservation.   

 

Characteristics of the aeolian depositional events 

Chapter 4 illustrates that chronological constraints (Chapter 3) combined with detailed 

sedimentological and stratigraphical data characterise aeolian depositional events.  The 

Pleistocene-Holocene succession is comprised of four broad facies: dune accumulation 

deposits; palaeosols; calcretes; and marine deposits.  Dune formation within this 

succession of the Tamala Limestone on Garden Island Ridge occurred during three main 

episodes: MIS5e/5d; MIS5a; and MIS1; that are separated by hiatal intervals. 

 

The oldest carbonate dune deposition began immediately before the interglacial marine 

highstand MIS5e and was interrupted by the actual highstand of MIS5e during which 

the marine Rottnest Limestone was emplaced on Rottnest Island.  Carbonate dune 

deposition began immediately after the actual marine highstand of MIS5e and continued 

during the sea level fall into MIS5d.  Towards the end of this dune depositional episode, 

substantial areas of dunes on the Garden Island Ridge were stabilised by vegetation.  

Dune deposition temporarily ceased sometime during MIS5c-MIS5b when a thick, 

undulating calcrete horizon with deep solution pipes overlain by a discontinuous terra 

rossa palaeosol developed over the Garden Island Ridge.  Dune deposition 

recommenced during MIS5a and continued during the sea-level fall until the beginning 

of MIS4.  During this interval dune development is intermittent with weak protosol and 

vegetation development.  The long hiatal period in dune development between MIS5a 

and MIS1 is marked by a discontinuous calcrete marker horizon.  During MIS1, dune 
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development was again activated and a short period of mid-Holocene sea level 

highstands coincides with the deposition of the Herschell Limestone Member.    

 

Sedimentological analysis of carbonate aeolianite samples show that each successive 

episode of aeolianite development on the Garden Island Ridge is markedly similar.  The 

carbonate aeolianites are moderately sorted, medium sand with grainsize distributions 

that are finely skewed and mesokurtic.  This is similar to modern carbonate dune 

sediments in other places around the globe.  The pattern of grain size distribution and 

clustering of covariate plots of grainsize parameters indicate that comparable sediment 

sources and transportational mechanics applied for all three aeolian depositional 

systems.  The dominant source of sediment for the carbonate aeolianites was an 

enduring, Foramol subtropical-temperate carbonate province on the Rottnest Shelf.  

Small variations in the composition of aeolianites are attributed to the relative strength 

and position of the warm Leeuwin Current influencing the development of sediment on 

the Rottnest Shelf.  The insoluble fraction of the carbonate aeolianite is attributed to 

fluvial sources, principally from the Swan River and Harvey Estuary, rather than 

aeolian-transported dust.  Partial cementation of aeolianites occurred under freshwater 

or mixed vadose conditions, as indicated by the dominance of pendant meniscus, grain 

contact meniscus and partially rimmed cements formed by two generations of calcite 

cement – initial micritic calcite cements followed by a subsequent coarser spar-sized 

calcite cement.  With increased geological age, the aeolianites show a relatively small 

increase in cementation and neomorphism as well a relatively small decrease in pore 

space. 

 

Palaeowind directions and other depositional conditions 

Chapter 5 investigated the high-angle cross-bedding structures of the palaeodunes to 

determine palaeowind directions and other depositional conditions during episodes of 

carbonate aeolianite formation on the Garden Island Ridge.  The foreset dips of large- 

and very large-scale tabular crossbeds thus also provide information about planetary-

scale atmospheric circulation patterns.  Foreset orientations indicate that palaeowind 

directions were persistent over the period of dune formation and migration.  The grain 

size, shape and composition of the carbonate dunes indicate that at least 9 m/s or “fresh” 

winds (between moderate and strong winds on the Beaufort scale) were needed on the 
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Garden Island Ridge for the formation of these bed forms developed during MIS1 and 

MIS5. 

 

The prevailing wind directions experienced on the Garden Island Ridge during the 

MIS5e/5d, MIS5a and MIS1 depositional episodes were mainly controlled by the 

westerly wind belt of the Ferrel cell except during MIS5e/5d where the southeast trade 

wind belt of the Hadley cell dominated.  This argues that the southeast trade wind belt 

of the Hadley cell expanded southward and further south of the Garden Island Ridge 

region during part of the MIS5e/5d depositional episode.  Movement of the Hadley cell 

is consistent with that expected to accompany the change from a glacial to an 

interglacial climate at the interglacial highstand of MIS5e.  A transition from southeast 

trade winds of the Hadley cell to the westerly winds of the Ferrel cell are recorded 

within the stacked simple sets of cross strata at Little Salmon Bay on Rottnest Island.  

This transition records the retreat of the Hadley cell northward and is consistent with 

that expected to accompany the cooling of an interglacial climate.  Abrupt shifts within 

the westerly wind belt are recorded by stacked simple aeolian sets of the MIS5a and 

MIS5e/5d depositional episodes and most likely express the more subdued global 

temperature fluctuations within the overall regressive phase of MIS5.   

 

The wind system active during the dune building depositional episodes may also have 

moderated the behaviour of the southward flowing Leeuwin Current – either by 

assistance to the southward flow of the Leeuwin Current during the MIS5a and MIS1 

depositional episodes by the northwesterly palaeowinds or by impedance the southward 

flow of the Leeuwin Current during the MIS5e/5d depositional episode by the 

prevalence of southeasterly and southwesterly palaeowinds.  The same southeasterly 

and southwesterly palaeowinds considered to have impeded the southward flow of the 

Leeuwin Current, may have enhanced the northward flow of the adjacent cool West 

Australian Current. 

 

NATURALISTE-LEEUWIN REGION 

Chapter 6 shows that the approach taken in evaluating the stratigraphy of, and 

palaeoenvironmental implications within, the Tamala Limestone on the Garden Island 

Ridge in the Perth Basin can be extended to the occurrence of the formation within the 

Naturaliste-Leeuwin region.  The sedimentary succession at Whitecliff formed during 
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frequent and short periods of carbonate dune sand accumulation and soil development.  

The aeolianites were produced by dominately southwest palaeowinds that deposited 

moderately to moderately well sorted, medium-grained, bioclastic Foramol carbonate 

sands.  The soil profiles show immature soil development overlain by aeolianite.  

 

At Shelly Beach, west-northwest palaeowinds deposited a large, single set of aeolian 

cross-strata that is composed of moderately sorted, medium-grained, bioclastic Foramol 

carbonate sands.  The aeolian sands were deposited on top of a red palaeosol and 

conglomeratic limestone.  The basal fining-upward conglomeratic limestone is 

comparable to the Cowaramup Conglomerate described at Cowaramup Bay of the 

Augusta-Margaret River Shire (Fairbridge and Teichert, 1953).  During the formation of 

the shelly limestone within the conglomeratic limestone, the sea level must have risen at 

least 11.3 m above the present sea-level datum (at least 1.5 m above the top of the 

calcareous limestone), which is also recorded in a 12.19 m high terrace in the gneiss 

hills around Cowaramup Bay (described in Clarke et al., 1944; Fairbridge & Teichert, 

1952).  The conglomeritic limestone was likely to have been emplaced during the 

highstand of MIS11.  

 

The timing of dune formation at Hamelin Bay and Shelly Beach can be constrained 

using the analysis of AAR ratios and stratigraphic relationships.  New A/I ratios from a 

whole-rock sample Shelly Beach indicate that the aeolian deposit at Shelly Beach 

represents dune deposition during the transgression to MIS7 or an even older 

depositional period.  However, the relationship of this aeolianite with an underlying 

MIS11 marine unit shows that the aeolian deposit at Shelly Beach was emplaced during 

MIS8e, MIS9 or the regressive phase of MIS11.  A combination dataset of new A/I 

ratios from the aeolianites at Hamelin Bay and those of Hearty and O’Leary (2008) 

show a narrow distribution of A/I ratios between 0.167 and 0.253 and an average A/I of 

0.221 ± 0.02 (n=20).  The refinement of the APK model by reference to the 

independently dated MIS5e and MIS5d marine deposits assign the dunes at Whitecliff 

to dune formation during the regressive phase of MIS5 – more specifically between 

MIS5c and the regressive phase of MIS5a.  An assessment of the possible influences on 

whole-rock A/I ratios (i.e. taxonomy, precipitation, temperature) show that the CMAT 

difference of some 1.3ºC between localities is the only feasible influence on the 

comparison of A/I ratios from the Naturaliste-Leeuwin region to those of the Perth 
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region.  The APK model and the possible effect of a cooling gradient from north to 

south on the A/I data indicates that all dune deposition at Whitecliff occurred between 

the regressive phase of MIS5e and the regressive phase of MIS5a.  The age 

interpretation of the Whitecliff and Shelly Beach aeolianites show that there has been 

synchronicity in dune deposition within the southern Perth Basin. 

 

The formation of carbonate dunes at Shelly Beach and Whitecliff required sea levels 

higher than at least the present 30 m isobath to generate the high amounts of carbonate 

sediment proximal to the location of the coastal dune systems.  However, climate and 

the topography of the Leeuwin Complex influenced the size and location of the aeolian 

accumulations.  Therefore sediment production, mobilization, deposition and 

preservation in the Naturaliste-Leeuwin region is controlled by climate, sea level change, 

the topography of the Leeuwin Complex and the depositional system profile of the 

distally steepened ramp (Naturaliste-Leeuwin Shelf). 

 

CARBONATE AEOLIANITES IN A DISTALLY STEEPENED RAMP-LIKE 

SETTING 

Most sedimentary models for Pleistocene-Holocene aeolianites are associated with two 

depositional system profiles: a) steep-rimmed platforms, such as the Bahamas and 

Bermuda; and b) ramps, such as the Persian Gulf (Abegg et al., 2001).  The depositional 

system profile affects when carbonate aeolianites form during the sea-level cycle.  In 

Western Australia, the distally steepened ramp-like morphology of the Australian shelf 

is a combination of these two depositional system profiles and draws certain 

characteristics from each setting.  Carbonate dune deposition on a distally steepened 

ramp-like setting, may take place at any time during a sea-level cycle as the carbonate 

factory simply shifts laterally, similar to ramps.  In Western Australia, this results in 

coastal sediment being deposited in a broad strip of regional scale that tracks sea level 

as it rises or falls.  However, during lower sea levels, carbonate deposition is terminated 

as sea level drops below the distally steepened edge of the ramp-like setting, similar to 

steep-rimmed platforms.  Remnants of dunes may be preserved under modern sea level 

on currently flooded distally steepened ramps.  The Quaternary carbonate aeolianites of 

the southern Perth Basin show that the depositional model is controlled by a very 

sensitive relationship between the distally steepened ramp-like setting (i.e. depositional 
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system profile), climate and the pattern of sea-level change.  This relationship controls 

the production, mobilization, deposition and preservation of the aeolian accumulations.   

 

The formation of carbonate dunes in the Perth and Naturaliste-Leeuwin regions required 

sea levels higher than at least the present 40 m isobath to generate the high amounts of 

carbonate sediment proximal to the location of the coastal dune systems.  In this 

protected, low-relief setting, aeolian sediment can accumulate during all phases of a sea-

level cycle where sea levels are higher than at least the present 40 m isobath – 

interglacial and glacial periods as well as transgressive and regressive phases.  With 

prevailing “fresh” onshore winds, coastal sediment is consistently blown into dunes.  

Reworking and substantial transport was not encouraged as the subtropical 

Mediterranean climate stimulated meteoric diagenesis and limited reworked grains were 

incorporated into the aeolian dunes.  While the preservation of the dunes formed is 

strongly dependent upon the position within the sea-level cycle, the size and location of 

the aeolian accumulations are ultimately controlled by climate, topography of the 

distally steepened ramp and in the Naturaliste-Leeuwin region the Leeuwin Complex.   

 

FURTHER WORK 

On the basis of the observed stratigraphy, geomorphology and the wide range of ages, 

the Tamala Limestone is a complex amalgamation of different chronostratigraphic units, 

which are not laterally continuous.  To provide greater resolution in the chronology of 

the aeolianite and expand the palaeoenvironmental records and geomorphic insights, 

studies of deposits at similar and other stratigraphic levels are required.  Future detailed 

investigations of the Tamala Limestone of Western Australia would expand the district-

scale aeolianite sequence and its chronostratigraphic framework proposed in this study.   

 

Aeolianites and their associated deposits in Western Australia need to be more 

extensively studied to better understand the temporal and spatial evolution of aeolianites 

in the region.  Geomorphic divisions recognised in the Perth region correspond 

approximately to stages of development of the Tamala Limestone (McArthur & 

Bettenay, 1974; Bastian, 1996).  While a direct match of geomorphic divisions with 

aminostratigraphic units is elusive, some comparison is achievable, as depicted in Fig. 

4.17.  The outcrops at Mt Eliza are at the temporal extent of AAR dating in the area 

(Hearty, 2003) and sit within the Balcatta Dune Subsystem of McArthur & Bettenay 
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(1974) and Bastian (1996).  Mapped geomorphic subdivisions of the dune systems can 

be used to assess the relativity of stratigraphic profiles and samples.  In particular, 

documentation of stratigraphic profiles and sedimentological investigations for 

subdivisions of the Spearwood Dune System would expand the chronology, 

palaeoenvironmental records and depositional model proposed for MIS5 and MIS1 on 

the Garden Island Ridge.  By specifically targeting profiles that build on the present 

study, knowledge of the spatial and temporal variations in the aeolianite depositional 

system of the southern Perth Basin can be progressed, refined and expanded.       

 

In addition, there are vast areas of the Western Australia coastline in which the Tamala 

Limestone is developed and has not been investigated in any detail, including tracts 

both above and below sea level.  A high-resolution bathymetric dataset was recently 

built of the Rottnest Shelf to investigate relict features (Brooke et al., 2010).  The series 

of four largely submerged ridges on the shelf recognised in this study were thought to 

have been formed when the sea level was around 25-60 m lower than present.  

Geomorphic and bathymetric mapping of the Swan Coastal Plain and the Rottnest Shelf 

further south towards Mandurah and Bunbury can be used to trace the extent of specific 

dune ridges along the coast.  Individual elements of the system could then be targeted 

for investigation to build on the study presented here.   

 

Further bulk sample AAR dating of carbonate aeolianite outcrops and of individual 

shells (e.g. land snails in protosols and/or palaeosols) along the coast should be used to 

develop a chronostratigraphic framework extending in age from Holocene to Middle 

Pleistocene.  The reliability of the AAR data should be more extensively assessed by 

analysing multiple samples from individual lithostratigraphic units in the context of 

their stratigraphic order, to assess consistency of analytical results and to more fully 

explore the age range over which the technique can be applied.  Other dating techniques 

need to be used where applicable to calibrate the AAR data, including U/Th, C14 and 

ESR dating.   

 

It must be emphasized that aeolianite deposits should not be the only target for further 

investigation.  The Tamala Limestone within the Perth region contains mainly coastal 

sand dunes but also marine deposits, palaeosols and calcretes (Playford et al., 1976).  

The relationship of aeolianites to these other types of deposits and documentation of 
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their character can expand the knowledge of the palaeoenvironmental record.  Detailed 

studies of the mineralogy and age of the palaeosols and protosols have the potential to 

provide insight into the evolution of the region, particularly in relation to palaeoclimate 

including palaeowind pattern, which control atmospheric dust contribution to these units.  

Insights into pedogenesis in the region can be gained by a comparison of acid-insoluble 

residues in the palaeosols/protosols and the host aeolianite sets.  Such studies can 

identify the contributions (if any) from aerosols and the mode of mineral weather (e.g. 

Boardman et al., 1995; Herwitz and Muhs, 1995).  Analyses of the secular variation 

preserved in the palaeomagnetic signatures of palaeosols may be useful in their 

correlation as has been demonstrated in the Bahamas (Panuska et al., 1997) and extend 

chronology of aeolianite systems further into the Middle Pleistocene.  The formation of 

calcrete and cave systems may also provide valuable information.  Caves have proven 

useful in Quaternary sea level studies in the Bahamas (e.g. Mylroie, 2008).  The well-

preserved cave systems and speleothems of the Naturaliste-Leeuwin region have the 

potential to provide hydrogen, carbon, oxygen and strontium stable isotope records of 

climate and vegetation changes in the region. 

 

In order to better understand the distribution, dynamics and diagenesis of the Tamala 

Limestone aeolianites it would be useful to have extensive knowledge of modern dune 

systems for comparison.  However, contemporary carbonate dune development in the 

Perth and Naturaliste-Leeuwin region today is strongly influenced by stabilization and 

vegetation projects run by council, state and national park authorities (e.g. Development 

Planning Policy and the Rottnest Island Management Plan 2009-2014 of the Rottnest 

Island Authority, see http://www.rottnestisland.com).  Forced stabilization through 

vegetation management of the coastal dunes and dune blowouts has decreased the 

amount of sediment being deflated into dunes.  Newly generated carbonate sediment 

mostly remains within the marine environment leading to progradation of the coastline 

and sediment drift along the coast.  Unvegetated coastal dunes further north of Perth can 

be identified with satellite imagery and their dynamics investigated by using the 

succession of aerial photographs and satellite images acquired in the post-war period.  

Field data documenting dune morphologies, including characterisation of sediment, 

wind monitoring and measured transects, need to be more rigorously acquired.  This 

expanded dataset, and its analysis, would facilitate an improved insight into the 

palaeoenvironmental record contained within the Tamala Limestone. 
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APPENDIX 1 

 
 

Sample information  

 
 

Table A1.1: Metadata of whole-rock aeolianite samples from the Garden Island Ridge and Naturaliste-

Leeuwin regions, including the unique James Cook University (JCU) curator number (JCU Geological 

Store). 

JCU 
Curator 
Number 

Sample 
Number 

Latitude 
South 

Longitude 
East 

Profile 
Number 

Site Code Site Name 

72546 CNW1 -32º07'17.8" 115º39'31.1" 1 CNW 
Carnac Island Smith 
Point 

72547 CNW2 -32º07'17.8" 115º39'31.1" 1 CNW 
Carnac Island Smith 
Point 

72548 CNW3 -32º07'18.2" 115º39'31.8" 2 CNW 
Carnac Island Smith 
Point 

72549 CSW1 -32º07'26.9" 115º39'35.2" 1 CSW 
Carnac Island Orelia 
Point 

72550 GCPt1 -32º11'19.7" 115º40'31.2" 1 GCPt 
Garden Island Cliff 
Point 

72552 GPtA1 -32º10'32.6" 115º39'37.2" 1 GPtA 
Garden Island Point 
Atwick 

72551 GTPB1 -32º10'01.1" 115º39'36.6" 1 GTPB 
Garden Island Two 
People's Bay 

72571 NSB2_1 -33º32'17.2" 115º01'47.8" 1 NSB 
Naturaliste Shelly 
Beach Bunker Bay 

72572 NSB2_2 -33º32'14.8" 115º01'48.9" 2 NSB 
Naturaliste Shelly 
Beach Bunker Bay 

72559 NWC3a -34º13'23.8" 115º01'26.5" 7 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72560 NWC3b -34º13'27.8" 115º01'24.0" 13 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72573 NWC4c_2(a) -34º13'26.6" 115º01'22.2" 11 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72561 NWC4c_2(b) -34º13'26.5" 115º01'22.5" 10 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72574 NWC4c_2(c) -34º13'26.4" 115º01'22.8" 9 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72562 NWC5a_1 -34º13'26.1" 115º01'24.2" 8 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72575 NWC5a_2 -34º13'30.1" 115º01'26.3" 15 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72563 NWC5b_1 -34º13'25.8" 115º01'24.6" 8 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72564 NWC5b_2 -34º13'19.8" 115º01'34.9" 1 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72565 NWC6a -34º13'24.2" 115º01'28.5" 6 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72566 NWC6b -34º13'24.3" 115º01'26.3" 5 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72567 NWC6c -34º13'23.0" 115º01'32.1" 3 NWC 
Naturaliste Whitecliff 
Hamelin Bay 
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JCU 
Curator 
Number 

Sample 
Number 

Latitude 
South 

Longitude 
East 

Profile 
Number 

Site Code Site Name 

72568 NWC6d -34º13'22.1" 115º01'31.7" 4 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72569 NWC6e -34º13'21.5" 115º01'33.2" 2 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72570 NWC6f -34º13'30.2" 115º01'27.6" 16 NWC 
Naturaliste Whitecliff 
Hamelin Bay 

72553 PIS1 -32º18'31.0" 115º41'18.4" 1 PIS 
Penguin Island South 
West 

72554 PIS2 -32º18'31.0" 115º41'18.4" 1 PIS 
Penguin Island South 
West 

72555 PtP1 -32º16'20.6" 115º41'03.3" 2 PtP 
Cape Peron Point 
Peron 

72478 RAH1 -31º59'40.9" 115º30'14.4" 1 RAH 
Rottnest Island 
Armstrong Hill 

72479 RBLN1 -31º59'44.9" 115º31'11.9" 1 RBLN 
Rottnest Island Lake 
Baghdad North 

72480 RBLN2a -31º59'44.8" 115º31'23.5" 2 RBLN 
Rottnest Island Lake 
Baghdad North 

72481 RBLN2b -31º59'44.0" 115º31'19.4" 3 RBLN 
Rottnest Island Lake 
Baghdad North 

72482 RBLS1a -31º59'55.0" 115º31'02.2" 2 RBLS 
Rottnest Island Lake 
Baghdad South 

72483 RBLS1b -31º59'54.6" 115º31'13.6" 5 RBLS 
Rottnest Island Lake 
Baghdad South 

72487 RBP1a -31º59'26.6" 115º32'24.8" 1 RBP 
Rottnest Island 
Bathurst Point 

72484 RBP1b -31º59'26.6" 115º32'24.8" 1 RBP 
Rottnest Island 
Bathurst Point 

72485 RBP3a -31º59'25.2" 115º32'20.5" 2 RBP 
Rottnest Island 
Bathurst Point 

72486 RBP3b -31º59'25.2" 115º32'20.5" 2 RBP 
Rottnest Island 
Bathurst Point 

72488 RBPS1 -31º59'35.0" 115º32'26.6" 1 RBPS 
Rottnest Island 
Bathurst Point South 

72489 RBPS2 -31º59'33.8" 115º32'26.6" 2 RBPS 
Rottnest Island 
Bathurst Point South 

72492 RCP1a -31º59'44.3" 115º29'48.1" 1 RCP 
Rottnest Island 
Charlotte Point 

72493 RCP1b -31º59'44.3" 115º29'48.1" 1 RCP 
Rottnest Island 
Charlotte Point 

72490 RCP3 -31º59'44.3" 115º29'48.1" 1 RCP 
Rottnest Island 
Charlotte Point 

72491 RCP5 -31º59'44.3" 115º29'48.1" 1 RCP 
Rottnest Island 
Charlotte Point 

72556 RCY1c -31º59'49.2" 115º29'38.7" 1 RCY 
Rottnest Island City of 
York Bay 

72557 RCY3a -31º59'49.2" 115º29'38.7" 1 RCY 
Rottnest Island City of 
York Bay 

72494 RFBQ1 -32º01'00.7" 115º31'08.2" 1 RFBQ 
Rottnest Island 
Fairbridge Quarry 

72495 RFH1 -32º00'08.1" 115º31'28.5" 1 RFH 
Rottnest Island Forbes 
Hill 

72497 RFHB3a -32º01'28.5" 115º27'00.1" 1 RFHB 
Rottnest Island Fish 
Hook Bay 

72496 RFHB5 -32º01'28.5" 115º27'00.1" 1 RFHB 
Rottnest Island Fish 
Hook Bay 
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JCU 
Curator 
Number 

Sample 
Number 

Latitude 
South 

Longitude 
East 

Profile 
Number 

Site Code Site Name 

72498 RFHB6c -32º01'28.5" 115º27'00.1" 1 RFHB 
Rottnest Island Fish 
Hook Bay 

72499 RGBS1 -31º59'39.1" 115º31'17.7" 1 RGBS 
Rottnest Island 
Geordie Bay South 

72500 RGBW1 -31º59'38.8" 115º31'09.0" 1 RGBW 
Rottnest Island 
Geordie Bay West 

72501 RGLN1 -32º00'00.1" 115º31'55.5" 1 RGLN 

Rottnest Island 
Government House 
Lake North 

72502 RGLN2 -31º59'56.5" 115º31'57.8" 3 RGLN 

Rottnest Island 
Government House 
Lake North 

72503 RGLS1 -32º00'16.5" 115º31'54.7" 1 RGLS 

Rottnest Island 
Government House 
Lake South 

72505 RHLDE1 -31º59'52.7" 115º31'26.0" 1 RHLDE 

Rottnest Island 
Herschell Lake Dune 
East 

72506 RHLDW1 -31º59'53.8" 115º31'18.9" 1 RHLDW 

Rottnest Island 
Herschell Lake Dune 
West 

72507 RHLN1a -31º59'48.0" 115º31'36.0" 1 RHLN 
Rottnest Island 
Herschell Lake North 

72508 RHLN1b -31º59'47.7" 115º31'38.0" 2 RHLN 
Rottnest Island 
Herschell Lake North 

72509 RHLN1c -31º59'47.5" 115º31'38.7" 3 RHLN 
Rottnest Island 
Herschell Lake North 

72510 RHLN1d -31º59'47.1" 115º31'46.9" 4 RHLN 
Rottnest Island 
Herschell Lake North 

72511 RHLS1 -32º00'02.2" 115º31'21.5" 1 RHLS 
Rottnest Island 
Herschell Lake South 

72512 RHRE1a -32º00'49.1" 115º32'29.3" 1 RHRE 
Rottnest Island 
Henrietta Rocks East 

72513 RHRE1b -32º00'49.1" 115º32'29.3" 1 RHRE 
Rottnest Island 
Henrietta Rocks East 

72514 RJLW1a -32º01'35.9" 115º31'28.5" 3 RJLW 

Rottnest Island 
Jeannie's Lookout 
West 

72515 RJLW1b -32º01'35.9" 115º31'28.5" 3 RJLW 

Rottnest Island 
Jeannie's Lookout 
West 

72516 RJLW1c -32º01'35.9" 115º31'28.5" 3 RJLW 

Rottnest Island 
Jeannie's Lookout 
West 

72517 RLAE2 -31º59'29.9" 115º30'19.6" 2 RLAE 
Rottnest Island Little 
Armstrong Bay East 

72518 RLAE4 -31º59'30.5" 115º30'18.9" 3 RLAE 
Rottnest Island Little 
Armstrong Bay East 

72519 RLAE5 -31º59'30.0" 115º30'20.4" 1 RLAE 
Rottnest Island Little 
Armstrong Bay East 

72520 RLAW2a -31º59'32.9" 115º30'15.8" 1 RLAW 
Rottnest Island Little 
Armstrong Bay West 

72521 RLAW2b -31º59'32.9" 115º30'15.8" 1 RLAW 
Rottnest Island Little 
Armstrong Bay West 

72522 RLAW4b -31º59'32.9" 115º30'15.8" 1 RLAW 
Rottnest Island Little 
Armstrong Bay West 
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JCU 
Curator 
Number 

Sample 
Number 

Latitude 
South 

Longitude 
East 

Profile 
Number 

Site Code Site Name 

72523 RLS1a -32º01'32.1" 115º31'21.2" 1 RLS 
Rottnest Island Little 
Salmon Bay 

72524 RLS1b -32º01'32.1" 115º31'21.2" 1 RLS 
Rottnest Island Little 
Salmon Bay 

72525 RLV1 -32º00'03.7" 115º30'45.5" 1 RLV 
Rottnest Island Lake 
Vincent 

72526 RMC5a -32º01'13.2" 115º29'29.6" 1 RMC 
Rottnest Island Mary 
Cove 

72504 RMtH1 -31º59'43.8" 115º31'32.7" 1 RMtH 
Rottnest Island Mount 
Hershell 

72527 RNL1 -31º59'52.1" 115º30'42.4" 1 RNL 
Rottnest Island Lake 
Negri 

72528 RNL2 -31º59'53.7" 115º30'46.6" 2 RNL 
Rottnest Island Lake 
Negri 

72529 RNL3 -31º59'56.0" 115º30'42.0" 3 RNL 
Rottnest Island Lake 
Negri 

72530 RNN1 -32º01'01.2" 115º28'03.5" 1 RNN 
Rottnest Island Narrow 
Neck 

72531 ROL1 -32º00'25.6" 115º30'57.4" 1 ROL 
Rottnest Island Oliver 
Hill 

72532 RPB1 -31º59'20.1" 115º30'43.7" 1 RPB 
Rottnest Island 
Parakeet Bay 

72533 RPL1 -32º00'10.8" 115º30'30.5" 1 RPL 
Rottnest Island Pink 
Lake 

72534 RPLN1 -32º00'04.7" 115º31'32.4" 1 RPLN 
Rottnest Island Pearse 
Lakes 

72535 RPP1 -32º00'15.1" 115º33'20.2" 1 RPP 
Rottnest Island Phillip 
Point 

72536 RRB1 -31º59'56.4" 115º32'18.6" 1 RRB 
Rottnest Island 
Rottnest Bore 

72537 RRH1 -32º00'32.3" 115º32'38.9" 1 RRH 
Rottnest Island 
Railway Hill 

72539 RSL1a -32º00'12.4" 115º31'34.1" 4 RSL 
Rottnest Island 
Serpentine Lake North 

72540 RSL1b -32º00'13.6" 115º31'29.5" 2 RSL 
Rottnest Island 
Serpentine Lake North 

72538 RSL2 -32º00'14.4" 115º31'26.4" 1 RSL 
Rottnest Island 
Serpentine Lake North 

72541 RSP1b -32º01'15.7" 115º28'07.6" 1 RSP 
Rottnest Island South 
Point 

72542 RSP1d(a) -32º01'15.7" 115º28'07.6" 1 RSP 
Rottnest Island South 
Point 

72558 RSP1d(b) -32º01'16.3" 115º28'06.9" 2 RSP 
Rottnest Island South 
Point 

72543 RTB1a -31º59'25.9" 115º31'59.8" 1 RTB 
Rottnest Island The 
Basin 

72544 RTB1b -31º59'25.9" 115º31'59.8" 1 RTB 
Rottnest Island The 
Basin 

72545 RWE1 -32º01'16.7" 115º27'36.5" 1 RWE 
Rottnest Island Conical 
Hill 
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Table A1.2: Metadata of beach sediment samples from the Garden Island Ridge and Perth regions. 

Sample 
Number 

Latitude 
South 

Longitude 
East 

Site Code Site Name 

RWGB0a -32º01'26.8" 115º31'39.5" RWGB Rottnest Island Watson Glade Beach 
RCB0a -31º59'44.3" 115º29'56.2" RCB Rottnest Island Catherine Bay Beach 
RLB0a -31º59'29.9" 115º31'35.3" RLB Rottnest Island Longreach Bay Beach 
RSB0a -32º01'20.0" 115º31'15.4" RSB Rottnest Island Salmon Bay Beach 
RTHB0a -32º00'12.6" 115º32'55.6" RTHB Rottnest Island Thomson Bay Beach 
RSTB0a -32º01'07.8" 115º28'10.3" RSTB Rottnest Island Strickland Bay Beach 
PSCB0a -31º53'22.5" 115º45'15.9" PSCB Perth Scarborough Beach 
PWB0a -32º19'32.3" 115º44'31.3" PWB Perth Warnbro Beach 
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APPENDIX 2 

 
 

Sieve data  

 
 

Table A2.1: Sieve data (i.e. mass of sediment retained on sieves) of sediments from aeolianites on the 

Garden Island Ridge and in the Naturaliste-Leeuwin region.   

Weight of sieve sizes (grams) 
Sample 
Number >4 mm 4–2 mm 2–1 mm 

1 mm – 
500 µm 

500– 
250 µm 

250– 
125 µm 

125– 
63 µm 

<63 µm 

CNW1 0 0 0 0.34 21.78 24.71 5.07 3.3 
CNW2 0 0 0.06 0.69 12.17 11.05 3.19 2.1 
CNW3 0 0 0 1.09 20.51 21.2 6.04 4.33 
CSW1 0 0 0 2.29 34.76 15.31 4.24 1.13 
GPtA1 0 0 0 0.73 21.22 26.2 5.61 2.46 
GTPB1 0 0.01 0.65 4.48 20.66 19.47 4.83 2.29 
NSB2_1 0 0 0.6 8.23 21.92 2.3 1.25 1.05 
NSB2_2 0 0 0.96 6.91 28.21 10.87 0.99 0.67 
NWC3b 0 0.06 7.71 27.89 11.58 1.83 0.59 0.42 
NWC4c_2 0 0 0.23 7.56 37.81 19.11 2.92 2.34 
NWC5a_2 0 0 1.01 7.18 28.51 11.09 0.98 0.68 
NWC5b_1 0 0 0.43 9.06 41.38 11.28 1.37 0.6 
NWC5b_2 0 0.01 1.01 24.02 32.6 5.51 0.59 0.3 
NWC6a 0 0 0.06 3.18 33.05 14.77 0.76 0.38 
NWC6b 0 0.01 0.91 17.49 38.11 9.38 2.09 1.48 
NWC6c 0 0 0.03 4.3 38.51 16.11 0.69 0.35 
NWC6d 0 0 0.01 8.2 48.81 18.15 0.66 0.31 
NWC6e 0 0 0.11 7.66 46.34 14.89 0.57 0.22 
NWC6f 0 0 0.15 18.11 35.74 2.6 0.31 0.09 
PIS1 0 0 0 3.76 33.4 19.63 3.24 1.52 
PIS2 0 0.05 3.6 20.13 31.01 14.25 4.07 3.14 
PtP1 0 0 0 2.16 32.92 21.37 3.75 2.16 
RAH1 0 0 0.01 4.89 29.98 6 0.22 0.19 
RBLN1 0 0 0.034 0.695 33.786 47.873 6.836 0.541 
RBLN2a 0 0 0.022 0.691 35.524 50.402 5.943 0.212 
RBLN2b 0 0.005 0.001 0.453 37.464 27.119 4.782 2.494 
RBLS1a 0 0 0 3.066 44.244 28.937 9.089 4.595 
RBLS1b 0 0.039 1.088 9.605 41.325 20.939 4.676 2.64 
RBP1a 0 0 0.645 31.854 45.08 10.398 1.004 0.511 
RBP1b 0 0.004 2.279 26.43 40.111 8.663 1.463 0.843 
RBP3a 0 0 0.111 3.418 44.393 30.842 3.121 1.064 
RBP3b 0 0 0 0.051 35.405 35.585 4.874 2.233 
RBPS1 0 0.039 1.05 12.769 43.916 15.033 3.531 1.59 
RBPS2 0 0 1.273 24.103 53.55 13.353 1.494 0.322 
RCP1b 0 0 2.05 21.82 58.83 26.34 3.1 1.35 
RCP3 0 0 0.06 3.62 56.42 27.7 3.12 1.74 
RCP5 0 0 0.37 33.47 45.28 9.44 1.27 1.22 
RCY1c 0 0.01 1.49 18.65 16.61 4.16 0.72 0.65 
RCY3a 0 0 0 0.63 25.55 20.02 3.13 2.27 
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Weight of sieve sizes (grams) 
Sample 
Number >4 mm 4–2 mm 2–1 mm 

1 mm – 
500 µm 

500– 
250 µm 

250– 
125 µm 

125– 
63 µm 

<63 µm 

RFBQ1 0 0 0.11 1.33 40.37 22.21 3.31 2.2 
RFH1 0 0 0 0.04 17.44 15.63 3.02 2.18 
RFHB3a 0 0.02 0.99 7.79 15.94 2.31 0.21 0.59 
RFHB5 0 0 0.01 0.73 12.89 5.53 0.94 0.81 
RFHB6c 0 0 0.01 0.14 18.51 24.35 1.36 0.45 
RGBS1 0 0.133 4.26 13.339 44.432 21.027 2.648 1.548 
RGBW1 0 0 0.102 1.055 50.748 34.261 2.554 0.457 
RGLN1 0 0 0.696 6.169 59.192 22.801 3.13 1.701 
RGLN2 0 0 0.009 0.179 45.989 26.73 2.96 0.975 
RGLS1 0 0 0.004 3.339 50.342 19.261 2.786 1.507 
RHLDW1 0 0.016 1.291 11.93 42.12 22.864 4.709 1.576 
RHLN1a 0 0 0.446 7.403 37.001 29.509 5.05 0.747 
RHLN1b 0 0 0 2.103 41.654 21.447 6.008 4.101 
RHLN1c 0 0.069 0.913 1.72 33.077 39.438 3.272 1.193 
RHLN1d 0 0.555 1.283 4.674 40.858 24.225 2.446 0.833 
RHLS1 0 0.091 2.94 8.167 47.186 29.983 5.03 4.271 
RHRE1b 0 0.097 0.538 5.07 47.881 7.157 0.666 0.293 
RJLW1a 0 0 0 1.559 42.829 18.114 3.54 2.433 
RJLW1b 0 0.01 0.618 3.921 39.531 10.028 1.791 1.149 
RJLW1c 0 0 0 1.107 35.702 19.078 2.391 1.298 
RLAE2 0 0 0.013 1.643 27.41 23.013 3.814 1.06 
RLAE4 0 0 0 0.16 29.8 25.73 2.64 1.45 
RLAE5 0 0 0.152 1.901 42.276 22.3 1.525 0.43 
RLAW2a 0 0.01 0.56 3.23 21.22 15.52 1.74 0.69 
RLAW2b 0 0 0.158 7.925 55.59 26.914 4.361 0.445 
RLAW4b 0 0.016 0.227 1.653 32.803 46.569 4.876 0.321 
RLS1a 0 0 0.228 8.652 28.16 10.283 4.029 2.155 
RLS1b 0 0 0.236 10.673 40.908 27.145 5.919 2.106 
RLV1 0 0 0.01 0.03 20.99 17.66 2.2 1.75 
RMC5a 0 0.145 4.297 13.757 34.85 10.697 2.876 1.808 
RMtH1 0 0 0.1 0.56 12.6 13.8 1.14 0.34 
RNL1 0 0 0 0.355 42.218 37.941 3.737 2.432 
RNL2 0 0 0.058 1.148 33.997 23.706 6.709 3.323 
RNL3 0 0 0.191 1.487 32.941 33.738 7.135 1.233 
RNN1 0 0 0.21 0.12 10.13 10.45 1.9 1.51 
ROL1 0 0 0.01 0.66 14.86 8.79 1.46 0.68 
RPB1 0 0 0.89 20.69 19.08 5.45 0.6 0.3 
RPL1 0 0.136 1.216 5.465 61.964 29.293 2.502 0.899 
RPLN1 0 0 0.183 1.159 38.757 25.767 2.79 0.818 
RPP1 0 0 0.13 2.52 21.11 8.87 2.15 2.24 
RRB1 0 0 0.01 0.49 21.49 21.53 3.64 1.12 
RRH1 0 0 0 1.181 59.131 23.23 3.272 1.655 
RSL1a 0 0 0.022 0.691 35.524 50.402 5.943 0.212 
RSL1b 0 0 0 0.134 40.081 30.34 6.012 3.438 
RSL2 0 0 0.175 3.711 50.422 30.26 5.059 0.668 
RSP1b 0 0.7 7.36 16.25 17.33 4.44 1.14 1.08 
RSP1d(a) 0 0.5 12.54 25.15 15.94 3.49 0.88 0.76 
RSP1d(b) 0 0.94 4.3 16.83 55.75 26.58 6.13 4.99 
RTB1a 0 0 0 0.32 27.72 40.88 7.91 3.5 
RTB1b 0 0.05 0.58 3.49 15.74 9.63 1.3 0.8 
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Weight of sieve sizes (grams) 
Sample 
Number >4 mm 4–2 mm 2–1 mm 

1 mm – 
500 µm 

500– 
250 µm 

250– 
125 µm 

125– 
63 µm 

<63 µm 

RWE1 0 0 0.378 17.883 54.47 13.209 0.857 0.267 
 

 

Table A2.2: Sieve data (i.e. mass of sediment retained on sieves) of sediments from unconsolidated 

Holocene beach samples of the Perth region. 

Weight of sieve sizes (grams) 
Sample 
Number >4 mm 4–2 mm 2–1 mm 

1 mm – 
500 µm 

500– 
250 µm 

250– 
125 µm 

125– 
63 µm 

<63 µm 

RWGB0a 0 0.36 2.41 43.61 84.47 20.76 0.66 0.1 
RCB0a 0 1.06 16.28 113.31 7.15 0.23 0.1 0.07 
RLB0a 0 0.04 0.24 6.23 47.22 91.18 6.53 0.08 
RSB0a 0 0.24 15.02 116.97 34.94 2.62 0.05 0.02 
RTHB0a 0 0 0.04 5.31 114.11 40.56 0.09 0.02 
RSTB0a 0 0 0.22 4.74 59.56 104.15 5.92 0.12 
SCB0a 0 0 0.7 66.14 103.18 7.69 0.1 0.06 
SWB0a 0 0.57 0.41 35.19 170.82 14.16 0.16 0.02 
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APPENDIX 3 

 
 

Petrology  

 
 

Table A3.1: Point counting data of thin-sectioned aeolianites from the Garden Island Ridge and 

Naturaliste-Leeuwin regions.  Two sets of 250 points each (total point counts 500) were counted for each 

thin section.  Bry=bryozoan; For=foraminiefera; CA=coralline algae; Moll=mollusc; Cor=coral; 

Ech=echinoderm; Re=reworked aggregate grain; Pore=pore space; Cem=cement (intra- and inter-particle 

cement); ReC=recrystallised grain; Un=unknown; Qtz=quartz. 

Composition counts Sample 
Number 

Run data 
Bry For CA Moll Cor Ech Re Pore Cem ReC Un Qtz 

Total

CNW1 Run 1 67 47 5 13 14 3 8 18 35 28 2 10 250
CNW1 Run 2 63 51 7 15 18 1 6 22 31 24 4 8 250
CNW1 Total (%) 26 19.6 2.4 5.6 6.4 0.8 2.8 8 13.2 10.4 1.2 3.6 100
CNW2 Run 1 66 34 7 16 11 2 8 17 40 28 4 17 250
CNW2 Run 2 62 38 9 18 15 0 6 21 36 24 6 15 250
CNW2 Total (%) 25.6 14.4 3.2 6.8 5.2 0.4 2.8 7.6 15.2 10.4 2 6.4 100
CNW3 Run 1 45 40 17 35 22 1 4 20 29 26 0 11 250
CNW3 Run 2 47 36 15 33 18 3 6 16 33 30 0 13 250
CNW3 Total (%) 18.4 15.2 6.4 13.6 8 0.8 2 7.2 12.4 11.2 0 4.8 100
CS1 Run 1 71 56 14 16 12 0 5 19 26 21 0 10 250
CS1 Run 2 75 52 12 14 8 0 7 15 30 25 0 12 250
CS1 Total (%) 29.2 21.6 5.2 6 4 0 2.4 6.8 11.2 9.2 0 4.4 100
GCPt1 Run 1 55 61 7 13 10 3 5 23 35 26 1 11 250
GCPt1 Run 2 51 65 9 15 14 1 3 27 31 22 3 9 250
GCPt1 Total (%) 21.2 25.2 3.2 5.6 4.8 0.8 1.6 10 13.2 9.6 0.8 4 100
GPtA1 Run 1 64 40 5 10 20 6 6 18 38 27 0 16 250
GPtA1 Run 2 60 44 7 12 24 4 4 22 34 23 2 14 250
GPtA1 Total (%) 24.8 16.8 2.4 4.4 8.8 2 2 8 14.4 10 0.4 6 100
GTPB1 Run 1 57 52 4 14 17 3 8 19 36 22 3 15 250
GTPB1 Run 2 51 58 6 18 23 1 6 25 30 16 5 11 250
GTPB1 Total (%) 21.6 22 2 6.4 8 0.8 2.8 8.8 13.2 7.6 1.6 5.2 100
PIS1 Run 1 65 40 8 21 12 0 10 22 31 28 0 13 250
PIS1 Run 2 59 46 10 25 18 0 8 28 25 22 0 9 250
PIS1 Total (%) 24.8 17.2 3.6 9.2 6 0 3.6 10 11.2 10 0 4.4 100
PIS2 Run 1 65 39 5 9 19 6 6 17 39 28 0 17 250
PIS2 Run 2 59 45 7 13 25 4 4 23 33 22 2 13 250
PIS2 Total (%) 24.8 16.8 2.4 4.4 8.8 2 2 8 14.4 10 0.4 6 100
PtP1 Run 1 50 45 12 19 26 2 10 23 27 25 0 11 250
PtP1 Run 2 56 39 10 15 20 2 12 17 33 31 0 15 250
PtP1 Total (%) 21.2 16.8 4.4 6.8 9.2 0.8 4.4 8 12 11.2 0 5.2 100
RAH1 Run 1 58 70 19 24 30 1 0 29 18 0 0 1 250
RAH1 Run 2 64 64 17 20 24 3 0 23 24 6 0 5 250
RAH1 Total (%) 24.4 26.8 7.2 8.8 10.8 0.8 0 10.4 8.4 1.2 0 1.2 100
RBLN1 Run #1 65 65 11 29 17 1 0 28 16 4 1 13 250
RBLN1 Run #2 69 73 13 21 15 1 0 25 18 3 1 11 250
RBLN1 Total (%) 26.8 27.6 4.8 10 6.4 0.4 0 10.6 6.8 1.4 0.4 4.8 100
RBLN2a Run 1 67 63 10 28 15 2 0 26 18 6 0 15 250
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Composition counts Sample 
Number 

Run data 
Bry For CA Moll Cor Ech Re Pore Cem ReC Un Qtz 

Total 

RBLN2a Run 2 63 67 12 30 19 0 0 30 14 2 2 11 250
RBLN2a Total (%) 26 26 4.4 11.6 6.8 0.4 0 11.2 6.4 1.6 0.4 5.2 100
RBLN2b Run #1 41 94 7 18 20 2 0 42 19 1 2 4 250
RBLN2b Run #2 57 73 5 36 14 1 0 38 18 2 0 6 250
RBLN2b Total (%) 19.6 33.4 2.4 10.8 6.8 0.6 0 16 7.4 0.6 0.4 2 100
RBLS1a Run #1 60 71 12 20 16 3 0 22 22 1 2 21 250
RBLS1a Run #2 62 70 13 17 18 2 0 20 23 1 1 23 250
RBLS1a Total (%) 24.4 28.2 5 7.4 6.8 1 0 8.4 9 0.4 0.6 8.8 100
RBLS1b Run #1 66 55 13 31 22 1 1 19 17 2 1 22 250
RBLS1b Run #2 68 58 16 19 19 2 0 27 21 1 0 19 250
RBLS1b Total (%) 26.8 22.6 5.8 10 8.2 0.6 0.2 9.2 7.6 0.6 0.2 8.2 100
RBP1a Run #1 54 55 5 16 20 2 7 22 33 19 4 13 250
RBP1a Run #2 62 42 6 11 22 5 5 20 36 25 1 15 250
RBP1a Total (%) 23.2 19.4 2.2 5.4 8.4 1.4 2.4 8.4 13.8 8.8 1 5.6 100
RBP1b Run #1 62 43 9 23 15 0 9 25 28 25 0 11 250
RBP1b Run #2 53 42 11 17 23 2 11 20 30 28 0 13 250
RBP1b Total (%) 23 17 4 8 7.6 0.4 4 9 11.6 10.6 0 4.8 100
RBP3a Run #1 58 60 18 19 10 2 7 20 20 18 0 18 250
RBP3a Run #2 56 61 15 23 10 0 5 30 22 23 0 5 250
RBP3a Total (%) 22.8 24.2 6.6 8.4 4 0.4 2.4 10 8.4 8.2 0 4.6 100
RBP3b Run #1 61 67 16 13 11 0 3 23 21 22 0 13 250
RBP3b Run #2 60 64 18 16 9 2 2 21 23 25 0 10 250
RBP3b Total (%) 24.2 26.2 6.8 5.8 4 0.4 1 8.8 8.8 9.4 0 4.6 100
RBPS1 Run #1 46 38 16 34 20 2 5 18 31 28 0 12 250
RBPS1 Run #2 64 36 8 17 13 1 7 19 38 26 5 16 250
RBPS1 Total (%) 22 14.8 4.8 10.2 6.6 0.6 2.4 7.4 13.8 10.8 1 5.6 100
RBPS2 Run #1 73 54 13 15 10 0 6 17 28 23 0 11 250
RBPS2 Run #2 65 49 6 14 16 2 7 20 33 26 3 9 250
RBPS2 Total (%) 27.6 20.6 3.8 5.8 5.2 0.4 2.6 7.4 12.2 9.8 0.6 4 100
RCP1a Run 1 58 73 20 17 23 0 0 37 6 0 0 16 250
RCP1a Run 2 62 69 18 15 19 2 0 33 10 4 0 18 250
RCP1a Total (%) 24 28.4 7.6 6.4 8.4 0.4 0 14 3.2 0.8 0 6.8 100
RCP1b Run 1 64 61 14 13 20 3 0 23 24 7 1 20 250
RCP1b Run 2 58 67 16 17 26 1 0 27 18 1 3 16 250
RCP1b Total (%) 24.4 25.6 6 6 9.2 0.8 0 10 8.4 1.6 0.8 7.2 100
RCP3 Run 1 74 55 11 27 16 0 0 26 16 12 0 13 250
RCP3 Run 2 70 59 13 29 20 0 0 26 12 8 2 11 250
RCP3 Total (%) 28.8 22.8 4.8 11.2 7.2 0 0 10.4 5.6 4 0.4 4.8 100
RCP5 Run 1 60 47 15 21 24 3 0 36 27 0 0 17 250
RCP5 Run 2 54 53 17 25 30 1 0 42 15 0 0 13 250
RCP5 Total (%) 22.8 20 6.4 9.2 10.8 0.8 0 15.6 8.4 0 0 6 100
RCY1c Run 1 61 65 8 29 13 1 0 25 21 18 0 9 250
RCY1c Run 2 67 59 6 25 7 3 0 19 27 24 0 13 250
RCY1c Total (%) 25.6 24.8 2.8 10.8 4 0.8 0 8.8 9.6 8.4 0 4.4 100
RCY3a Run 1 53 60 8 18 3 2 0 28 41 18 0 19 250
RCY3a Run 2 49 64 10 20 7 0 0 32 37 14 0 17 250
RCY3a Total (%) 20.4 24.8 3.6 7.6 2 0.4 0 12 15.6 6.4 0 7.2 100
RFBQ1 Run 1 59 58 24 32 15 2 0 23 21 6 3 7 250
RFBQ1 Run 2 65 54 22 30 11 4 0 19 25 10 1 9 250
RFBQ1 Total (%) 24.8 22.4 9.2 12.4 5.2 1.2 0 8.4 9.2 3.2 0.8 3.2 100
RFH1 Run 1 76 73 6 28 11 4 0 15 24 4 0 9 250
RFH1 Run 2 68 79 8 32 17 2 0 21 18 0 0 5 250
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Composition counts Sample 
Number 

Run data 
Bry For CA Moll Cor Ech Re Pore Cem ReC Un Qtz 

Total

RFH1 Total (%) 28.8 30.4 2.8 12 5.6 1.2 0 7.2 8.4 0.8 0 2.8 100
RFHB3a Run 1 71 60 12 19 9 0 8 15 26 28 0 2 250
RFHB3a Run 2 65 66 14 23 15 0 2 21 20 22 2 0 250
RFHB3a Total (%) 27.2 25.2 5.2 8.4 4.8 0 2 7.2 9.2 10 0.4 0.4 100
RFHB5 Run #1 75 59 10 13 16 0 9 21 26 16 2 3 250
RFHB5 Run #2 68 63 13 21 12 0 5 18 23 25 1 1 250
RFHB5 Total (%) 28.6 24.4 4.6 6.8 5.6 0 2.8 7.8 9.8 8.2 0.6 0.8 100
RFHB6c Run 1 74 52 29 17 25 0 0 28 23 1 0 1 250
RFHB6c Run 2 78 48 27 15 21 2 0 24 27 5 0 3 250
RFHB6c Total (%) 30.4 20 11.2 6.4 9.2 0.4 0 10.4 10 1.2 0 0.8 100
RGBS1 Run #1 67 58 10 27 23 2 0 26 19 0 2 16 250
RGBS1 Run #2 57 50 16 23 27 2 0 39 21 0 0 15 250
RGBS1 Total (%) 24.8 21.6 5.2 10 10 0.8 0 13 8 0 0.4 6.2 100
RGBW1 Run 1 76 70 6 26 15 3 0 18 24 4 0 8 250
RGBW1 Run 2 70 76 8 30 21 1 0 24 16 0 0 4 250
RGBW1 Total (%) 29.2 29.2 2.8 11.2 7.2 0.8 0 8.4 8 0.8 0 2.4 100
RGLN1 Run 1 64 75 14 28 19 1 0 33 14 0 0 2 250
RGLN1 Run 2 72 71 12 24 13 3 0 29 20 0 0 6 250
RGLN1 Total (%) 27.2 29.2 5.2 10.4 6.4 0.8 0 12.4 6.8 0 0 1.6 100
RGLN2 Run 1 73 73 15 17 17 3 0 28 18 0 0 6 250
RGLN2 Run 2 69 77 17 19 19 1 0 30 12 0 2 4 250
RGLN2 Total (%) 28.4 30 6.4 7.2 7.2 0.8 0 11.6 6 0 0.4 2 100
RGLS1 Run #1 68 73 13 26 16 2 0 31 17 0 0 4 250
RGLS1 Run #2 71 75 16 18 18 2 0 29 15 0 1 5 250
RGLS1 Total (%) 27.8 29.6 5.8 8.8 6.8 0.8 0 12 6.4 0 0.2 1.8 100
RHLDW1 Run 1 61 62 13 30 17 3 0 19 30 0 0 15 250
RHLDW1 Run 2 49 68 15 34 23 1 0 25 24 0 0 11 250
RHLDW1 Total (%) 22 26 5.6 12.8 8 0.8 0 8.8 10.8 0 0 5.2 100
RHLN1a Run 1 68 53 12 30 20 2 2 17 19 4 0 23 250
RHLN1a Run 2 64 57 14 32 24 0 0 21 15 0 2 21 250
RHLN1a Total (%) 26.4 22 5.2 12.4 8.8 0.4 0.4 7.6 6.8 0.8 0.4 8.8 100
RHLN1b Run 1 58 59 13 38 24 3 0 24 23 0 3 5 250
RHLN1b Run 2 64 53 11 34 18 5 0 20 29 6 1 9 250
RHLN1b Total (%) 24.4 22.4 4.8 14.4 8.4 1.6 0 8.8 10.4 1.2 0.8 2.8 100
RHLN1c Run #1 61 56 12 36 21 4 0 22 26 3 2 7 250
RHLN1c Run #2 62 57 15 27 23 3 0 27 24 2 0 10 250
RHLN1c Total (%) 24.6 22.6 5.4 12.6 8.8 1.4 0 9.8 10 1 0.4 3.4 100
RHLN1d Run 1 60 59 16 28 25 2 0 29 22 0 0 9 250
RHLN1d Run 2 64 55 14 26 21 4 0 25 26 4 0 11 250
RHLN1d Total (%) 24.8 22.8 6 10.8 9.2 1.2 0 10.8 9.6 0.8 0 4 100
RHLS1 Run 1 36 97 8 20 22 1 0 45 16 0 3 2 250
RHLS1 Run 2 46 91 6 16 18 3 0 39 22 2 1 6 250
RHLS1 Total (%) 16.4 37.6 2.8 7.2 8 0.8 0 16.8 7.6 0.4 0.8 1.6 100
RHRE1a Run 1 77 45 14 19 7 2 0 21 23 22 0 20 250
RHRE1a Run 2 73 49 16 21 11 0 0 25 19 18 0 18 250
RHRE1a Total (%) 30 18.8 6 8 3.6 0.4 0 9.2 8.4 8 0 7.6 100
RHRE1b Run 1 73 74 11 15 9 0 0 32 6 6 0 24 250
RHRE1b Run 2 79 68 9 11 3 2 0 26 12 12 0 28 250
RHRE1b Total (%) 30.4 28.4 4 5.2 2.4 0.4 0 11.6 3.6 3.6 0 10.4 100
RJLW1a Run #1 51 71 4 27 16 1 0 30 19 25 1 5 250
RJLW1a Run #2 60 70 5 29 15 1 0 15 25 23 0 7 250
RJLW1a Total (%) 22.2 28.2 1.8 11.2 6.2 0.4 0 9 8.8 9.6 0.2 2.4 100
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Composition counts Sample 
Number 

Run data 
Bry For CA Moll Cor Ech Re Pore Cem ReC Un Qtz 

Total 

RJLW1b Run #1 61 67 15 25 17 2 0 22 14 21 1 5 250
RJLW1b Run #2 49 54 13 27 16 2 0 30 24 28 0 7 250
RJLW1b Total (%) 22 24.2 5.6 10.4 6.6 0.8 0 10.4 7.6 9.8 0.2 2.4 100
RJLW1c Run 1 64 52 13 21 17 2 0 37 23 0 2 19 250
RJLW1c Run 2 59 59 15 23 23 1 0 45 17 0 1 7 250
RJLW1c Total (%) 24.6 22.2 5.5 8.7 8.1 0.6 0 16.3 7.9 0 0.6 5.5 100
RLAE2 Run #1 55 72 22 17 17 1 0 28 14 2 3 19 250
RLAE2 Run #2 60 71 19 16 21 1 0 35 8 2 0 17 250
RLAE2 Total (%) 23 28.6 8.2 6.6 7.6 0.4 0 12.6 4.4 0.8 0.6 7.2 100
RLAE4 Run #1 63 59 10 24 25 0 0 21 24 1 3 20 250
RLAE4 Run #2 61 64 15 15 23 2 0 25 21 4 2 18 250
RLAE4 Total (%) 24.8 24.6 5 7.8 9.6 0.4 0 9.2 9 1 1 7.6 100
RLAE5 Run #1 59 86 12 15 18 1 0 24 17 4 2 12 250
RLAE5 Run #2 72 57 12 28 18 0 0 26 14 10 1 12 250
RLAE5 Total (%) 26.2 28.6 4.8 8.6 7.2 0.2 0 10 6.2 2.8 0.6 4.8 100
RLAW2a Run 1 62 73 7 15 14 0 4 15 29 20 0 11 250
RLAW2a Run 2 56 79 9 19 20 0 2 21 23 14 2 5 250
RLAW2a Total (%) 23.6 30.4 3.2 6.8 6.8 0 1.2 7.2 10.4 6.8 0.4 3.2 100
RLAW2b Run 1 72 62 11 15 19 0 8 24 23 12 3 1 250
RLAW2b Run 2 78 56 9 11 13 0 10 18 29 20 1 5 250
RLAW2b Total (%) 30 23.6 4 5.2 6.4 0 3.6 8.4 10.4 6.4 0.8 1.2 100
RLAW4b Run #1 74 63 6 30 25 1 0 21 19 4 1 6 250
RLAW4b Run #2 78 57 11 17 28 1 0 25 21 2 0 10 250
RLAW4b Total (%) 30.4 24 3.4 9.4 10.6 0.4 0 9.2 8 1.2 0.2 3.2 100
RLS1a Run 1 66 40 9 22 18 3 4 20 26 28 0 14 250
RLS1a Run 2 62 44 11 24 22 1 2 24 22 26 0 12 250
RLS1a Total (%) 25.6 16.8 4 9.2 8 0.8 1.2 8.8 9.6 10.8 0 5.2 100
RLS1b Run #1 53 63 8 14 12 2 4 25 33 24 2 10 250
RLS1b Run #2 64 42 10 23 20 2 3 22 24 27 0 13 250
RLS1b Total (%) 23.4 21 3.6 7.4 6.4 0.8 1.4 9.4 11.4 10.2 0.4 4.6 100
RLV1 Run #1 64 73 11 20 19 1 0 25 28 0 0 9 250
RLV1 Run #2 61 70 9 25 21 1 0 28 25 0 0 10 250
RLV1 Total (%) 25 28.6 4 9 8 0.4 0 10.6 10.6 0 0 3.8 100
RMC5a Run #1 56 57 21 28 23 1 0 27 26 0 0 11 250
RMC5a Run #2 52 55 23 24 28 1 0 29 23 0 0 15 250
RMC5a Total (%) 21.6 22.4 8.8 10.4 10.2 0.4 0 11.2 9.8 0 0 5.2 100
RMtH1 Run 1 51 57 18 20 15 4 0 31 32 8 0 14 250
RMtH1 Run 2 47 61 20 22 19 2 0 35 28 2 2 12 250
RMtH1 Total (%) 19.6 23.6 7.6 8.4 6.8 1.2 0 13.2 12 2 0.4 5.2 100
RNL1 Run #1 65 58 11 34 25 2 0 29 22 2 0 2 250
RNL1 Run #2 68 63 13 26 22 2 0 23 26 0 0 7 250
RNL1 Total (%) 26.6 24.2 4.8 12 9.4 0.8 0 10.4 9.6 0.4 0 1.8 100
RNL2 Run #1 63 65 14 22 20 2 0 22 31 0 1 10 250
RNL2 Run #2 50 58 11 29 27 2 0 28 29 2 1 13 250
RNL2 Total (%) 19.6 27.6 5 10.2 9.4 0.8 0 10 12 0.4 0.4 4.6 100
RNL3 Run #1 55 58 10 27 25 2 3 27 24 0 4 15 250
RNL3 Run #2 55 65 14 32 20 2 0 22 27 0 0 13 250
RNL3 Total (%) 22 24.6 4.8 11.8 9 0.8 0.6 9.8 10.2 0 0.8 5.6 100
RNN1 Run 1 86 43 25 23 29 0 0 20 19 3 0 2 250
RNN1 Run 2 90 39 23 21 25 0 0 18 23 7 0 4 250
RNN1 Total (%) 35.2 16.4 9.6 8.8 10.8 0 0 7.6 8.4 2 0 1.2 100
ROL1 Run #1 62 56 23 31 13 3 0 21 23 8 2 8 250
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Composition counts Sample 
Number 

Run data 
Bry For CA Moll Cor Ech Re Pore Cem ReC Un Qtz 

Total

ROL1 Run #2 49 59 19 21 17 3 0 33 30 5 1 13 250
ROL1 Total (%) 22.2 23 8.4 10.4 6 1.2 0 10.8 10.6 2.6 0.6 4.2 100
RPB1 Run #1 54 28 21 15 8 1 7 16 29 0 1 70 250
RPB1 Run #2 47 26 25 11 11 1 6 21 27 0 0 75 250
RPB1 Total (%) 20.2 10.8 9.2 5.2 3.8 0.4 2.6 7.4 11.2 0 0.2 29 100
RPL1 Run #1 60 64 12 37 18 3 0 24 25 2 1 4 250
RPL1 Run #2 61 67 18 22 27 2 0 26 21 3 0 3 250
RPL1 Total (%) 24.2 26.2 6 11.8 9 1 0 10 9.2 1 0.2 1.4 100
RPLN1 Run #1 72 76 7 30 14 3 0 18 21 2 0 7 250
RPLN1 Run #2 71 75 10 20 16 2 0 23 22 2 0 9 250
RPLN1 Total (%) 28.6 30.2 3.4 10 6 1 0 8.2 8.6 0.8 0 3.2 100
RPP1 Run 1 56 26 20 14 6 2 8 14 31 0 0 73 250
RPP1 Run 2 52 30 22 16 10 0 6 18 27 0 2 67 250
RPP1 Total (%) 21.6 11.2 8.4 6 3.2 0.4 2.8 6.4 11.6 0 0.4 28 100
RRB1 Run 1 53 76 6 38 17 0 0 41 15 0 0 4 250
RRB1 Run 2 61 70 4 34 11 2 0 35 21 4 0 8 250
RRB1 Total (%) 22.8 29.2 2 14.4 5.6 0.4 0 15.2 7.2 0.8 0 2.4 100
RRH1 Run 1 74 55 9 25 20 3 0 23 22 0 1 18 250
RRH1 Run 2 60 61 11 29 26 1 0 29 16 0 3 14 250
RRH1 Total (%) 26.8 23.2 4 10.8 9.2 0.8 0 10.4 7.6 0 0.8 6.4 100
RSL1a Run 1 48 69 11 34 28 1 0 29 24 0 2 4 250
RSL1a Run 2 58 65 9 30 22 3 0 23 30 2 0 8 250
RSL1a Total (%) 21.2 26.8 4 12.8 10 0.8 0 10.4 10.8 0.4 0.4 2.4 100
RSL1b Run #1 48 66 10 39 24 2 0 30 21 1 2 7 250
RSL1b Run #2 53 60 15 32 26 2 0 28 24 0 1 9 250
RSL1b Total (%) 20.2 25.2 5 14.2 10 0.8 0 11.6 9 0.2 0.6 3.2 100
RSL2 Run #1 53 67 10 32 25 2 0 26 27 1 1 6 250
RSL2 Run #2 62 69 13 28 19 2 0 23 25 1 0 8 250
RSL2 Total (%) 23 27.2 4.6 12 8.8 0.8 0 9.8 10.4 0.4 0.2 2.8 100
RSP1b Run 1 71 57 15 17 16 3 0 24 24 2 0 21 250
RSP1b Run 2 65 59 17 21 22 1 0 30 18 0 0 17 250
RSP1b Total (%) 27.2 23.2 6.4 7.6 7.6 0.8 0 10.8 8.4 0.4 0 7.6 100
RSP1d(a) Run 1 76 61 5 29 23 2 0 19 21 7 0 7 250
RSP1d(a) Run 2 72 65 7 31 27 0 0 23 17 1 2 5 250
RSP1d(a) Total (%) 29.6 25.2 2.4 12 10 0.4 0 8.4 7.6 1.6 0.4 2.4 100
RSP1d(b) Run 1 75 60 12 19 30 0 0 28 18 0 0 8 250
RSP1d(b) Run 2 81 54 10 15 26 2 0 22 24 4 0 12 250
RSP1d(b) Total (%) 31.2 22.8 4.4 6.8 11.2 0.4 0 10 8.4 0.8 0 4 100
RTB1a Run #1 75 47 15 20 9 1 0 23 21 20 0 19 250
RTB1a Run #2 64 62 7 27 10 2 0 22 24 21 0 11 250
RTB1a Total (%) 27.8 21.8 4.4 9.4 3.8 0.6 0 9 9 8.2 0 6 100
RTB1b Run #1 76 71 10 13 6 1 0 29 9 9 0 26 250
RTB1b Run #2 51 62 9 19 5 1 0 30 39 16 0 18 250
RTB1b Total (%) 25.4 26.6 3.8 6.4 2.2 0.4 0 11.8 9.6 5 0 8.8 100
RWE1 Run #1 76 50 28 16 23 1 0 26 25 3 0 2 250
RWE1 Run #2 88 41 24 22 27 0 0 19 21 5 0 3 250
RWE1 Total (%) 32.8 18.2 10.4 7.6 10 0.2 0 9 9.2 1.6 0 1 100
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APPENDIX 4 

 
 

AAR data  

 
 

Table A4.1: A/I values of whole-rock carbonate aeolianite samples from the Garden Island Ridge and 

Naturaliste-Leeuwin regions, measured at the Amino Acid Geochronology Laboratory run by Dr Darrell 

Kaufman at Northern Arizona University.  Data rejected by the laboratory are depicted by an asterisk (*). 

SD=standard deviation, CV = Coefficient variation, and ND= not detectable.  

Sample 
Number 

AAR 
sample 

Sample 
code 

Run #1 Run # 2 Run #3 Average SD CV 

CNW1 AAR #1 4267 A 0.293 0.270   0.282 0.016 5.8 
  4627 B 0.280 0.252   0.266 0.020 7.4 
          0.274 0.011 4.0 

NWC5b_2 AAR #2 4628 A 0.213 0.210   0.212 0.002 1.0 
  4628 B 0.222 0.222   0.222 0.000 0.0 
          0.217 0.007 3.4 

NWC5a_2 AAR #3 4629 A 0.215 0.218   0.217 0.002 1.0 
  4629 B 0.228 0.233   0.231 0.004 1.5 
          0.224 0.010 4.4 

GPtA1 AAR #4 4630 A 0.344 0.348   0.346 0.003 0.8 
  4630 B 0.345 0.344   0.345 0.001 0.2 
          0.345 0.001 0.3 

GTPB1 AAR #5 4631 A 0.296 0.239* 0.291 0.294 0.004 1.2 
  4631 B 0.257 0.277   0.267 0.014 5.3 
          0.280 0.019 6.7 

NSB2_1 AAR #6 4632 A ND ND   ND ND ND 
  4632 B ND 0.534   0.534 ND ND 
          0.534 ND ND 

NWC3a AAR #7 4633 A 0.226 0.233   0.230 0.005 2.2 
  4633 B 0.244 0.244   0.244 0.000 0.0 
          0.237 0.010 4.3 

NWC6b AAR #8 4634 A 0.206 0.216   0.211 0.007 3.4 
  4634 B 0.202 0.211   0.207 0.006 3.1 
          0.209 0.003 1.5 

NWC6f AAR #9 4635 A 0.192 0.200   0.196 0.006 2.9 
  4635 B 0.173 0.178   0.176 0.004 2.0 
          0.186 0.014 7.8 

NWC6c AAR #10 4636 A 0.209 0.203   0.206 0.004 2.1 
  4636 B 0.207 0.204   0.206 0.002 1.0 
          0.206 0.000 0.2 

NWC6e AAR #11 4637 A 0.223 0.223   0.223 0.000 0.0 
  4637 B 0.194 0.192   0.193 0.001 0.7 
          0.208 0.021 10.2 

NWC5b_1 AAR #12 4638 A 0.224 0.218   0.221 0.004 1.9 
  4638 B 0.230 0.221   0.226 0.006 2.8 
          0.223 0.003 1.4 

NWC3b AAR #13 4639 A 0.234 0.225   0.230 0.006 2.8 
  4639 B 0.230 0.231   0.231 0.001 0.3 
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Sample 
Number 

AAR 
sample 

Sample 
code 

Run #1 Run # 2 Run #3 Average SD CV 

NWC3b AAR #13         0.230 0.001 0.3 
NWC4c_2(b) AAR #14 4640 A 0.235 0.228   0.232 0.005 2.1 

  4640 B 0.222 0.232   0.227 0.007 3.1 
          0.229 0.003 1.4 

PIS1 AAR #15 4641 A 0.238 0.245   0.242 0.005 2.0 
  4641 B 0.235 0.236   0.236 0.001 0.3 
          0.239 0.004 1.8 

CNW3 AAR #16 4642 A 0.256 0.252   0.254 0.003 1.1 
  4642 B 0.247 0.245   0.246 0.001 0.6 
          0.250 0.006 2.3 

CSW1 AAR #17 4643 A 0.208 0.222* 0.201 0.2045* 0.005* 2.4* 
  4643 B 0.252 0.250  0.251 0.001 0.6 
 AAR #17 4643 C 0.265 0.254   0.260 0.008 3.0 
 reprep 4643 C 0.261 0.249   0.255 0.008 3.3 
          0.255 0.004 1.7 

PIS2 AAR #18 4644 A 0.248 0.236   0.242 0.008 3.5 
  4644 B 0.233 0.234   0.234 0.001 0.3 
          0.238 0.006 2.5 

NWC6a AAR #19 4645 A 0.199 0.208   0.204 0.006 3.1 
  4645 B 0.216 0.217   0.217 0.001 0.3 
          0.210 0.009 4.4 

NWC6d AAR #20 4646 A 0.163 0.169   0.166 0.004 2.6 
  4646 B 0.169 0.167   0.168 0.001 0.8 
          0.167 0.001 0.8 

PtP1 AAR #21 4647 A 0.280 0.277   0.279 0.002 0.8 
  4647 B 0.262 0.249   0.256 0.009 3.6 
          0.267 0.016 6.1 

RBLN1 AAR #22 4648 A 0.229 0.232   0.231 0.002 0.9 
  4648 B 0.233* 0.218 0.219 0.219 0.001 0.3 
          0.225 0.008 3.8 

RBLN2b AAR #23 4649 A 0.134 0.130   0.132 0.003 2.1 
  4649 B 0.114 0.118   0.116 0.003 2.4 
          0.124 0.011 9.1 

RBLS1a AAR #24 4650 A 0.202 0.198   0.200 0.003 1.4 
  4650 B 0.227* 0.200 0.196 0.198 0.003 1.4 
          0.199 0.001 0.7 

RBLS1b AAR #25 4651 A 0.162 0.164   0.163 0.001 0.9 
  4651 B 0.157 0.157   0.157 0.000 0.0 
          0.160 0.004 2.7 

RCP1b AAR #26 4652 A 0.185 0.174   0.180 0.008 4.3 
  4652 B 0.203 0.205   0.204 0.001 0.7 
          0.192 0.017 9.0 

RCP5 AAR #27 4653 A 0.136 0.135   0.136 0.001 0.5 
  4653 B 0.153 0.157   0.155 0.003 1.8 
          0.145 0.014 9.5 

RCP3 AAR #28 4654 A 0.192* 0.179 0.178 0.179 0.001 0.4 
  4654 B 0.173 0.179   0.176 0.004 2.4 
          0.177 0.002 1.0 

RFH1 AAR #29 4655 A 0.164 0.202   0.183* 0.027* 14.7* 
  4655 B 0.214 0.233  0.224 0.013 6.0 
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Sample 
Number 

AAR 
sample 

Sample 
code 

Run #1 Run # 2 Run #3 Average SD CV 

RFH1 AAR #29 4655 C 0.195 0.211   0.203 0.011 5.6 
 reprep 4655 D 0.214 0.227   0.221 0.009 4.2 
          0.216 0.011 5.1 

RGBS1 AAR #30 4656 A 0.108 0.108   0.108 0.000 0.0 
  4656 B 0.159 0.159  0.159 0.000 0.0 
 AAR #30 4656 C 0.167* 0.129 0.122 0.126 0.005 3.9 
 reprep 4656 D 0.127 0.136   0.132 0.006 4.8 
          0.131 0.021 16.2 

RGBW1 AAR #31 4657 A 0.209 0.206   0.208 0.002 1.0 
  4657 B 0.199 0.188   0.194 0.008 4.0 
          0.201 0.010 4.9 

RGLN1 AAR #32 4658 A 0.176 0.187   0.182 0.008 4.3 
  4658 B 0.136 0.144  0.140 0.006 4.0 
 AAR #32 4658 C 0.179 0.193 0.154 0.175 0.020 11.3 
 reprep 4658 D 0.166 0.161   0.164 0.004 2.2 
          0.165 0.018 11.1 

RGLS1 AAR #33 4659 A 0.174 0.160   0.167 0.010 5.9 
  4659 B 0.183 0.182   0.183 0.001 0.4 
          0.175 0.011 6.3 

RHLDW1 AAR #34 4660 A 0.187 0.184   0.186 0.002 1.1 
  4660 B 0.196 0.192   0.194 0.003 1.5 
          0.190 0.006 3.2 

RRH1 AAR #35 4661 A 0.122 0.130   0.126 0.006 4.5 
  4661 B 0.131 0.136   0.134 0.004 2.6 
          0.130 0.005 4.1 

RHLN1a AAR #36 4662 A ND ND   ND ND ND 
  4662 B 0.123 0.129  0.126 0.004 3.4 
 AAR #36 4662 C ND ND   ND ND ND 
 reprep 4662 D 0.152 0.165   0.159 0.009 5.8 
          0.142 0.023 16.2 

RHLS1 AAR #37 4663 A 0.048 0.050   0.049* 0.001* 2.9* 
  4663 B 0.090 0.095  0.093 0.004 3.8 
 AAR #37 4663 C 0.066 0.068   0.067 0.001 2.1 
 reprep 4663 D 0.112 0.104   0.108 0.006 5.2 
          0.089 0.021 23.2 

RJLW1c AAR #38 4664 A 0.166* 0.142 0.131 0.137 0.008 5.7 
  4664 B 0.152 0.145   0.149 0.005 3.3 
          0.143 0.008 6.0 

RJLW1b AAR #39 4665 A 0.197* 0.158 0.162 0.160 0.003 1.8 
  4665 B 0.185* 0.169 0.177 0.173 0.006 3.3 
          0.167 0.009 5.5 

RJLW1a AAR #40 4666 A 0.207 0.196   0.202 0.008 3.9 
  4666 B 0.206 0.207   0.207 0.001 0.3 
          0.204 0.004 1.7 

RLAE2 AAR #41 4667 A 0.215 0.208   0.212 0.005 2.3 
  4667 B 0.213 0.213   0.213 0.000 0.0 
          0.212 0.001 0.5 

RLAE4 AAR #42 4668 A 0.206 0.202   0.204 0.003 1.4 
  4668 B 0.223 0.218   0.221 0.004 1.6 
          0.212 0.012 5.5 

RLAE5 AAR #43 4669 A 0.218 0.207   0.213 0.008 3.7 
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Sample 
Number 

AAR 
sample 

Sample 
code 

Run #1 Run # 2 Run #3 Average SD CV 

RLAE5 AAR #43 4669 B 0.210 0.210   0.210 0.000 0.0 
          0.211 0.002 0.8 

RLAW2a AAR #44 4670 A 0.251 0.243   0.247 0.006 2.3 
  4670 B 0.243 0.246   0.245 0.002 0.9 
          0.246 0.002 0.7 

RHLN1d AAR #45 4671 A 0.209 0.221   0.215 0.008 3.9 
  4671 B 0.215 0.227   0.221 0.008 3.8 
          0.218 0.004 1.9 

RLAW4b AAR #46 4672 A 0.207 0.165* 0.194 0.201 0.009 4.6 
  4672 B 0.230 0.219   0.225 0.008 3.5 
          0.213 0.017 8.0 

RMC5a AAR #47 4673 A 0.218 0.214   0.216 0.003 1.3 
  4673 B 0.216 0.218   0.217 0.001 0.7 
          0.217 0.001 0.3 

RNL1 AAR #48 4674 A 0.156 0.153   0.155 0.002 1.4 
  4674 B 0.160 0.169   0.165 0.006 3.9 
          0.160 0.007 4.4 

RNL3 AAR #49 4675 A 0.175 0.171   0.173 0.003 1.6 
  4675 B 0.185 0.183   0.184 0.001 0.8 
          0.179 0.008 4.4 

RPL1 AAR #50 4676 A 0.229 0.202   0.216 0.019 8.9 
  4676 B 0.205 0.204   0.205 0.001 0.3 
          0.210 0.008 3.7 

RPLN1 AAR #51 4677 A 0.142 0.149   0.146* 0.005* 3.4* 
  4677 B 0.174 0.182  0.178 0.006 3.2 
 AAR #51 4677 C 0.214 0.187   0.201 0.019 9.5 
 reprep 4677 D 0.173 0.179   0.176 0.004 2.4 
          0.185 0.014 7.4 

RHRE1b AAR #52 4678 A 0.185 0.162 0.177 0.175 0.012 6.7 
  4678 B 0.177 0.166   0.172 0.008 4.5 
          0.173 0.002 1.3 

RRB1 AAR #53 4679 A 0.139 0.137   0.138 0.001 1.0 
  4679 B 0.140 0.152   0.146 0.008 5.8 
          0.142 0.006 4.0 

RSL1a AAR #54 4680 A 0.223 0.231   0.227 0.006 2.5 
  4680 B 0.208 0.200   0.204 0.006 2.8 
          0.216 0.016 7.5 

RWE1 AAR #55 4681 A 0.164 0.183   0.174 0.013 7.7 
  4681 B 0.159 0.176   0.168 0.012 7.2 
          0.171 0.004 2.5 

 

 

Table A4.2: A/I values for the Inter-Laboratory Comparison Standards 4087 ILC-A, 4088 ILC-B and 

4089 ILC-C measured at the Amino Acid Geochronology Laboratory run by Dr Darrell Kaufman at 

Northern Arizona University.   

Date 4087 ILC- A 4088 ILC-B 4089 ILC-C 
April 20-05 0.153 0.492 1.058 
April 21-05 0.159 0.488 1.050 
May 21-05 0.145 0.468 0.995 



 260 

APPENDIX 5 

 
 

Foreset bedding measurements  

 
 

Table A5.1: Foreset measurements of carbonate aeolianites from the Garden Island Ridge and 

Naturaliste-Leeuwin regions, including dip direction and dip angle.  Sample numbers associated with the 

bedform set are included. DD= dip direction, DA=dip angle. 

  



 261 

Site name 
Carnac Island 
Smith Point 
  

Carnac Island 
Smith Point 
  

Carnac Island 
Orelia Point 
  

Garden Island 
Cliff Point 
  

Garden Island 
Point Atwick 
  

Garden Island  
Two People's Bay 
  

Naturaliste Shelly 
Beach Bunker Bay 
  

Site code CNW CNW CSW GCPt GPtA GTPB NSB 
Profile number 1 2 1 1 1 1 1 
Bedform set number 1 3 1 1 1 1 1 
Bedform thickness (m) 1.55 6.2 6.6 7.6 6.1 4.2 9.8  
Sample number CNW1 CNW3 CSW1 GCPt1 GPtA1 GTPB1 NSB2_1 

 DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
 75 34 22 32 105 34 87 34 11 35 26 35 120 30 
  69 34 23 32 110 35 89 32 14 35 29 36 113 28 
  65 34 25 33 111 36 79 32 18 34 22 37 116 29 
  66 35 30 35 109 35 84 34 14 35 19 32 121 32 
  78 35 32 35 106 34 85 34 10 33 19 30 118 29 
  71 34 29 34 105 34 89 32 19 36 26 32 121 32 
  65 35 28 34 110 36 86 33 20 37 25 30 120 31 
  68 34 27 33 108 35 79 33 12 32 20 33 115 29 
  77 35 25 33 109 35 80 32 10 35 22 37 117 28 
  73 35 26 33 110 36 84 34 14 35 22 35 119 32 
  72 31 24 31                
  71 31 23 31                
  73 32                   
  69 30                   
Number 14 14 12 12 10 10 10 10 10 10 10 10 10 10 
Vector Mean 70.86   26.17   108.30   84.20   14.20   23.00   118   
Mean   33.50   33.00   35.00   33.00   34.70   33.70  30.0 
Standard Deviation 4.15 1.74 3.10 1.35 2.21 0.82 3.79 0.94 3.68 1.42 3.37 2.67 2.7 1.6 
Vector Magnitude 13.97   11.98   9.99   9.98   9.98   9.98   9.99   
Vector Mean Strength 0.9976   0.9987   0.9993   0.9980   0.9981   0.9984   0.999   
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Site name 
Naturaliste Shelly 
Beach Bunker Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 
Site code NSB NWC NWC NWC NWC NWC NWC 
Profile number 2 11 10 9 8 15 8 
Bedform set number 1 4c_2 4c_2 4c_2 5a_1     
Bedform thickness (m)  7.9  4.3 4.1 6.6 2.8   4.6  4.1 
Sample number NSB2_2 NWC4c_2(a) NWC4c_2(b) NWC4c_2(c) NWC5a_1 NWC5a_2 NWC5b_1 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  112 32 71 32 55 32 59 32 76 32 103 28 39 32 
  115 31 73 32 53 33 60 32 72 31 111 31 45 28 
  119 29 65 33 49 32 58 33 73 30 109 29 37 31 
  121 30 72 32 46 32 63 33 69 32 104 29 38 33 
  117 28 70 33 47 32 65 34 70 31 110 28 39 34 
  118 29 71 33 47 33 68 34 68 33 108 30 40 30 
  122 31 66 33 46 32 66 33 72 31 105 32 44 32 
  114 32 69 32 45 34 63 33 71 34 110 28 43 29 
  115 32 70 33 51 34 60 32 75 34 107 29 41 31 
  119 29 71 32 49 33 61 33 74 33 108 30 45 29 
Number 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
Vector Mean 117.20   69.80   48.80   62.30   72.00   107.50   41.1   
Mean   30.30   32.50   32.70   32.90   32.10   29.40   30.9 
Standard Deviation 3.19 1.49 2.53 0.53 3.29 0.82 3.27 0.74 2.58 1.37 2.72 1.35 3.0 1.9 
Vector Magnitude 9.99   9.99   9.99   9.99   9.99   9.99   9.99   
Vector Mean Strength 0.9986   0.9991   0.9985   0.9985   0.9991   0.9990   0.9988   
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Site name 
Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 

Naturaliste 
Whitecliff 

Hamelin Bay 
Site code NWC NWC NWC NWC NWC NWC NWC 
Profile number 1 6 5 3 4 2 16 
Bedform set number               
Bedform thickness (m) 3.1   2.5  4.2  8.9  4.5  2.9 4.2  
Sample number NWC5b_2 NWC6a NWC6b NWC6c NWC6d NWC6e NWC6f 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  30 31 14 26 40 34 22 32 346 32 55 34 359 32 
  31 33 20 27 33 31 18 32 337 33 43 31 351 31 
  29 32 15 26 35 33 23 32 338 36 51 33 3 29 
  22 34 16 25 34 32 17 31 340 32 48 33 4 34 
  30 31 21 26 42 35 19 30 336 35 53 30 7 35 
  24 31 20 26 35 34 20 33 341 33 52 31 355 33 
  25 32 19 25 41 35 22 31 340 36 44 31 358 34 
  29 32 17 25 42 35 25 34 343 34 45 31 3 34 
  32 33 20 27 40 35 24 33 345 35 55 34 4 34 
  31 30 16 25 43 33 24 32 338 35 43 31 7 35 
Number 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
Vector Mean 28.30   17.80   38.50   21.40   340.40   48.90   1.1   
Mean   31.90   25.80   33.70   32.00   34.10   31.90   33.1 
Standard Deviation 3.40 1.20 2.49 0.79 3.81 1.42 2.76 1.15 3.37 1.52 4.89 1.45 5.2 1.9 
Vector Magnitude 9.98   9.99   9.98   9.99   9.98   9.97   9.96   
Vector Mean Strength 0.9984   0.9992   0.998   0.9990   0.9984   0.9967   0.9962   
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Site name 
Penguin Island 

South West 
Cape Peron 
Point Peron 

Rottnest Island 
Armstrong Hill 

Rottnest Island 
Lake Baghdad 

North 

Rottnest Island 
Lake Baghdad 

North 

Rottnest Island 
Lake Baghdad 

North 

Rottnest Island 
Lake Baghdad 

South 
Site code PIS PtP RAH RBLN RBLN RBLN RBLS 
Profile number 1 2 1 1 2 3 2 
Bedform set number 1 1 1b 1 2a 2b 1a 
Bedform thickness (m) 4.1 2.7 1.9 10.5 3.15 2.96 3.25 
Sample number PIS1 PtP1 RAH1 RBLN1 RBLN2a RBLN2b RBLS1a 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  28 31 325 33 19 30 14 36 23 34 138 29 45 28 
  19 28 316 32 26 32 16 34 25 35 124 33 29 34 
  23 32 320 33 20 29 18 34 16 32 118 35 34 34 
  22 27 325 33 25 28 17 35 23 33 137 30 31 27 
  22 27 329 34 18 29 15 28 22 33 129 31 32 32 
  28 29 332 34 30 25 14 29 17 34 123 31 43 30 
  16 31 330 33 29 29 12 38 25 35 121 32 40 30 
  31 27 331 33 22 30 22 35 21 31 131 29 36 29 
  15 31 321 32 25 33 25 36 22 34 125 33 30 31 
  23 32 317 30 24 31 21 38 23 31 131 29 31 30 
     320 31    24 38          
     317 30                
Number 10 10 12 12 10 10 11 11 10 10 10 10 10 10 
Vector Mean 22.70   323.58   23.80   18.00   18.00   127.70   35.09   
Mean   29.50   32.33   29.60   34.64   33.20   31.20   30.5 
Standard Deviation 5.21 2.12 5.85 1.37 4.05 2.22 4.38 3.38 3.02 1.48 6.65 2.04 5.7 2.3 
Vector Magnitude 9.96   11.94   9.98   10.97   10.97   9.94   9.96   
Vector Mean Strength 0.9963   0.9952   0.9978   0.9973   0.9973   0.9939   0.9955   
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Site name 
Rottnest Island 
Lake Baghdad 

South 

Rottnest Island 
Lake Baghdad 

South 

Rottnest Island 
Lake Baghdad 

South 

Rottnest Island 
Lake Baghdad 

South 

Rottnest Island 
Bathurst Point 

Rottnest Island 
Bathurst Point 

Rottnest Island 
Bathurst Point 

Site code RBLS RBLS RBLS RBLS RBP RBP RBP 
Profile number 3 3 4 5 1 2 3 
Bedform set number 1a 1b 1b 1b 1b 1c 3a 
Bedform thickness (m) 1.75 2.25 5 7.5 3.3 2.4 4.3 
Sample number       RBLS1b RBP1b RBP1c   

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  29 33 127 18 151 36 145 32 102 29 360 25 205 23 
  22 25 122 16 153 25 157 16 114 32 355 28 190 27 
  23 23 130 20 145 25 149 25 107 35 360 29 191 22 
  32 32 135 20 150 30 147 21 114 30 6 30 201 24 
  29 30 122 18 149 34 163 17 105 33 359 27 198 25 
  28 33 129 17 151 27 149 24 110 35 1 28 193 25 
  34 31 135 20 162 26 151 18 106 31 357 33 192 28 
  30 25 129 17 149 32 158 29 105 32 5 31 198 23 
  30 30 127 19 145 25 161 19 103 31 5 28 204 23 
  22 25 125 20 151 36 165 16 109 35 360 31 192 28 
  24 27                   
Number 11 11 10 10 10 10 10 10 10 10 10 10 10 10 
Vector Mean 27.55   128.10   150.59   154.50   107.50   0.80   196.4   
Mean   28.55   18.50   29.60   21.70   32.30   29.00   24.8 
Standard Deviation 4.16 3.64 4.56 1.51 4.77 4.60 7.17 5.62 4.20 2.16 3.58 2.31 5.6 2.2 
Vector Magnitude 10.97   9.97   9.97   9.93   9.98   9.98   9.96   
Vector Mean Strength 0.9976   0.9972   0.9969   0.9930   0.9976   0.9982   0.9958   
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Site name 
Rottnest Island 
Bathurst Point 

South 

Rottnest Island 
Bathurst Point 

South 

Rottnest Island 
Charlotte Point 

Rottnest Island 
Charlotte Point 

Rottnest Island 
Forbes Hill 

Rottnest Island 
Fish Hook Bay 

Rottnest Island 
Fish Hook Bay 

Site code RBPS RBPS RCP RCP RFH RFHB RFHB 
Profile number 1 2 1 1 1 1 1 
Bedform set number 1 2 1a 1b 1 3a 5 
Bedform thickness (m) 3.3 5.5 2.25 2.9 3.3 6.4 4.1 
Sample number RBPS1 RBPS2 RCP1a RCP1b RFH1 RFHB3a RFHB5 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  52 32 125 33 35 32 62 29 92 36 179 18 129 33 
  67 20 131 37 41 35 58 22 84 32 164 19 130 30 
  59 24 121 30 35 32 49 31 77 31 165 18 122 28 
  69 27 121 32 40 28 55 30 81 30 163 20 127 35 
  67 20 122 30 40 34 50 34 85 33 175 22 130 29 
  72 22 124 31 35 31 65 25 72 33 172 24 121 32 
  63 25 115 33 36 34 54 36 81 32 164 20 124 30 
  66 30 116 36 45 30 57 28 89 36 163 16 125 34 
  55 30 126 30 38 30 57 37 78 31 169 21 129 28 
  69 27 120 32 42 29 64 31 79 32 176 19 124 31 
        36 33             
        39 30             
Number 10 10 10 10 12 12 10 10 10 10 10 10 10 10 
Vector Mean 63.91   122.10   38.50   57.10   81.80   169.00   126.1   
Mean   25.70   32.40   31.50   30.30   32.60   19.70   31.0 
Standard Deviation 6.56 4.24 4.72 2.46 3.23 2.20 5.43 4.67 5.90 2.01 6.07 2.26 3.3 2.4 
Vector Magnitude 9.94   9.97   11.98   9.96   9.95   9.95   9.98   
Vector Mean Strength 0.9941   0.9969   0.9985   0.9960   0.9952   0.9950   0.9985   

 



 267 

 

Site name 
Rottnest Island 
Fish Hook Bay 

Rottnest Island 
Geordie Bay 

South 

Rottnest Island 
Geordie Bay 

West 

Rottnest Island 
Government 
House Lake 

North 

Rottnest Island 
Government 
House Lake 

North 

Rottnest Island 
Government 
House Lake 

North 

Rottnest Island 
Government 
House Lake 

South 
Site code RFHB RGBS RGBW RGLN RGLN RGLN RGLS 
Profile number 1 1 1 1 2 3 1 
Bedform set number 6c 1 1 1 1 2 1 
Bedform thickness (m) 2.5 3.2 2.9 4.54 8.21 4.5 2.4 
Sample number RFHB6c RGBS1 RGBW1 RGLN1   RGLN2 RGLS1 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  93 20 112 36 114 30 168 33 154 35 62 31 55 35 
  98 19 99 32 122 26 171 30 154 29 56 25 58 33 
  95 19 111 36 126 32 173 29 158 30 55 27 50 34 
  93 18 98 31 117 29 158 32 162 24 60 31 54 33 
  98 21 104 29 125 32 167 31 152 29 55 29 47 29 
  101 24 109 28 118 31 166 38 168 29 54 30 54 33 
  100 22 94 29 125 32 171 37 162 35 52 32 55 35 
  97 18 97 30 119 29 159 36 155 28 61 30 51 31 
  99 21 106 28 120 28 160 34 160 29 62 31 58 34 
  94 22 105 28 124 30 165 33 159 29 55 30 50 33 
           168 33          
Number 10 10 10 10 10 10 11 11 10 10 10 10 10 10 
Vector Mean 96.80   103.50   121.00   166.00   158.40   57.20   53.2   
Mean   20.40   30.70   29.90   33.27   29.70   29.60   33.0 
Standard Deviation 2.90 1.96 6.24 3.09 4.03 1.97 5.08 2.83 4.86 3.23 3.68 2.12 3.6 1.8 
Vector Magnitude 9.99   9.95   9.98   10.96   9.97   9.98   9.98   
Vector Mean Strength 0.9988   0.9947   0.9978   0.9964   0.9968   0.9981   0.9982   
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Site name 

Rottnest Island 
Government 
House Lake 

South 

Rottnest Island 
Herschell Lake 

Dune East 

Rottnest Island 
Herschell Lake 

Dune East 

Rottnest Island 
Herschell Lake 

Dune West 

Rottnest Island 
Herschell Lake 

Dune West 

Rottnest Island 
Herschell Lake 

North 

Rottnest Island
Herschell Lake 

North 

Site code RGLS RHLDE RHLDE RHLDW RHLDW RHLN RHLN 
Profile number 2 1 2 1 2 1 2 
Bedform set number 2 1 1 1 1 1a 1b 
Bedform thickness (m) 6.1 2.9 4.5 3.7 2.7 5.26 2.75 
Sample number RGLS2 RHLDE1 RHLDE(c) RHLDW1 RHLDW1(b) RHLN1a RHLN1b 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  51 32 156 40 142 36 138 30 142 27 157 33 15 35 
  47 29 164 40 141 28 146 33 155 33 149 34 24 29 
  58 30 162 38 155 38 138 31 158 32 145 35 14 34 
  57 35 161 30 156 35 140 30 164 31 149 33 21 32 
  59 33 164 32 150 39 139 29 148 28 146 36 15 35 
  55 35 148 32 155 32 139 29 153 30 146 37 21 36 
  54 34 163 34 148 40 143 33 154 21 159 32 17 32 
  49 29 151 32 141 37 146 32 158 31 154 36 25 29 
  51 31 165 38 152 25 146 30 158 29 159 34 18 35 
  55 35 165 35 153 27 140 29 142 33 155 35 18 34 
              152 29       
Number 10 10 10 10 10 10 10 10 11 11 10 10 10 10 
Vector Mean 53.60   159.91   149.30   141.50   153.10   151.90   18.8   
Mean   32.30   35.10   33.70   30.60   29.45   34.50   33.1 
Standard Deviation 3.98 2.45 6.12 3.67 6.00 5.38 3.41 1.58 6.85 3.42 5.53 1.58 3.8 2.5 
Vector Magnitude 9.98   9.95   9.95   9.98   10.93   9.96   9.98   
Vector Mean Strength 0.9978   0.9949   0.9951   0.9984   0.9935   0.9958   0.998   
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Site name 
Rottnest Island 
Herschell Lake 

North 

Rottnest Island 
Herschell Lake 

North 

Rottnest Island 
Herschell Lake 

South 

Rottnest Island 
Henrietta Rocks 

East 

Rottnest Island 
Henrietta Rocks 

East 

Rottnest Island 
Jeannie's 
Lookout 

West 

Rottnest Island 
Jeannie's 
Lookout 

West 
Site code RHLN RHLN RHLS RHRE RHRE RJLW RJLW 
Profile number 3 4 1 1 1 2 2 
Bedform set number 1c 1d 1 1a 1b 1a 1b 
Bedform thickness (m) 4.55 9.25 2.55 1.88 9.79 2.1 4.07 
Sample number RHLN1c RHLN1d RHLS1 RHRE1a RHRE1b     

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  161 28 133 34 119 33 88 23 144 34 141 29 148 30 
  165 27 121 36 128 32 92 29 148 31 138 30 147 35 
  164 31 123 33 121 38 84 25 161 29 141 30 142 28 
  166 32 133 31 121 35 85 22 155 30 135 28 135 29 
  165 29 124 29 128 28 91 32 153 29 139 31 148 30 
  169 29 127 29 121 29 87 30 155 30 135 29 146 33 
  163 33 128 34 130 33 89 29 160 29 140 32 139 29 
  163 35 125 28 135 25 82 27 159 25 135 29 132 28 
  168 30 129 32 132 23 90 24 150 30 140 32 133 28 
  166 34 125 29 135 30 88 31 157 29 141 31 145 30 
              155 30 137 30    
              153 30       
Number 10 10 10 10 10 10 10 10 12 12 11 11 10 10 
Vector Mean 165.00   126.80   127.00   87.60   154.17   138.36   141.5   
Mean   30.80   31.50   30.60   27.20   29.67   30.09   30.0 
Standard Deviation 2.40 2.66 4.02 2.72 6.11 4.55 3.17 3.52 5.01 2.02 2.50 1.30 6.3 2.3 
Vector Magnitude 9.99   9.98   9.95   9.99   11.96   10.99   9.95   
Vector Mean Strength 0.9992   0.9978   0.9949   0.9986   0.9965   0.9991   0.9945   
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Site name 
Rottnest Island 

Jeannie'sLookout
West 

Rottnest Island 
Jeannie's 
Lookout 

West 

Rottnest Island 
Jeannie's 
Lookout 

West 

Rottnest Island 
Jeannie's 
Lookout 

West 

Rottnest Island 
Little 

Armstrong 
Bay East 

Rottnest Island 
Little 

Armstrong 
Bay East 

Rottnest Island 
Little 

Armstrong 
Bay East 

Site code RJLW RJLW RJLW RJLW RLAE RLAE RLAE 
Profile number 3 3 3 4 1 1 2 
Bedform set number 1a 1b 1c 1b 2 5 2 
Bedform thickness (m) 2.1 3 1.62 12 2.2 4.6 3.7 
Sample number RJLW1a RJLW1b RJLW1c     RLAE5 RLAE2 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  158 29 148 34 198 31 136 33 82 29 180 29 85 36 
  145 29 143 25 186 27 135 36 97 31 175 25 82 31 
  166 26 133 28 194 26 132 35 80 30 165 28 88 29 
  162 25 145 30 190 32 136 33 85 31 169 23 80 30 
  165 31 140 35 198 38 135 36 94 30 179 29 85 36 
  160 28 132 38 197 31 138 36 92 30 172 28 83 32 
  147 28 133 36 189 31 136 33 85 28 182 33 85 32 
  170 33 134 34 191 32 139 35 81 33 172 28 81 30 
  164 28 133 28 195 36 136 34 89 31 169 23 88 37 
  160 28 135 30 193 29 134 34 90 33 166 26 83 30 
  159 30             173 31    
  169 33             166 27    
  145 29                   
  146 28                   
Number 14 14 10 10 10 10 10 10 10 10 12 12 10 10 
Vector Mean 158.30   137.59   193.10   135.70   87.50   172.33   84   
Mean   28.93   31.80   31.30   34.50   30.60   27.50   32.3 
Standard Deviation 8.95 2.27 5.89 4.18 4.07 3.65 1.95 1.27 5.80 1.58 5.73 2.97 2.7 2.9 
Vector Magnitude 13.84   9.95   9.98   9.99   9.95   11.95   9.99   
Vector Mean Strength 0.9887   0.9952   0.9977   0.9995   0.9954   0.9954   0.999   
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Site name 

Rottnest Island 
Little 

Armstrong 
Bay East 

Rottnest Island 
Little 

Armstrong 
Bay East 

Rottnest Island 
Little 

Armstrong 
Bay West 

Rottnest Island 
Little 

Armstrong 
Bay West 

Rottnest Island 
Little Salmon 

Bay 

Rottnest Island 
Little Salmon 

Bay 

Rottnest Island 
Lake Vincent 

Site code RLAE RLAE RLAW RLAW RLS RLS RLV 
Profile number 2 3 1 1 1 1 1 
Bedform set number 4 4 2a 4b 1a 1b 1 
Bedform thickness (m) 5.2 9.75 1.63 8.2 3.2 3.1 3.5 
Sample number   RLAE4 RLAW2a RLAW4b RLS1a RLS1b RLV1 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  110 30 108 24 154 28 153 37 323 35 108 33 18 29 
  98 25 94 30 153 28 163 28 311 36 115 29 12 27 
  101 30 105 33 155 35 159 35 327 28 111 29 18 27 
  111 31 99 29 150 30 166 30 328 29 111 27 15 31 
  105 36 101 31 156 34 166 35 322 35 116 31 28 32 
  99 29 94 33 157 30 169 27 314 32 109 28 22 35 
  95 28 95 36 151 29 155 34 323 37 109 29 26 32 
  100 33 107 27 152 31 160 31 324 38 117 37 28 33 
  106 30 102 30 153 30 165 34 326 28 112 28 20 31 
  109 37 108 24 152 29 160 31 319 33 114 34 21 29 
           167 28 325 32       
Number 10 10 10 10 10 10 11 11 11 11 10 10 10 10 
Vector Mean 103.40   101.30   153.30   162.09   322.01   112.20   20.8   
Mean   30.90   29.70   30.40   31.82   33.00   30.50   30.6 
Standard Deviation 5.56 3.60 5.66 3.89 2.21 2.37 5.13 3.37 5.35 3.55 3.16 3.21 5.4 2.6 
Vector Magnitude 9.96   9.96   9.99   10.96   10.96   9.99   9.96   
Vector Mean Strength 0.9958   0.9956   0.9993   0.9964   0.996   0.9986   0.9961   
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Site name 
Rottnest Island 

Mary Cove 
Rottnest Island 
Mount Hershell 

Rottnest Island 
Lake Negri 

Rottnest Island 
Lake Negri 

Rottnest Island 
Lake Negri 

Rottnest Island 
Narrow Neck 

Rottnest Island 
Oliver Hill 

Site code RMC RMtH RNL RNL RNL RNN ROL 
Profile number 1 1 1 2 3 1 1 
Bedform set number 5a 1 1 2 3 1 1 
Bedform thickness (m) 5.5 5 2.38 3.1 3.3 3.8 3.3 
Sample number RMC5a RMtH1 RNL1 RNL2 RNL3 RNN1 ROL1 

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  152 32 25 23 58 33 98 28 155 33 100 16 131 26 
  152 30 22 36 41 32 96 27 161 34 91 22 133 29 
  164 32 28 31 43 31 97 29 154 37 92 18 123 33 
  165 30 21 31 61 29 103 29 158 35 90 19 130 34 
  158 35 26 33 59 31 108 26 154 36 98 20 136 36 
  158 28 20 35 57 26 104 28 157 35 87 20 137 31 
  168 34 28 33 45 33 101 25 155 32 97 21 135 35 
  158 25 10 32 62 33 105 29 156 35 89 16 137 34 
  154 30 18 32 55 25 103 31 157 34 99 21 137 32 
  156 29 14 27 42 32 109 29 159 32 91 22 129 31 
Number 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
Vector Mean 158.50   21.21   52.31   102.40   156.60   93.40   132.8   
Mean   30.50   31.30   30.50   28.10   34.30   19.50   32.1 
Standard Deviation 5.52 2.92 5.96 3.80 8.50 2.92 4.43 1.73 2.27 1.64 4.65 2.22 4.6 3.0 
Vector Magnitude 9.96   9.95   9.90   9.97   9.99   9.97   9.97   
Vector Mean Strength 0.9958   0.9951   0.9901   0.9973   0.9993   0.9970   0.9971   
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Site name 
Rottnest Island 

Oliver Hill 
Rottnest Island 

Pink Lake 
Rottnest Island 
Pearse Lakes 

Rottnest Island 
Pearse Lakes 

Rottnest Island 
Phillip Point 

Rottnest Island 
Rottnest Bore 

Rottnest Island 
Rottnest Bore 

Site code ROL RPL RPLN RPLN RPP RRB RRB 
Profile number 2 1 1 2 1 1 2 
Bedform set number 1 1 1 1 1 1 1 
Bedform thickness (m) 3.3 2.2 4.3 6.8 3.3 3.8 3.8 
Sample number   RPL1 RPLN1   RPP1 RRB1   

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  129 28 118 27 172 23 182 34 157 34 166 16 166 32 
  134 31 125 24 171 24 174 31 162 40 170 19 161 22 
  129 29 107 19 173 39 176 30 168 35 168 18 162 21 
  135 33 115 20 174 31 178 29 153 32 169 16 163 28 
  129 28 121 17 164 29 175 30 159 33 166 17 165 35 
  128 32 116 25 181 21 177 30 171 33 170 19 166 33 
  125 33 123 24 168 25 178 31 155 30 166 32 162 25 
  137 35 117 25 183 38 181 29 153 32 171 31 165 34 
  131 29 119 17 168 29 180 32 164 30 168 30 163 29 
  131 31 126 23 172 23 177 30 158 31 165 31 164 30 
                 167 31    
                 170 32    
Number 10 10 10 10 10 10 10 10 10 10 12 12 10 10 
Vector Mean 130.80   118.70   172.60   177.80   159.99   168.00   163.7   
Mean   30.90   22.10   28.20   30.60   33.00   24.33   28.9 
Standard Deviation 3.61 2.38 5.56 3.57 5.78 6.29 2.57 1.51 6.16 2.94 2.00 7.22 1.8 4.9 
Vector Magnitude 9.98   9.96   9.95   9.99   9.95   11.99   10   
Vector Mean Strength 0.9982   0.9958   0.9954   0.9991   0.9948   0.9994   0.9996   
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Site name 
Rottnest Island 

Railway Hill 

Rottnest Island 
Serpentine Lake 

North 

Rottnest Island 
Serpentine Lake 

North 

Rottnest Island 
Serpentine Lake 

North 

Rottnest Island 
Serpentine Lake 

North 

Rottnest Island 
Serpentine Lake 

North 

Rottnest Island 
Serpentine 

Lake 
North 

Site code RRH RSL RSL RSL RSL RSL RSL 
Profile number 1 1 2 3 3 4 5 
Bedform set number 1 2 1b 1a 1b 1a 3 
Bedform thickness (m) 2.2 5.8 3.4 1.56 2.34 5.75 7.8 
Sample number RRH1 RSL2 RSL1b     RSL1a   

  DD DA DD DA DD DA DD DA DD DA DD DA DD DA 
  182 26 119 33 356 33 48 35 355 33 56 29 41 33 
  181 35 123 34 355 32 51 31 356 34 41 30 42 34 
  182 29 128 35 3 29 58 29 359 31 43 33 37 31 
  173 28 118 31 4 31 53 28 2 29 41 36 42 34 
  183 25 129 31 352 37 55 29 353 35 42 32 39 30 
  175 27 123 29 355 35 48 34 356 36 53 32 43 35 
  185 28 129 33 359 33 56 31 3 32 40 34 34 36 
  183 30 119 35 356 34 51 32 355 35 40 35 39 37 
  177 27 125 30 3 30 50 29 358 30 43 34 35 34 
  180 31 118 32 3 31 56 29 356 33 52 31 41 30 
Number 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
Vector Mean 180.10   123.10   358.60   52.60   357.30   45.09   39.3   
Mean   28.60   32.30   32.50   30.70   32.80   32.60   33.4 
Standard Deviation 3.87 2.88 4.51 2.06 4.35 2.42 3.53 2.36 3.20 2.30 6.08 2.22 3.1 2.4 
Vector Magnitude 9.98   9.97   9.97   9.98   9.99   9.95   9.99   
Vector Mean Strength 0.9979   0.9972   0.9974   0.9983   0.9986   0.9949   0.9987   
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Site name 
Rottnest Island 

South Point 
Rottnest Island 

South Point 
Rottnest Island 

The Basin 
Rottnest Island 

The Basin 
Rottnest Island 

The Basin 
Site code RSP RSP RTB RTB RTB 
Profile number 1 2 1 1 2 
Bedform set number 1b 1d(b) 1a 1b 1a 
Bedform thickness (m) 4.3 3.4 2.65 5.8 5.2 
Sample number RSP1b RSP1d(b) RTB1a RTB1b   

  DD DA DD DA DD DA DD DA DD DA 
  182 29 182 28 103 27 172 26 65 31 
  173 33 198 30 105 27 175 32 62 33 
  175 35 195 29 85 29 171 30 66 34 
  179 28 189 27 104 25 181 34 79 32 
  181 31 187 27 98 28 185 38 73 34 
  181 34 186 27 88 29 174 33 68 36 
  168 29 191 25 86 26 179 32 64 33 
  176 31 197 24 100 25 183 29 65 32 
  175 35 183 26 91 27 177 32 78 29 
  182 29 186 30 99 28 175 31 65 31 
Number  10 10 10 10 10 10 10 10 10 10 
Vector Mean 177.20   189.40   95.91   177.20   68.49   
Mean   31.40   27.30   27.10   31.70   32.50 
Standard Deviation 4.61 2.67 5.68 2.00 7.69 1.45 4.69 3.16 6.02 1.96 
Vector Magnitude 9.97   9.96   9.92   9.97   9.95   
Vector Mean Strength 0.9971   0.9956   0.9919   0.9970   0.995   
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