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Abstract 
 

The sub-tropical coastal dune fields of southeast Queensland, Australia are recognised 

for their outstanding beauty, cultural importance, and ecological diversity. Their soil and 

vegetation development have been intensively investigated and more recently, the 

geochronology of the dune fields has been expanded. However, there has been little focus on 

the evolution of the dune fields after the dunes stabilise. The aim of this thesis is to enhance 

our fundamental understanding of dune field evolution by evaluating the complete topographic 

development of the dunes from their emplacement (stabilisation) to maturity (denuded 

topography). Principals and concepts derived from hillslope geomorphology were used to 

determine styles and rates of landscape change. The Holocene section of the Cooloola Sand 

Mass (CSM) is the primary focus of this study, while Holocene dunes on K’gari (Fraser Island) 

were also investigated.  The dune fields were selected because most of the major environmental 

factors contributing to landscape development in the Holocene can be constrained, and they 

contain one of the most complete coastal dunes sequences in the world. 

Quantitative topographic analyses from high-resolution digital elevation models with 

landscape evolution theories (linear and nonlinear sediment transport) were used to better 

describe and understand dune fields and dune landforms. Principally, the foundational idea that 

gravitationally driven transport processes smooth dune landforms to their base-levels thereby 

reducing mean local relief, was used. The concept that landscape smooths with time provides 

the framework to establish morphostratigraphical mapping, 2-D numerical modelling, and 

roughness-age modelling.  

From the geomorphological mapping it is observed that the SE Queensland dune fields 

are constructed of five Holocene (including active dunes) and four Pleistocene dune 

morphosequence units. Dunes and their units systematically smooth with time and this 

evolution is well explained using surface roughness (σC). It is demonstrated that Holocene dune 

σC-age relationships evolve in two distinct phases. The first phased is described well using 

nonlinear sediment transport with a soil transport coefficient (K) value of 0.06 m2 yr-1 and a 

critical gradient of 0.65 m m-1, which is the angle of repose. The dune evolution switches to a 

K value of 0.002 m2 yr-1 after ca. 1 ka that can be modelled either using nonlinear or linear 

sediment transport. 

The evolution of the whole landscape can be empirically described using an exponential 

function ((∂σC)/∂t ∝ σC). The predictable changes in dune topography permits a σC-age 

relationship to be calibrated on the CSM and tested against an independent OSL chronology 
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from K’gari. The model generates age estimates for every dune thereby producing the first 

complete Holocene chronology in the dune field. This procedure can be easily expanded to 

dune fields globally to fill in chronological gaps using only high-resolution elevation data and 

a small number of absolutely dated dunes. The age estimates support the morphostratigraphical 

mapping and demonstrate dune emplacement peaking at ca. <0.5, 1.5, 4, and 8.5 ka. These ages 

are similar, but not identical, to the dune emplacement timings in the published literature but 

they tie closely to sea-level variability, which is the inferred primary cause of dune field 

activation.  

The σC-age relationship was evaluated further by placing the modelled outputs into the 

context of sedimentary records from dune foot slope positions. The first sediment transport 

phase corresponds with the period of rapid lowering of relief and elevated 

erosion/sedimentation rates (0.47 ± 0.08 cm yr-1) associated with the dominance of episodic 

sediment transport (i.e., dry-ravel and sheetwash). These transport styles are the consequence 

of fires on steep hillslope gradients. These events deposit charcoal as layers in foot-slope 

positions. This phase occurs for the first ca. 1-1.5 ka after dune emplacement until hillslopes 

are lowered below their angle of repose (0.65 m m-1 or 33°). In the second phase, 

erosion/sedimentation rates decrease by an order of magnitude (0.08 ± 0.05 cm yr-1) due to the 

dominance of slow and continuous sediment transport processes (i.e., biogenic soil creep and 

granular relaxation). Although fires are present, the absence of episodic sediment transport 

results in disseminated charcoal rather than charcoal layers in foot-slope positions. 

Nevertheless, fire frequency and intensity can be inferred from these records and the thesis 

highlights and develops the idea of utilising dune depositional records for fire histories. These 

deposits produce a ca. 7 cal ka BP fire record that identifies increased fire activity at ca. <0.1, 

1.1-0.3, 2.2-1.8, 3.6-2.6, and 6.7-5.3 cal ka BP.  These periods are consistent with local and 

regional fire histories from traditional charcoal records. 

In summary, this thesis contributes new insights into landscape evolution using a dune 

field as a natural sandbox laboratory. It offers a novel perspective on aeolian systems and 

provides new lines of research into a variety of environmental processes from dunes. 
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highlight these changes. Further description of dune stages can be found in 
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Figure 3.5: Excavated depositional foot-slope soil profiles used to characterise erosion and 
sediment transport styles. Oldest profiles display disseminated charcoal through the full 
profile whereas the two youngest deposits have charcoal layers. Note the 2.14 ka dune 
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1017±26 yr BP (Wk50298) at 1.2-1.3 m, Supplementary Table A.3.4). I infer the 
presence of these layers are associated with fire induced episodic sediment transport 
(dry-ravel and sheetwash) when dunes are young and have steep slopes. As time 
progresses, hillslope gradients lower and charcoal layers become more diffuse and 
eventually become disseminated throughout the profile. These records highlight the 
transition between episodic to continuous sediment transport on dune evolution…….40 
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of distributions with time (dark to light frequency). (b) Measured dune age (with error 
bars, ±1σ) with surface roughness (σC) (white circles) and observed dominant transport 
styles. All dunes with excavated soil profiles are indicated with black dots. 
Additionally, the 2.14 ka dune with the excavated soil profile (not utilised in my 
topographic analyses) is represented by the white triangle. Initially, dunes are emplaced 
with over-steepened hillslopes at or above the critical gradient (SC). During this phase, 
there is a dominance of episodic sediment transport (dry-ravel and sheetwash (n=4)), 
purple dashed line. After dune’s σC are lowered below a ‘transitional zone’ (at ca. 1 ka), 
only slow and continuous soil transport occurs (soil creep (n=11)), pink line. This 
behaviour continues and remains true for the Pleistocene dunes (grey diamonds, not 
included in this analysis)………………………………………………… ………..…41 

 
Figure 3.7: Field images of typical soil transport styles. Commonly observed episodic (panels 

(a) and (b)) and continuous (Panels (c), (d), (e), and (f)) sediment transport mechanisms 
at the CSM. (a) Fire induced sand ravel and sheetwash movement on the steep lee facing 
hillslope of a 0.44 ka dune shortly after fire event and its associated (b) deposition. (c) 
Common mid-slope soil profile on a Holocene age dune highlighting the abundance of 
biogenic disturbed soil near the surface in the A-horizon, where it becomes increasingly 
stable moving down profile as shown by the intact E- and B-horizons. Typical 
perturbation includes root growth and decay, (d) tree throw, (e) burrowing 
invertebrates, and (f) bird nest construction (photo credit: (c) Patrick Adams and (f) 
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Figure 4.1: Conceptual diagram and result summary from Chapter 3 between surface 

roughness (σC) and dune age within the CSM dune field, Australia. (a) An idealised 
elevation profile of the CSM dune field. The dunes move inland from the coast through 
sclerophyll forest and over antecedent topography (dashed lines) via the dominant 
south-easterly wind. Dunes are emplaced when wind speeds decrease and vegetation 
stabilises the dune surface. With every successive dune emplacement, antecedent 
topography gradients generally increase, thereby decreasing the distance dunes travel 
inland whilst preserving older dunes. Consequently, most dunes increase in age while 
decreasing in σC moving away from the coast. (b) Conceptual diagram of hillslope 
positions as defined by curvature (C) and the contribution of erosion, deposition and 
flux (size of arrow). All sediment removed from crest can be accounted for in the 
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footslopes (a closed system). As time progresses ridges lower and hollows fill, reducing 
hillslope gradients and the maximum and minimum curvature values thus decreasing 
dune σC. (c) The general relationship between dune age, surface roughness (σC), and 
sediment transport phases. Dunes with high σC (Phase 1) are best explained through 
non-linear sediment transport where episodic processes such as dry-ravelling and 
sheetwashing (comparable to grain flows and/or avalanching) occur. Once dune 
gradients are lowered below their angle of repose (gradient of 0.65 m m-1 or angle of 
33°) associated with the defined ‘transitional zone’, sediment transport is limited to 
slow and continuous  processes (Phase 2) where their evolution can be explained with 
linear sediment transport……………………………………...………………………50 

 
Figure 4.2: (a) Satellite imagery of K’gari (Fraser Island), and the CSM, which make up the 

northern section of the SE Queensland (SEQ) dune field in Australia. The dune 
sediments are derived from the longshore drift system (dashed line and arrow) that is 
delivered to the coast by the dominant south-easterly winds (small arrows). (b) Close-
up imagery of the coastline and dunes on K’gari (photo credit: Jürgen 
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Figure 4.3: Locations of OSL dated dunes used in this chapter. Dunes utilised in the σC-age 

relationship are represented by grey dots, whereas, dunes used in the validation subset 
are white. For dunes with multiple dates, I preferentially selected ages from crest and/or 
stratigraphically lower positions. Samples that met my selection criteria but were not 
used in the model are marked with an ‘X’……………………………...……….…….61 

 
Figure 4.4: Calculated surface roughness (σC)-age relationship from measured OSL dated 

dunes. (a) Dune σC depicts a strong exponential relationship with age (±1σ) (black line) 
bounded by 95% confidence intervals (shaded area) within the CSM and K’gari dune 
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(n=6). (b) Model validation using predicted versus measured dune ages and their 
associated best-fit line (black line) using reduce major axis regression to account for 
uncertainty in both variables compared to a 1:1 line (solid black dashed line)………62 

 
Figure 4.5: Predicted Holocene dune ages using σC-age model. (a) Aerial imagery of K’gari 
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ages compared to local sea-level curves from Lewis et al. (2008) and Larcombe et al. 
(1995). Note there is a break in the relative sea-level axis so that both curves could be 
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that are closely associated with the termination of the rising limb of sea-level events. 
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Preface: This thesis includes a collection of four manuscripts (Chapters 2-5), three published 

and one ready for submission for publication. For consistency and completeness, all chapters 

start with a full citation including DOI and co-authors, and a brief introduction on how each 

chapter ties into each other. Each chapter is a unique body of work that focuses on different 

aspects of the southeast (SE) Queensland dune fields’ evolution, and contains a thorough 

review of the appropriate literature. Consequently, to avoid redundancy, this introduction 

chapter is kept brief and used only as a means to outline and summarise the main objectives of 

this thesis.  
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1.1 Context 
This thesis presents a novel approach to understanding dune fields and dune landscapes.  

It examines dunes from the perspective of landscape evolution and focuses primarily on what 

happens after dunes stabilise. I focus my research on the Cooloola Sand Mass (CSM) and 

K’gari (Fraser Island) within the southeast (SE) Queensland dune fields along the eastern coast 

of Australia near the city of Brisbane. This coastal dune system is composed of dune fields and 

sand islands that occur from ~27.4°S to ~25.5°S. From its southern, limit moving northwards 

lie Minjerribah (North Stradbroke Island), Mulgumpin (Moreton Island), Bribie Island, the 

CSM, and K’gari. The total area of the entire region covers roughly 2350 km2 with dune crest 

reaching 285 m.a.s.l. The area is renowned for its outstanding beauty and for containing the 

three largest sand islands. In particular, K’gari holds half of the perched freshwater lakes, the 

largest unconfined aquifer on a sand island, thickest soils, and with the CSM the only extensive 

rainforest on dunes in the world (UNESCO, 2021). 

At present, the dune fields are composed of predominantly stabilised (relic) parabolic 

and transgressive dune sheets in the interior and active blowouts/sheets along the coastline 

(e.g., Carlo Sandblow, Cooloola Sand Patch, and Sandy Cape) (Thompson, 1981). The 

successive dune onlapping has occurred through the mid- and late-Pleistocene with major dune 

building phases inferred to be associate with sea-level variability (Ellerton et al., 2020; In 

Press) resulting in compound and complex dune structures of varying ages (McKee, 1979). 

The dunes contain a vegetation succession from bare sand colonisers to a so-called ‘CliMax’ 

vegetation of rainforest and/or tall wet sclerophyll forest and they act as a refugium for many 

relict and disjunct flora and fauna such as giant earthworms (Digaster keastii), Wallum 

rocketfrogs (Litoria freycineti), Fraser Island satinay (Syncarpia hillii). They also contain 

Ramsar-listed sub-tropical patterned fens (Walker et al., 1981; Moss et al., 2016; UNESCO, 

2021). 

Despite the global recognition of the SE Queensland dune fields very little was known 

regarding the processes that lead to their creation and evolution (Lees, 2006), except in terms 

of soil and vegetation development (i.e., Thompson, 1981; 1992; Walker et al., 1987; Wardell-

Johnson, 2015). To address these questions, the Australian Research Council (ARC) Discovery 

Grant funded the project ‘Climate and environmental history of SE Queensland dunefields’ in 

2015 (DP150101513). The general goals were to provide novel paleoclimate and sea-level 

information from the sub-tropics and add universal significance to the World Heritage Listing.  

I joined this project late in the research, when most of the dating and sea-level work was well 

under way. The strong chronology developed during the ARC project (e.g., Ellerton et al., 
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2020; In Press; Shulmeister et al. unpublished data) provided a chronological framework for 

my research.  I have a strong background in landscape evolution and hillslope processes; 

therefore, I focused my research on dune evolution once aeolian processes had stopped and 

hillslope (diffusive) processes taken over. 

In this thesis, I attempt to utilise foundational concepts in hillslope geomorphology that 

predicts how stabilised dunes will evolve from a newly constructed landform with high relief 

to a denuded landscape. The underpinning idea is that diffusional sediment transport is 

governed by gravitational forces acting on the landform thereby controlling erosion and 

deposition (e.g., Davis, 1892; Gilbert, 1909). The onlapping nature of the dune field provides 

an elegant space-for-time substitution study and its evolutionary outcomes are deterministic. 

Their composition of unconsolidated, uniform spherical particles are equivalent to those used 

in mathematical and laboratory-based models (a classic sandbox experiment) (e.g., Roering et 

al., 2001). Consequently, I can view the dunes as a ‘giant sandbox’ that are evolving under a 

limited set of known processes with defined boundary conditions. Any shifts in these processes 

or conditions (i.e., climate or base-level) will cause modifications to the topography and be 

recorded in depositional positions of the landscape (basins or foot-slopes). As a result, these 

locations may contain a previously unrecognised paleoenvironmental archive, which can be 

systematically targeted in aeolian research. 

To my knowledge, no study has evaluated landscape evolution in a system that is truly 

transport limited (sediment availability is greater than sediment transport). Results here may 

show that dune fields are an ideal location to qualitatively and quantitatively test the 

assumptions of the landscape evolution literature that has persisted for over a century (Davis, 

1892; Gilbert, 1909). If successful, application of these approaches will prove fruitful as dune 

fields are found globally (e.g., Martinez et al., 2004; Yan and Baas, 2015; Lancaster, 2016) and 

may provide the necessary information to connect local (grain) to regional (dune field) scale 

mechanisms to explain processes that lead to currently observed dune forms. 

 

1.2 Thesis aims and objectives  
The overarching theme of this research is to understand the landscape evolution of the SE 

Queensland dune fields in Australia. My goals are to enhance our fundamental understanding 

of coastal dune fields by determining the complete evolution of dunes from their inception 

(activation) to maturity (denuded topography). Specifically, I focus my work on the Holocene 

age dunes from the CSM and K’gari. I aim to assess and test principals and concepts derived 
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from hillslope geomorphology and apply them to a system that has primarily been evaluated 

with an aeolian geomorphology perspective. If successful, I will demonstrate that dune form 

and their depositional positions are previously unrecognised paleoenvironmental archives in 

aeolian research. Below is a list of objectives that will permit me to reach these aims: 

 

• Objective 1: Produce an updated morphological map of the SE Queensland dune fields 

utilising modern remote sensing techniques to classify the dunes based on hillslope 

process parameters. 

 

• Objective 2: Establish whether the SE Queensland dune fields are a suitable natural 

laboratory to evaluate landscape evolution.  

 

• Objective 3: Assess and apply sediment transport theory to a dune system to understand 

its evolution once stabilised. 

 

• Objective 4: Determine the dominant geomorphic processes controlling sediment 

erosion, transport, and deposition and their relative rates. 

 

• Objective 5: Investigate whether landscape evolution metrics can be calibrated to 

determine dune chronology.  

 

• Objective 6: Re-examine the environmental controls on dune activation and 

emplacement (climate change, sea-level, etc.).  

 

• Objective 7: Identify and examine depositional records that might prove valuable in 

understanding dune field evolution.  
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1.3 Thesis structure 
This thesis is composed of four research chapters (Chapters 2-5) that were written as 

standalone manuscripts. Therefore, I have provided a brief introduction to each chapter, their 

connection to each other, and how the objectives (Section 1.2) of this thesis are addressed: 

 

 Chapter 2 presents the outcome of a mapping project with the aim to review and update 

the geomorphological dune units of the SE Queensland dune fields. The dune fields 

were first mapped by Ward (2006). I use topographic expression coupled with 

geomorphic, pedologic and biologic relationships to place dunes into 

morphostratigraphical units. The new maps allowed me to identify areas of interest and 

develop working hypotheses to address my aims and objectives. Some of the questions 

included: Are all the dune fields part of the same system and did they experience the 

same external perturbations? Are the same dune units preserved throughout the dune 

fields? What are the defining characteristics of the dune units? Finally, do units change 

systematically with inferred time? Chapter 2 acts as the underpinning work for 

Chapters 3-5 and directly addresses Objective 1. 

 

Chapter 3 explores and develops the application of sediment transport equations on 

stabilised dune hillslopes. I ask the following questions: Do the SE Queensland dune 

fields, specifically the CSM, have consistent boundary conditions and external forces 

that control dune evolution?  Is there a topographic metric or measurement that can 

define and/or measure landscape change? What are the dominant styles and rates of 

sediment transport and deposition after dune emplacement? Lastly, can phases of dune 

evolution be defined based on sediment transport regimes and rates? This chapter 

provides the conceptual framework for Chapters 4, proposes locations to direct research 

in Chapter 5, offers critical progress to complete Objectives 5 and 7, and directly 

addresses Objectives 2, 3 and 4. 

 

Chapter 4 tests the application of sediment transport theory derived from Chapter 3 to 

determine dune emplacement ages at the CSM and K’gari. In essence, this chapter acts 

as a methodological case study of roughness-age modelling on dunes, which has been 

previously applied in hillslope studies. In this chapter, I ask the following questions: 

Can surface roughness be used to determine relative dune ages? What are the spatial 

and temporal patterns of dune ages for the dune fields? How do these trends differ from 
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those interpreted from ‘traditional’ studies? Lastly, I re-examine whether climate or 

sea-level is the primary cause of dune activation and emplacement. The results from 

this chapter directly address Objectives 5 and 6, and provides additional support for 

Objectives 1, 2, 3, and 4. 

 

Chapter 5 evaluates the role of fire in the dune field and whether foot-slope deposits 

identified in Chapter 3 contain intact and reliable paleoenvironmental records. In this 

chapter, I address the following questions: What are the primary controls on episodic 

sediment transport on dunes? Does fire persist in the dune fields through the Holocene? 

How are fire events represented in stratigraphic records (charcoal layers or increased 

charcoal concentrations)? Do all fires cause a geomorphic response in the dune field 

(i.e., increased sedimentation rates)? Are these charcoal records compatible with those 

found locally and across the region from swamps and/or lakes? Finally, I consider what 

drives fire activity within the SE Queensland dune fields (i.e., changes in climate, 

vegetation, or human activity)? The outcomes of this chapter elucidates the potential of 

dune deposits as a means to develop paleoenvironmental records for areas unsuitable 

for the preservation of swamps, peats or other organic deposits. The results from this 

work directly addresses Objective 7, validates Objective 4, and offers supplementary 

support for Objectives 2, and 3. 

 

Chapter 6 revisits the research aims and objectives, and summarises the main findings 

of the thesis. In this chapter, I also highlight the implications of the work and suggest 

future research directions. 

 

1.4 Scientific contributions  
Chapters 2-5 were written initially as manuscripts. At the time of submission 

(27/06/2022), Chapter 2 has been published in Journal of Maps, Chapter 3 has been published 

in Earth and Planetary Science Letters, and Chapter 4 has been published in Earth Surface 

Processes and Landforms. Chapter 5 will be submitted to Quaternary Research shortly after 

submission of this thesis. Chapters 2-4’s original publications can be found in supplementary 

information Appendices A.6. The fieldwork and analysis carried out during the thesis 

contributed to four other peer-reviewed publications where I was not the lead author. The 

content of this body of work is not included in the thesis but was vital in my understanding in 
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the evolution of the dune fields as a whole. Additionally, findings for all chapters were 

presented at conferences as posters and/or oral presentations. Below I provide a complete list 

of published journal articles and conference presentations: 

 

1.4.1 Peer-reviewed journal articles 

Patton, N. R., Shulmeister, J., Rittenour, T., Ellerton, D., Almond, P., & Santini, T. 

(2022b). Using calibrated surface roughness dating to estimate coastal dune ages at 

K’gari (Fraser Island) and the Cooloola Sand Mass, Australia. Earth Surface Processes 

and Landforms. https://doi.org/10.1002/esp.5387  

 

Patton, N. R., Shulmeister, J., Ellerton, D., & Seropian, G. (2022a). Measuring 

landscape evolution from inception to maturity: insights from a coastal dune system. 

Earth and Planetary Science Letters, 584, 17448. 

https://doi.org/10.1016/j.epsl.2022.117448 

 

Patton, N. R., Ellerton, D., & Shulmeister, J. (2019a). High-resolution remapping of 

the coastal dune fields of southeast Queensland, Australia: a morphometric approach. 

Journal of Maps, 15(2), 578-589. https://doi.org/10.1080/17445647.2019.1642246 

 

Not included as part of this thesis: 

 

Ellerton, D., Rittenour, T., Shulmeister, J., Roberts, A.P., Miot da Silva, G., Gontz, A., 

Hesp, P., Moss, P., Patton, N. R., Santini, T., Welsh, K., & Zhao, X. (In Press – Nature 

Geoscience) Middle Pleistocene sea-level change linked to the formation of Fraser 

Island and initiation of the Great Barrier Reef. 

 

Köhler, M., Shulmeister, J., Patton, N. R., Rittenour, T. M., McSweeney, S., Ellerton, 

Daniel T. Ellerton, Justin C. Stout, & Hüneke, H. (2021). Holocene evolution of a 

barrier-spit complex and the interaction of tidal and wave processes, Inskip Peninsula, 

SE Queensland, Australia. The Holocene, 09596836211019092. 

http://dx.doi.org/10.1177/09596836211019092  

 

https://doi.org/10.1002/esp.5387
https://doi.org/10.1016/j.epsl.2022.117448
https://doi.org/10.1080/17445647.2019.1642246
http://dx.doi.org/10.1177/09596836211019092
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Gontz, A., McCallum, A., Ellerton, D., Patton, N. R., & Shulmeister, J. (2020). The 

Teewah Transect: GPR-Derived Insights into the Younger Dune Morphosequences on 

the Great Sandy Coast, Queensland, Australia. Journal of Coastal Research, 95(SI), 

500-504. https://doi.org/10.2112/SI95-097.1 

  

Ellerton, D., Rittenour, T., Shulmeister, J., Gontz, A., Welsh, K. J., & Patton, N. R. 

(2020). An 800 kyr record of dune emplacement in relationship to high sea level 

forcing, Cooloola Sand Mass, Queensland, Australia. Geomorphology, 354, 106999. 

https://doi.org/10.1016/j.geomorph.2019.106999  

 

1.4.2 Conferences presentations 

Patton, N. R. Utilising meteoric 10Be to define the mobile-stable regolith boundary 

within unconsolidated sediment. (2021) 15th International Conference on Accelerator 

Mass Spectrometry (AMS-15). (Oral Presentation). 

 

Patton, N. R. Using surface roughness to determine ages of coastal dunes at K'gari 

(Fraser Island) and the Cooloola Sand Mass, Australia. (2021)  Australasian Quaternary 

Association (AQUA) Pop-Up E Conference. (Oral Presentation). [Awarded ‘Best 

Conference Presentation’] 

 

Patton, N. R. Measuring landscape evolution from inception to senescence; an example 

from the Cooloola Sand Mass, Australia. (2020) Geoscience Society of New Zealand 

(GSNZ) Annual Conference. Christchurch, NZ (Oral Presentation). 

 

Patton, N. R. Systematic relaxation of geomorphic features: Application on the 

southeast Queensland dune fields, Australia. (2019) American Geophysical Union. San 

Francisco, CA, USA (Poster Presentation). 

 

Patton, N. R. Landscape evolution of the southeast Queensland dune field, Australia. 

(2019) Australia's Nuclear Science and Technology Organization (ANSTO). Sydney, 

New South Wales, AUS (Oral Presentation). 

 

https://doi.org/10.2112/SI95-097.1
https://doi.org/10.1016/j.geomorph.2019.106999
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Patton, N. R. Evaluating steady-state topography in the Cooloola Sand Mass, Australia. 

(2019)  University of Utah Luminescence Laboratory. Logan, UT, USA. (Oral 

Presentation). 

 

Patton, N. R. Creeping towards a steady-state topography: landscape evolution of the 

Cooloola Sand Mass, QLD. (2019) The Australian and New Zealand Geomorphology 

Group (ANZGG). Inverloch, VIC, AUS. (Poster Presentation). 

 

Patton, N. R. Creeping towards a steady-state topography: landscape evolution of the 

Cooloola Sand Mass, QLD. The Australian and New Zealand Geomorphology Group 

(ANZGG). (2019)  Inverloch, VIC, AUS. (Oral Presentation). 

 

Patton, N. R. Remapping the coastal dunefields of South-east Queensland: a 

morphometric approach. (2018) University of Queensland. St. Lucia, QLD, AUS. (Oral 

Presentation in school seminar series). 

 

Patton, N. R. Predicting soil thickness and its potential applications in Quaternary 

science. (2018) University of Nottingham. Beeston, UK. (Oral Presentation in 

departmental seminar series). 
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Chapter 2. 
High-resolution remapping of the coastal dune fields of 

southeast Queensland, Australia: a morphometric approach 
 

 
This chapter has been modified from the original manuscript published in Journal of Maps 

 

Patton, N. R., Ellerton, D., & Shulmeister, J. (2019). High-resolution remapping of the coastal dune fields of 

southeast Queensland, Australia: a morphometric approach. Journal of Maps, 15(2), 578-589. 

https://doi.org/10.1080/17445647.2019.1642246 

 

 

Preface: This chapter is a mapping project aimed to update the morphological mapping of the 

SE Queensland dune fields, Australia. In this chapter, I developed a semi-objective mapping 

technique on the CSM that uses topographic expression and geomorphic relationships from 

high-resolution elevation data to group dunes in ‘morphosequence units’. The technique was 

then applied to K’gari (Fraser Island), Minjerribah (North Stradbroke Island), and Mulgumpin 

(Moreton Island). I provide a qualitative validation of the mapping results using soil 

development and vegetation type maps, along with a direct comparison with the previous 

mapping efforts by Ward (2006). Lastly, I compare the geomorphic and topographic 

characteristics for every morphosequence unit on each dune field. The results of Chapter 2 

provides the general observations that morphosequence units systematically decreases with 

time (based on the principle of superposition) and is the inspiration/foundation for both Chapter 

3 and Chapter 4. 

https://doi.org/10.1080/17445647.2019.1642246
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N. R. Patton1, D. Ellerton1 and J. Shulmeister1 
 
1School of Earth and Environmental Sciences, University of Queensland, St Lucia, Australia 
 

Abstract 
The sand islands and shore-attached dune fields of southeast (SE) Queensland form the 

world’s oldest and largest coastal sand dune system. Here I present updated morphological 

maps for the dune fields based on topographic expression and geomorphic relationships. Dunes 

were delineated using high-resolution elevation data and were grouped into morphosequences 

based on the elevation, drainage patterns and slope characteristics. The slope characteristics 

focussed on high resolution derived slope-curvature and slope-elevation parameters. 

Morphosequences were recognised from cross-cutting relationships and relative position in the 

dune field. The method was developed for the Cooloola Sand Mass (CSM) and then applied to 

K’gari (Fraser Island), Mulgumpin (Moreton Island), and Minjerribah (North Stradbroke 

Island), the other major sand islands in SE Queensland. In total, five Holocene and four 

Pleistocene units have been identified. The new mapping underpins current work on the 

geomorphic evolution of the dune fields. 

 

2.1 Introduction 
The dune fields of SE Queensland comprise of one of the largest coastal sand dune 

systems in the world, incorporating Minjerribah (North Stradbroke Island), Mulgumpin 

(Moreton Island), Bribie and K’gari (Fraser Island) and the shore-attached Cooloola Sand Mass 

(CSM) (Miot da Silva and Shulmeister, 2016; Ward, 2006). They include the world’s largest 

sand island (K’gari – 1820 km2) and are associated with the longest downdrift sand 

accumulation system in the world (Figure 2.1). The net northward longshore sand transport is 

approximately 500,000 m3 yr-1, with the sand sourced from the rivers of central New South 

Wales more than 1000 km south of K’gari (Boyd et al., 2008; Roy and Thom, 1981). The dune 

fields, especially the CSM, have been the target of much research, primarily on the soils and 

biota. The giant podzols of the CSM are regarded as some of the thickest and most developed 

soils in the world (Thompson, 1981; 1983). The dune fields have been previously mapped by 

Ward (2006) who produced a map of all the major dune sequences. His maps were based on 

aerial photographs and extensive field-mapping. More recently, the dune fields have become 

the focus of renewed geochronological (e.g., Brooke et al., 2015; Walker et al., 2018) and 
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paleoenvironmental investigations (e.g., Petherick et al., 2008; Levin, 2011; Barr et al., 2013; 

Moss et al., 2013; Chang et al., 2015; Levin et al., 2017; Cadd et al., 2018). Previous 

investigations of the SE Queensland dune fields have defined dune building phases by the soil 

landscapes (Thompson, 1981; Chen et al., 2015), the periods of active deposition (Tejan-Kella 

et al., 1990) and morpho-stratigraphic relationships (Ward, 2006). Here, I use geomorphic 

properties along with these previously used characteristics to describe, identify and map the 

dune morphosequences of coastal SE Queensland. This chapter has taken advantage of the 

improved remotely sensed imagery that is now available for the entire dune fields, most notably 

complete LiDAR coverage which has permitted a significant refinement of the previous 

mapping. 

Remote sensing has long been an invaluable tool for studying dune fields and has 

provided researchers with the means to map the global distribution of dune fields (McKee, 

1979), study the interaction between sediment supply and wind direction (Wasson and Hyde, 

1983; Roskin et al., 2013) and quantify dune morphodynamics (e.g., Ewing and Kocurek, 2010; 

Hugenholtz and Barchyn, 2010). More recently, LiDAR enables data resolutions down to sub-

metre scales and permits the recognition of smaller scale geomorphic features. In the case of 

sand dunes, it facilitates the recognition of ripples and other small-scale structures on dune 

surfaces and can be used to track their gradual disappearance with increasing age. I took 

advantage of such features to examine surface roughness patterns to aid in the individual dune 

mapping at a much finer scale than was previously possible. This enabled us to distinguish 

areas of similar geomorphic characteristics within the dune field at a finer scale, thereby 

enabling me to distinguish late-Holocene units that appear identical on gross morphology. The 

technique presented in this chapter provides the foundation for future work to map and quantify 

phases of dune activity within stable dune fields as well as investigate how dune landscapes 

evolve through time. 
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Figure 2.1: (a) Study site location map of the SE Queensland dune fields with the eastern 
Australian longshore drift system and major rivers along the coast. Satellite images of (b) 
K’gari, (c) CSM, (d) Mulgumpin, (e) and Minjerribah. 
 

2.2 Study site 
The sand islands of SE Queensland form an extensive series of coastal sand dune fields 

that include Moorgumpin and Minjerribah to the south and the Great Sandy Region to the north 

which comprises of the CSM (presently attached to the mainland) and K’gari (Figure 2.1). 

Minjerribah, situated offshore of Brisbane at ∼27.4°S forms the southern extent of these dune 

systems while K’gari forms the northern extent at ∼25.5°S. The dune fields are large, with the 

CSM, Moorgumpin and Minjerribah reaching lengths of approximately 40 km and widths of 

approximately 12 km. K’gari is significantly larger with a length of approximately 120 km and 

an average width of 24 km. The total land area of the dune fields is ∼2350 km2 and elevation 

ranges up to 285 m.a.s.l. 

The entire region has a humid subtropical climate (Kδppen classification Cfa) with 

warm, wet summers and mild and dry winters (Peel et al., 2007). Mean annual precipitation 
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varies from ∼1200 to ∼1700 mm. February and March are the wettest months. South easterly 

winds persist year round with a more southerly component during the winter months and north-

easterly winds occur during the spring (BOM, 2017).  

The dune fields are notable for containing the world’s largest area of rainforest on tall 

sand dunes (K’gari) (Gontz et al., 2015; Wardell-Johnson et al., 2015). Vegetation along the 

coastal eastern margin of the dune fields comprises of coastal shrubland and grasses that can 

tolerate strong winds and salty conditions. Moving inland, low open woodland gives way to 

tall open and closed forest with notophyllous vine forest in the swale areas. Along the western 

flanks of the dune fields, vegetation is dominated by open shrubland and heath communities 

(Longmore, 1997; Longmore and Heijnis, 1999; Donders et al., 2006; Gontz et al., 2015).  

The dune fields are composed predominantly of stable parabolic dunes with localised 

blowouts and several small active transgressive dune sheets. The sediments of the dune fields 

are homogenous, well sorted and rounded siliceous sands derived from granites and Mesozoic 

metasediments from the tablelands of eastern New South Wales (Roy and Thom, 1981; 

Thompson, 1981; Pye, 1983). Bedrock exposures are limited to small rocky outcrops that 

mostly make up headlands at the northern ends of the dune fields. All of the dune field deposits 

have formed over successive phases of dune emplacement that have occurred since at least the 

mid-Pleistocene (Thompson, 1981; Pye, 1983; Ward, 2006). The dune emplacements have 

formed a series of onlapping dune units that increase in age moving away from the present 

coastline. Ward (2006) recognised nine periods of dune building based on soil development 

and morphological characteristics. More recently, Walker et al. (2018) identified 10 units at 

the CSM and used single grain optically stimulated luminescence (OSL) dating to identify 

periods of activity. They found that the oldest units at CSM date to ca. 725 ka, confirming 

earlier work by Tejan-Kella et al. (1990) and they also observed that dune emplacement has 

continued episodically.  

Soil development across the dune fields ranges from weakly developed podzols to well-

developed giant humus podzols that are primarily composed of siliceous sands with <2% heavy 

minerals, including zircon, rutile and ilmenite (Thompson, 1983). This composition reflects the 

sand delivered to the coast by the longshore drift system along the east Australian Coast. 

Marine derived sands extend to tens of meters below modern sea level (Ball, 1924). Mean grain 

size ranges between 180 and 210 μm and have high porosity at >600 mm h−1 (Thompson and 

Moore, 1984; Reeve et al., 1985). Marked increases in soil development occur across the dune 

sequences with thick E- (A2) and B-horizons developed in older dunes located further inland 

(Thompson, 1981). Thompson (1981) suggested that there is little indication of large climatic, 
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biotic, or lithological shifts within the dune field as indicated by the consistent shape of the 

dunes and the lack of deviation from podzol soil-forming trends. 

 

2.3 Materials and methods 
2.3.1 Mapping assumptions and workflow 

Here I assume that all the SE Queensland coastal dune fields are part of the same 

depositional system and experience a similar formation and evolutionary history (Thompson, 

1983; Ward, 2006). All changes in the character of the morphosequences are time dependent 

such that younger dunes will experience similar perturbations as older dunes, with the length 

of time since emplacement controlling the overall degree of erosion. This results in a unique 

erosional and depositional history for each dune morphosequence unit. In addition, I propose 

that each dune is systematically smoothing towards a morphological static state after its 

emplacement; that is, topography becomes increasingly uniform or ‘smoother’ with time 

(Montgomery, 2001; Bonetti and Porporato, 2017). Based on these assumptions I use changes 

in dune morphological characteristics supported by dune ancillary characteristics to map the 

dune fields (Figure 2.2). The CSM was the optimal location to establish this method because it 

contains the most complete dune sequence (Lees, 2006), the most ancillary (e.g., soil, 

chronology) information and has experienced little human disturbance. 

 

2.3.2 Dune delineation 

I utilise high-resolution elevation data, satellite imagery, and historical aerial 

photographs to identify individual dunes. Principally, I used a 5 m digital elevation model 

(DEM) derived from Light Detection and Ranging (LiDAR) and 1:5000 digital orthophoto 

imagery data. Elevation datasets for all areas of interest were obtained from the Digital 

Elevation Model (DEM) 5 m Grid of Australia created by merging 236 datasets collected 

between 2001 and 2015. Accuracy of elevation data met the Australian ICSM LiDAR 

Acquisition Specifications with the vertical and horizontal data having an accuracy of no worse 

than ±0.30 m and ±0.80 m (95% confidence), respectively.  

Orthophoto imagery was acquired through Queensland Globe (QGlobe), with a pixel 

resolution of 0.25 m and an accuracy of ± 1.0 m. In addition, historical aerial photographs were 

obtained through Queensland Imagery (QImagery) to determine any recent anthropogenic 
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disturbances that may have altered the original topography, such as mining or logging, and 

provide locations and characteristics of previously visible dunes.  

Where little to no anthropogenic disturbances occurred in the landscape, I identified 

individual dunes through large dune morphological features (>10 m2) such as crests, trailing 

arms, and the slip face of the depositional lobes. An example of this process is provided in 

Figure 2.3. In ArcGIS 10.6 (ESRI, Redlands, CA) I delineated each dune at the base of their 

ridges and crests utilising elevation and slope rasters. For all points, slope was calculated using 

change in elevation in downhill direction which is presented here as degree slope. Curvature 

was obtained by the rate of change in slope, at a fixed position in all directions and multiplied 

by −100 to remove the negative curvature convention (i.e., Patton et al., 2018). 

 

 
Figure 2.2: Schematic flow chart of the mapping and validation procedures for dune 
morphosequence delineation. 
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2.3.3 Dune morphosequence delineation and supporting evidence 

Following dune delineation, I categorised dunes into separate morphosequences 

utilising crosscutting and geomorphic relationships. The CSM forms a classic onlapping dune 

sequence where dune units become increasingly older from the coast (east) moving inland 

(west) (Lees, 2006; Walker et al., 2018). In coastal dune fields, onlapping relationships allow 

us to determine the relative age sequence of the dune emplacements as younger dunes are 

superimposed on older units. To exemplify this, I measured the shortest mean distance from 

the furthest inland dune crest to the coast and the mean elevations for each morphosequence. 

Where cross-cutting geomorphic relationships are not easily determined due to 

landscape complexity, I utilise small (<10 m) internal dune features to help delineate each 

morphosequence by using the topographic expression to ‘fingerprint’ each dune emplacement 

phase. The surface characteristics of the landscape can be defined by the relative surface 

texture, drainage patterns and landform elements present. The topographic fingerprint is best 

observed by combining and manipulating elevation, slope and curvature rasters. This was 

achieved by overlaying a 70% transparent slope raster with a white to black (low to high) 

gradient on an elevation raster with a continuous brightness colour ramp (Figure 2.4). Similar 

to elevation, I combined a transparent slope raster on a curvature raster with a diverging colour 

ramp. Due to the normal distribution of curvature around planar surfaces (0 m−1) a diverging 

colour ramp utilising quantile bins, is best suited to emphasise changes from convergent 

(hollows and valleys) to divergent (ridges and noses) topography (Figure 2.4). In combination, 

both rasters act as visual aids to identify the unique fingerprint of each depositional phase. 
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Figure 2.3: Visual sequence of dune delineation example on Minjerribah (North Stradbroke 
Island) using (a) elevation and (b) slope DEMs, (c) satellite imagery, and (d) historical air 
photos. Note areas that are human disturbed (mining and road construction). 
 

This approach allows a simple visual comparison between each individual dune, 

permitting them to be delineated into separate morphosequence units; however, some 

discrepancies may still occur. Where internal dune features are limited or difficult to interpret 

due to depositional complexity, changes in base level or proximity to higher energy 

environments (such as Tin Can Bay, Noosa River or the Coral Sea) (see Figure 2.1) I used the 
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available soil (Thompson, 1983), vegetation (Queensland Herbarium) and drainage direction 

data to complement and support my interpretations. Soil information helps provide a relative 

age sequence of the dunes based on the increasing degree of pedogenesis with time (Chen et 

al., 2015). Field data was also used to confirm the onlapping relationships of each dune 

morphosequence. 

I have opted to use the naming convention of Ward (2006) for the dune 

morphosequences. I use this convention rather than the numerical convention employed by 

Thompson (1981) and Walker et al. (2018), as using a number based system can lead to issues 

if a new unit is identified or an existing unit is eliminated, as happened in the new mapping. 

 

 
Figure 2.4: Workflow to produce mapping rasters. This figure demonstrates the methodology 
used to generate the topographic expressions as seen in the slope-elevation and slope-curvature 
layers. In each case a slope raster was superimposed at a 70% transparency on the elevation 
and curvature layers to generate the topographic expression. These topographic expressions 
were then applied to discriminate between morphosequence units. 
 

2.3.4 Mapping validation and supporting evidence  

To validate my approach for delineating dune morphosequence units, I focus on the 

CSM. Validation was achieved by cross-referencing each dune morphosequence with available 

unpublished chronological data and Walker et al. (2018). This was done to confirm the age 

relationships of each morphosequence using the weighted mean of the OSL ages. Each unit 
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was plotted as the explanatory variable against mean distance from coast, mean elevation and 

extracted topographic indices. The topographic indices for each dune morphosequence were 

determined from ArcGIS zonal statistics as the mean and standard deviation of slope and the 

standard deviation of curvature. To eliminate any discrepancies that may have altered the 

original topographic expression, portions of the landscape such as anthropogenic disturbances 

(e.g. roads), rock outcrops, and free-standing water were identified and removed from the 

analyses, along with an additional 10 m buffer. 

 

 

Figure 2.5: The CSM morphosequence units and their validation. (a) Derived slope-curvature 
raster. (b) Final morphosequence map of the CSM. (c) Digitised version of Ward’s (2006) map. 
Note the strong similarity between panels b and c. In my final map I have added an extra 
Holocene unit (Freshwater) but eliminated a Pleistocene unit of Ward (2006) (Garawongera). 
(d) Examples of slope-curvature, slope elevation and satellite images for each of the 
morphosequences. The heavy black line separating Triangle Cliff from Bowarrady marks the 
boundary between the Holocene and Pleistocene morphosequence units. Note that the dune 
units become more diffuse and less well defined with increasing age. The units from the CSM 
were then applied to the sand islands. 
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A complementary assessment of my mapping efforts involved a comparison to the 

traditional, independently derived geomorphological map by Ward (2006). His study primarily 

used aerial imagery, soil data and field observations to map the CSM and extrapolated his 

findings across the remaining SE Queensland dune fields. I evaluated and compared each 

matching morphosequence unit between the studies. I acknowledge that this is by no means a 

true validation; however, comparisons of each map provide novel insight into the two 

techniques. To achieve this, Ward’s map was digitised in the ArcGIS georeferencing tool and 

I report the percent similarity of matching dune morphosequences. 

 

2.3.5 Mapping extrapolation 

I extrapolated my approach to the adjacent dune fields. In all dune fields, I delineated 

dunes and then grouped into the appropriate morphosequences based on the same topographic 

expression and geomorphic relationships seen at the CSM.  
 

2.4 Results 
2.4.1 CSM morphosequence unit delineation and validation 

I recognise nine dune morphosequence units at the CSM composed of five Holocene 

(Modern, Cape, Station Hill, Freshwater and Triangle Cliff) and four Pleistocene units 

(Bowarrady, Yankee Jack, Awinya and Cooloola) see main map (Figures 2.5, Figure 2.6, and 

Supplementary Figure A.2.1). This chapter recognises an additional Holocene unit that was not 

mapped by Ward (2006), which I have named Freshwater. I have also removed one of Ward’s 

Pleistocene units, Garawongera, which was not found in this study. Holocene 

morphosequences are characterised by decreases in crest sharpness and surface roughness, 

increases in podzolization, elevation, and distance to coast with increasing age. They display 

little to no stream incision. Pleistocene units exhibit similar trends but all show evidence of 

increasing fluvial incision and decreasing crest elevation with age (Table 2.1). 
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Table 2.1: Summary of CSM morphosequence units including mean age, surface characteristics, percent land cover, mean distance from the coast, 
mean elevation, mean slope, standard deviation of slope and standard deviation of curvature. All data was extracted using ArcGIS 10.6 (ESRI, 
Redlands, CA) zonal statistics tools. For more information on mean age and soil characteristic refer to Ellerton et al. (2018), Thompson (1981) 
and Walker et al. (2018). 

        
Topographic Indices 

Dune Unit Mean age 
(ka) Surface characteristics Soil 

characteristics 
Land 

area (%) 
Mean distance 

from coast (km) 
Mean 

elevation (m) 
Mean 

slope (%) 
St. Dev 

slope (%) 

St. Dev 
curvature 

(m-1) 
Modern < 0 .4 Bare, presently active sand No podzolization 0.46 2.30 107 16.4 12.3 0.0232 

Cape 0.4 ± 0.04 Sharp crested, parabolics that 
have been recently stabilised No podzolization 4.30 0.78 73.6 28.3 14.0 0.0490 

Station Hill 0.8 ± 0.1 Elongate, sharp crested 
parabolics Incipient  podzol 5.77 0.78 80.9 22.6 12.4 0.0262 

Freshwater 4.1 ± 0.24 Elongate, sharp crested 
parabolics. Podzol 5.22 1.12 93.1 20.9 11.7 0.0191 

Triangle 7.8 ± 0.26 
Elongate, U-shaped parabolics. 
Large sand ripples within dune 
interior 

Podzol 12.73 2.48 119 14.1 10.5 0.0128 

Bowarrady 7.8 ± 132 

Prominent dune relief with 
incised channels. Dune apex and 
ridges have been truncated. 
Found blocking major Yankee 
Jack channels. 

Giant Podzol 1.66 3.10 158 13.3 7.89 0.0074 

Yankee Jack 132 ± 3.9 
Prominent dune relief with large 
incised channels. Dune apex and 
ridges have been truncated 

Giant Podzol 30.42 3.23 132 17.2 9.51 0.0098 

Awinya 648 ± 30.2 

Subdued dune relief with 
significant incision and complex 
drainage patterns. Very little 
original dune morphology 

Giant Podzol 17.64 5.81 89.2 16.7 8.32 0.0094 

Cooloola >648 Very subdued dune relief with 
no original dune morphology Giant Podzol 21.79 8.33 6.61 6.61 4.62 0.0091 
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My results are consistent with the independent chronology of the CSM dune field based 

on OSL ages from both Walker et al., (2018) and my unpublished dataset. The weighted mean 

and standard error age for Cape, Station Hill, Freshwater, Triangle Cliff, Yankee Jack and 

Awinya units are ca. 0.4 ± 0.04 ka, 0.8 ± 0.1 ka, 4.1 ± 0.24 ka, 7.8 ± 0.26 ka, 132 ± 3.9 ka, 648 

± 32 ka, respectively. It should be noted here that OSL dates the last time sand grains were 

exposed to sunlight and these ages likely reflect the final phase of dune development rather 

than the time the dune was first initiated. It is likely that the time of initiation predates these 

ages. The Modern dunes are dunes that are currently active or were visibly active in historical 

imagery as shown by bare earth (lacking vegetation). The lack of original dune morphology 

suggests that the Cooloola unit has been extensively reworked, but is older than the Awinya 

unit (ca. >650 ka). The Bowarrady unit is recognised in my mapping but no age control is 

available for this dune morphosequence. Based on its morphostratigraphic position, 

emplacement occurred between the Yankee Jack and Triangle Cliff units and based on its 

morphology, the unit is clearly Pleistocene, as suggested by Ward (2006). 

I observe that 90.3% and 97.8% similarity of my Holocene and Pleistocene mapped 

units, respectively, when compared to the Holocene and Pleistocene boundaries of the original 

mapping by Ward (2006). Direct comparisons of each morphosequence are complicated by the 

change in the number of units but I observe 5.3% Modern, 57.6% Cape, 21.4% Station Hill, 

66.0% Triangle Cliff, 0% Bowarrady, 71.2% Yankee Jack, 70.7% Awinya, and 98.2% 

Cooloola congruence between my study and Ward’s (2006). The new mapping of the CSM 

dune field agrees well with the chronology of the dune systems and is largely consistent with 

past mapping efforts, but provides increased resolution, especially in the Holocene dune units. 
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Figure 2.6: Mapped morphosequence units and geomorphic characteristics. Final 
morphosequence maps for (a) K’gari, (b) the CSM, (c) Mulgumpin, and (d) Minjerribah dune 
fields. Note, dune fields are not to same scale. Panel e contains six graphs showing (i) percent 
land area for each unit; (ii) mean distance from coast, (iii) mean elevation, (iv) mean slope; (v) 
standard deviation of slope; (vi) standard deviation of curvature. The black line represents the 
mean values for all dune fields. Note that in all dune fields the parameters follow the same 
trends. Also note that for geomorphic characteristics there is a general progression from 
youngest to oldest morphosequences. 
 

2.4.2 Mapping extrapolation 

Like Ward (2006), I extrapolated my morphosequence units across the SE Queensland 

dune fields. When plotting the topographic indices and geomorphic characteristics against each 

morphosequence unit, I observe similar landscape relationships between all study sites (Figure 

2.6). The CSM contains all of the morphosequences recognised at other dune fields while none 

of the other dune fields contain the whole sequence. This confirms that the CSM is the most 

complete dune field sequence in SE Queensland and reinforces the need for conservation of 

this dune field. 
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2.5 Discussion 
2.5.1 Geomorphic evolution - foundation of this approach 

My mapping is based on the fundamental concept that all landforms are evolving 

towards their local base-level. This assumption can be problematic in dune fields as dunes can 

be easily reworked following a perturbation (Hugenholtz and Wolfe, 2005; Tsoar, 2005), 

especially in coastal environments (Hesp, 2002). The coastal dunes of SE Queensland show 

evidence of long term stability despite the deep podzolization, extensive incision and great 

antiquity of the Pleistocene units (Tejan-Kella et al., 1990: Lees, 2006; Walker et al., 2018). 

Following the earliest dune building events, subsequent phases of activation have not fully 

overrun and reworked previous deposits due to the high elevation and steep slopes of the 

antecedent topography. It is very likely that there have been periods of reworking (Walker et 

al., 2018); however, I argue that this has been more local and has not lead to the complete 

destruction of previous units. The patterns that I observed from the morphometric analyses at 

the CSM, indicates that these assumptions are reasonable and that, especially in the Holocene 

dune sequences, the approach allows us a better discrimination of dune units than was 

previously possible (Figure 2.5). Consistent with the CSM, I observe the same topographic 

patterns across the SE Queensland dune fields, indicating that my assumptions are reasonable 

and that all the dune fields are part of the same depositional system (Figure 2.6).  

The previous mapping effort by Ward (2006) successfully delineated dune units based 

on cross-cutting relationships and large-scale features. This can be seen in the similarity of the 

Holocene and Pleistocene boundaries in both studies (Figure 2.5b and c). Where dune units are 

separated by a significant gap in time (e.g. Awinya and Yankee Jack) he was also able to 

accurately distinguish between the units. However, limitations with his map occurred in areas 

with complex terrain, dense vegetation cover, and/or where dune units were very similar in 

age. Where these conditions occurred his maps became less reliable. My approach helps to 

improve and update the geomorphic mapping. For example, along the north eastern boundary 

of the CSM where significant dune onlapping and dense vegetation occurs, Ward (2006) 

mapped the entire area as Cape and Station Hill, whereas I were able to individually delineate 

all Holocene morphosequences in this area.  

With respect to limitations of this work, the main constraints are around the manual 

nature of dune delineation which makes the procedure quite time-consuming. There are specific 

challenges in areas of complex topography because the mapping requires the operator to 

identify individual dunes. In areas of heavy drainage dissection or complex dune interactions, 
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this may not always be accurate and depends on the familiarity of the operator with the dune 

forms. Only a few small areas of the dune field are affected by this phenomenon.  

In order to apply this method to other systems, high-resolution elevation data are needed 

along with an understanding of the processes dominating the landscape. How changes to base 

level, climate and antecedent topography have influenced the depositional and erosional history 

is important to understand the patterns observed. An example of this is the role of pre-existing 

topography on dune unit extent. In areas where high dunes are preserved (e.g. the CSM) 

younger dune units are compressed, as they need energy to migrate up and over the older 

systems. In contrast, in north-central K’gari, early-Holocene dunes propagated onto a lower 

topography and succeeded in migrating many kilometers to the west. 

 

2.6 Conclusion 
Here I have presented a novel method to interpret and delineate dune morphosequence 

units across the coastal dune fields of SE Queensland, Australia based on work from the 

Cooloola Sand Mass (CSM). This study combined traditional approaches with the assumption 

that landscapes are systematically smoothing through time. I used two primary parameters to 

undertake this work, topographic expression and geomorphic relationships to define the 

morphosequences. The mapped units were validated using chronology, topographic indices and 

field observations. Using these parameters I have been able to successfully sub-divide the 

dunes into five Holocene and four Pleistocene units. 

The mapping approach presented in this chapter has advantages over visual mapping of 

the dune morphosequences in that it is semi-objective and could be automated. Based on my 

analyses, it is likely to be more robust than traditional mapping. Future coastal dune field 

studies can use the techniques I provide here as a first-order approach to delineate landforms 

based on relative age. In addition, I was able to extrapolate with confidence across the entire 

SE Queensland dune fields into areas with little to no previous chronological information. The 

mapping will help underpin ongoing paleoclimate and geomorphological research in the SE 

Queensland dune fields. 
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Chapter 3. 
Measuring landscape evolution from inception to maturity: 

insights from a coastal dune system 
 

 
This chapter has been modified from the original manuscript published in Earth & Planetary Science Letters 

 

Patton, N. R., Shulmeister, J., Ellerton, D., & Seropian G. (2022a). Measuring landscape evolution from inception 

to maturity: insights from a coastal dune system. Earth & Planetary Science Letters, 584, 17448 

https://doi.org/10.1016/j.epsl.2022.117448 

 

 

Preface: This chapter explores the observations of Chapter 2 that the average morphosequence 

unit’s topography become increasingly smooth with time but on the individual dune scale. In 

this chapter, I first provide evidence that the Holocene sections of the SE Queensland dune 

field is ideal natural laboratory to evaluate landscape evolution. I demonstrate that dune 

topographic evolution within the CSM can be numerically explain through hillslope sediment 

transport theory and these findings are validated through field observations and forward 

numerical models. This chapter explores the conditions and mechanisms that control both style 

and rate of landscape change. Critically, the results of Chapter 3 provides the theoretical 

framework for the surface roughness-age relationship used in Chapter 4 and the rationale for 

evaluating fire frequency in Chapter 5. 
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Abstract 
The concept of the geomorphic cycle is a foundational principle in geology and 

geomorphology, but the topographic evolution of a single landscape from inception to maturity 

has been difficult to demonstrate in nature. The onlapping dunes of the Cooloola Sand Mass 

(CSM) in eastern Australia provide an ideal chronosequence to evaluate landscape evolution. 

Here commonly assumed properties on which landscape models are based (i.e., conservation 

of mass and major factors contributing to landscape change) can be physically measured and 

accounted for. My field based measurements and forward numerical models demonstrate that 

dunes, like other landscapes, relax in an exponential manner. The emplaced dunes evolve 

through an initial phase of rapid topographic adjustment associated with the dominance of 

episodic sediment transport. This phase continues for ca. 1 ka until hillslope gradients are 

lowered below their angle of repose (0.65 m m-1 or 33°). Once sufficiently lowered, the dunes 

evolve through slow, continuous sediment transport. These findings of dual transport regimes 

are validated by stratigraphic records at all excavated dune foot-slopes and I propose that this 

evolution can be measured by the distribution of curvature (C) of a landform, specifically its 

standard deviation (σC), as a measure of surface roughness. Surface roughness smooths with 

time through diffusional sediment transport that lowers local relief. The value and its rate of 

smoothing can define the stage in evolutionary development and help infer processes, which 

makes it an important morphometric tool for understanding landscapes. These observations 

highlight that under stable evolutionary conditions, the development of the landscape is 

governed by the physical properties of the dune’s parent material. In addition, my findings 

support landscape evolution inferences from numerical and physical models and the coupling 

of granular material physics with landscape change. 

 

3.1 Introduction 
The idea of the geomorphic cycle is embedded in our understanding of landscape 

evolution (Davis, 1892; Gilbert, 1909). The underpinning concept is that gravitationally driven 

transport processes and consequential erosion and deposition, relax landscapes towards their 
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base-levels while reducing mean local relief (Carson and Kirkby, 1972; Montgomery, 2001). 

However, it is difficult to measure and describe the complete process in a natural setting. This 

is due to the fact that landscape evolution typically occurs over geological time scales 

(Fernandes and Dietrich, 1997) and few systems have adequate dating control over the full 

duration of erosion to investigate the entire process; nor are many intermediate stages usually 

preserved. Nevertheless, studies utilize space-for-time substitutions for their experimental 

design (e.g., Rosenbloom and Anderson, 1994; Stolar et al., 2007; Hilley and Arrowsmith, 

2008; Fryirs et al., 2012; Micallef et al., 2014). However, tectonic, lithologic, biologic and 

climatic forcings that contribute to landscape change are rarely uniform in time and space and 

cannot be accurately constrained nor can critical assumptions be verified (McKean et al., 1993; 

Whipple, 2001). 

As highlighted by reviews across the geosciences (e.g., Tucker and Hancock, 2010; 

Minasny et al., 2015; Pawlik and Šamonil, 2018; Jerolmack and Daniels, 2019; Richter et al., 

2020), identifying landscapes that can facilitate the use of interdisciplinary methods is vital for 

understanding earth systems’ processes. In this chapter, I first highlight that the Cooloola Sand 

Mass (CSM) dune field in Australia provides a true time-for-space substitution to evaluate 

landscape evolution, see Figure 3.1.  Here I note that this dune field offers the closest real world 

approximation to sandbox models and the application of purely diffusional transport theory is 

appropriate (a commonly used laboratory based analogue to illustrate erosion and deposition). 

I then demonstrate this evolution is well characterised by surface roughness (σC), as defined by 

the standard deviation of curvature (C), due to curvature’s mechanistic and empirical 

relationship with landscape drivers. Lastly, I validate my inferences with sedimentological 

records and by simulating dune evolution using a two-dimensional numerical evolutionary 

model. 
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Figure 3.1: Regional and site location. (a) Satellite imagery of the SE Queensland dune fields 
in Australia, emphasising the location of the CSM. (b) Delineated Holocene dunes and their 
associated elevation at a 5 m resolution (black lines) and location of the 15 dated dunes and 4 
soil pits used in this chapter (white circles and black dots, respectively) (obtained from Walker 
et al., (2018) and Ellerton et al., (2020), see Supplementary Tables A.3.1, A.3.2, and A.3.3). 
Note, one soil pit was collected on a 2.14 ka dune that was not utilized in my topographic 
analyses (white triangle with black dot). A topographic transect aligned parallel to the dominant 
wind direction, (southeast to northwest), from juvenile to mature dunes is highlighted, see 
Figure 3.2. (c) Aerial view of an incipient parabolic dune forming along the margins of the 
Carlo Sand Blow near the township of Rainbow Beach (drone photography: 
“Wandering.the.Sky”). Note, this active dune (inception) is blown off the coast and extends 
inland through vegetation and over previously emplaced dunes creating over-steepened lee 
slopes, see Supplementary Figure A.3.1. 
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3.1.1 Study area: the world’s premier chronosequence 

The Cooloola Sand Mass (CSM) in southeast Queensland, Australia contains coastal 

dunes that extend back nearly 800 ka (Ellerton et al., 2020) (Figure 3.1). The Holocene dunes 

comprise ~30% of the total area containing >190 parabolic dunes (Chapter 2), which were 

created and evolved under similar conditions. The dunes are composed of sands derived from 

one of the world’s longest longshore drift systems (~1500 km) which has generated a nearly 

limitless supply of homogenous parent material that is >98% medium-fine quartz sand (Boyd 

et al., 2008). The CSM has been tectonically inactive during this period and experienced only 

minor eustatic/hydro-isostatic changes in local elevation (sea-level) since the Holocene sea-

level highstand (Lewis et al., 2008). In addition, the regional climate has been stable and pollen/ 

palynological proxy records indicate no major changes in vegetation types (e.g., Barr et al., 

2017; Schreuder et al., 2019). 

Consistent dune activation and emplacement mechanisms promote remarkably uniform 

morphology. Initiating near the Coral Sea coastline, dunes advance inland by the prevailing 

wind (dune inception) (Thompson, 1981). The dunes migrate through stands of tall (20-30 m 

in height) open and closed Eucalyptus forest (canopy cover of 50-80% and >80%, 

respectively). Their path inland gradually steepens, limiting their progress and permitting rapid 

colonization of vegetation on the bare hillslopes, thereby emplacing dunes and preserving older 

dunes. The buttressing of hillslopes and rapid growth of vegetation enable dunes to have over-

steepened lee slopes built near or above the sand’s unmodified angle of repose (gradient of 

0.65 m m-1 or an angle of 33°) (see Supplementary Figure A.3.1). As a result, the onlapping 

dune sequences create a landscape that increases in age while decreasing in topographic 

variability moving inland from the coast (Figure 3.2). 
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Figure 3.2: Changes in topographic variability at the CSM at a 5 m resolution. A transect 
aligned parallel to the dominant wind direction (northwest to southeast), seen in Figure 3.1b, 
indicates the transition from juvenile dunes (i) to more mature dunes (ii to vi) moving from the 
coast inland (right to left). When dunes are stabilised, they have highly variable surface 
topography. As time continues, their slope relaxes such that morphology is time independent 
and this evolution can best be described by the dune’s curvature, specifically a dune’s standard 
deviation of curvature (σC) as a measure of surface roughness, ((∂σC)/∂t 0). 
 

Dune emplacement marks the onset of topographic relaxation (juvenile through old-age 

stages). The CSM dunes evolve by the reduction of local relief with time under a limited set of 

sediment (soil) transport processes. The smooth, undissected topography reflects the absence 

of fluvial transport, which is suppressed by high soil infiltration rates (>600 mm hr-1) (Reeve 

et al., 1985). There is consequently a dominance of diffuse grain-by-grain processes. Since the 

dune sands and the soils they generate are virtually identical with regard to transportability 

(i.e., similar bulk density, grain size, and structure), the landscape is not defined and/or limited 

by development of soil horizons (pedogenesis) – a truly transport limited system. The lack of 

hillslope-scale water-driven transport and the presence of dune onlapping, limits sediment 

removal from internal basins, effectively making the Holocene dunes a closed system. As a 

result, mass is conserved within the boundaries of the CSM, such that all sediment eroded (loss 
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of elevation) is transported only through gravitational hillslope processes and can be accounted 

for in depositional locations adjacent to the dune ridges as gain of elevation (Figure 3.3). Thus, 

the CSM presents a true space-for-time substitution and illuminates the evolution of an initial 

topographic form by purely hillslope processes. The dunes retain the depositional legacy of 

those processes in inland basins, allowing process style and tempo to be inferred. Because of 

these conditions, I can apply conservation of mass equations to this landscape. 

 

 

Figure 3.3: Idealised topography, chronosequence, and hillslope processes of CSM, Australia.  
(a) The CSM dunes move inland from the coast across antecedent topography (dashed lines) 
until wind speeds decrease and dunes emplace (stabilise). With every subsequent dune 
emplacement, antecedent topography gradients increase therefore decreasing the distance 
dunes travel inland. (b) Conceptual diagram of hillslope positions and the contribution of 
erosion, deposition and flux (size of arrow). Once dunes’ hillslopes are lowered below their 
angle of repose (gradient of 0.65 m m-1 or angle of 33°), I posit that nonlinear sediment 
transport effects become negligible. Here only diffusive hillslope processes are active and all 
sediment removed from crest and ridges can be accounted for in the hollows and valleys (a 
closed system). As time progresses ridges lower and hollows fill, reducing hillslope gradients 
and the maximum and minimum curvature values. Combined I hypothesise a systematic 
decrease in erosion, deposition and flux rates with time. 
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3.1.2 Capturing landscape evolution with surface roughness 

On shallow hillslopes, soil transport is commonly described by a linear slope-dependent 

transport law where soil flux is solely gradient dependent. In this circumstance, sediment flux 

(qs) per unit width is proportional to hillslope gradient (i.e., ∇z) (Davis, 1892; Gilbert, 1909): 

𝐪𝐪𝐬𝐬 = −K𝛁𝛁𝛁𝛁,         (EQ.3.1) 

where K is the soil transport coefficient. Here erosion rates (E), can be determined by the 

divergence of qs:  

E =  ∇ ∙ 𝐪𝐪𝐬𝐬 = −K∇2z =  −KC,      (EQ.3.2) 

such that curvature (C) (∇2z, where z is elevation) is proportional to erosion rate (E) (Hurst et 

al., 2013). As a result, where only diffusive hillslope processes act, the smoothing of the 

landscape will depend on surface roughness, expressed in terms of standard deviation of C 

(σC): 

σE =  −K σ(∇2z) =  −KσC,       (EQ.3.3) 

where σC captures the spatial variability of erosion rates (σE) such that σE ∝ σC. However, when 

gradients are steep, qs responds nonlinearly to gradient (nonlinear slope-dependent transport) 

(Roering et al., 1999):   

𝐪𝐪𝐬𝐬 = −K𝛁𝛁𝛁𝛁 �1 − �|𝛁𝛁z|
SC
�
2
�
−1

,       (EQ.3.4) 

such that qs becomes infinite as a hillslope’s gradient approaches a critical gradient or threshold 

slope (SC), which is associated with the angle of repose (Roering et al., 1999). In this 

circumstance, E is no longer linearly related to C, showing instead greater sensitivity at higher 

gradients.  

Despite this apparent theoretical limitation on steeper slopes, recent studies have 

highlighted surface roughness as a promising metric to empirically measure and characterise 

landscape form. It shows consistent relationships to erosion rates and processes in landscapes 

where diffusional processes act. While evaluating catchment-wide soil thicknesses, Patton et 

al., (2018) found that across diverse sites, catchments with broad C distributions (high surface 

roughness), relate to a general increase in catchment E, soil thickness variability and sediment 

transport styles (i.e., soil creep to landslides), even when landscapes are steep and suggest 

nonlinear transport (EQ.3.1 or EQ.3.4). Moreover, it has been observed on landslide deposits, 

that changes in surface roughness can be used to define landform ages and this evolution is 

best described through nonlinear sediment transport (Booth et al., 2017; LaHusen et al., 2020). 

Combined, the results of these studies and others (e.g., Korzeniowska et al., 2018; Berti et al., 
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2013), suggest that surface roughness is an essential morphometric tool to measure and define 

a landscape’s stage of geomorphic evolution. I hypothesise surface roughness (σC) to have 

enhanced utility in the CSM where transport is purely diffusional (juvenile through old-age 

stages) because of the linear relationship between E and C, except where slopes approach the 

angle of repose, which only comprises <2% of the CSM’s total land area, see Figure 3.4.   

 

 

Figure 3.4: Conceptual diagram (summarises hypotheses and main findings) inspired by 
Montgomery (2001). The relationship between change in elevation from base level, dominant 
transport styles, and curvature (C) distributions (σC) for a dune landscape with time is shown. 
The dunes found at the CSM are initially smooth (low σC and narrow C distributions) when 
they are actively migrating across the landscape (dune inception). As the dunes begin to 
stabilise, the competition between wind advection and vegetation stabilisation, results in an 
increase in topographic variability, broadening the C distribution (greater σC) and thus 
increasing erosion rates. This positive change in σC represents a phase of landscape 
rejuvenation. Surface roughness reaches their highest values once dunes are fully stabilised 
(dune emplacement) and sediment transport is limited to hillslope processes, thus marking the 
relaxation phase (juvenile through old age stages). The lowering of crest and filling of hollows 
narrows C distribution (lower σC) thus decreasing the dune’s erosion rates. Given ample time 
in a relaxation phase, the landscape will evolve towards senescence ((∂σC)/∂t 0) where no 
local relief remains. I hypothesise that dune σC can only smooth (decrease) in the relaxation 
phase. Aerial images of the delineated dunes and the stage of their evolutionary development 
highlight these changes. Further description of dune stages can be found in Supplementary 
Tables A.3.1 and A.3.2. 
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3.2 Methods 
3.2.1 Dune selection and OSL dating overview 

I focus on the Holocene sections of the CSM, as mapped by Ward (2006) and Chapter 

2. I acquired all previously published small aliquot (Ellerton et al., 2020) and single grain 

(Walker et al., 2018) Optically Stimulated Luminescence (OSL) ages from emplaced Holocene 

dunes within the CSM (juvenile through mature dunes). Dates represent the time of dune 

emplacement and consequently the initiation of dune relaxation. I choose to select ages either 

from dune apices or along the crest of the trailing ridges to ensure primary aeolian deposition. 

If dunes have multiple ages, I preferentially select dates obtained at dune crests and from 

stratigraphically lower positions. In total, 15 dunes met my criteria and were utilised to produce 

the age-roughness relationship, see Supplementary Tables A.3.1. 

 

3.2.2 Dune delineation 

I use high-resolution elevation data, satellite imagery and a series of field campaigns to 

identify and validate my mapping efforts. Principally, I used publicly available 1 m resolution 

digital elevation model (DEM) derived from Light Detection and Ranging (LiDAR) (2011 

Queensland LiDAR data) and Orthophoto imagery (1:5000) acquired through Queensland 

Globe. Dated dunes are individually defined as polygons in ArcMAP and delineated at the base 

of crests and trailing arms. Each dune was allocated into a geomorphic stage according to 

definitions given in Supplementary Table A.3.2. A more detailed explanation of the mapping 

procedures can be found in Chapter 2. 

 

3.2.3 Foot-slope excavation and depositional characterisation 

I utilise depositional foot-slope positions from parabolic dunes ranging in age and 

surface roughness (σC) to evaluate and characterise records of sediment transport and erosion. 

Sites are selected with similar aspects and hillslope lengths (parallel to contemporary sediment 

transport direction). At each site, I identify and record depositional and erosional features 

(scarps, lobes, burrows, pits and mounds) to help infer active sediment transport styles 

(landsliding, sheetwashing, biogenic soil creep, etc.). Soil profiles (1 m by 2 m) are excavated 

to a depth >1.75 m and described using standard field protocols (i.e., grain size, sorting, 

roundness, bedding structures, Munsell color and texture). 
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3.2.4 Selection of topographic indices 

In this chapter, I have evaluated the application of common morphometric variables 

such as elevation, slope, and curvature for all delineated dunes. Ultimately curvature (C), and 

more specifically the standard deviation of curvature (σC), as a measurement of surface 

roughness was chosen for the study for four main reasons:  

1) Curvature governs the convergence and divergence of sediment transport hence 

influences water flow paths (Bogaart and Troch, 2006), nutrient redistribution (Ritchie et al., 

2007; Patton et al., 2019b), and soil characteristics (Minasny and McBratney, 2016). These 

consequently affect landscape evolution. In particular, C has been used as a surrogate for 

mobile soil (regolith) thickness (Dietrich et al., 1995; Catani et al., 2010; Patton et al., 2018) 

and in the derivation of soil production functions and erosion rates (Heimsath et al., 1997; Hurst 

et al., 2012; Gabet et al., 2021; Struble and Roering, 2021). This makes C a logical candidate 

to describe landscape evolution. 

2) C and σC normalise for antecedent topography on which dunes were emplaced and 

allow us to compare dunes of varying ages across the whole dune field. Curvature is the spatial 

rate of change of gradient from a fixed position in all directions and hence is insensitive to 

gradient biases introduced by broad-scale topography. Despite initial similarity in most 

respects, antecedent topography plays a role in controlling initial slope conditions. Dunes that 

have advanced over a flat plain have internal basins with different (lower) slopes than those 

that have advanced through previously emplaced dune sequences (Figures 3.2 and 3.3). A 

desirable feature of C is that all landforms’ curvature distributions are centered at zero (Patton 

et al., 2018), which makes it possible to make straightforward comparisons between dunes’ σC 

values. 

3) σC follows Hani et al.’s (2011) recommendations for ideal morphometric variables. 

In short, σC provides unique values that are independent of rotations or translations, 

discriminates between varying surfaces (i.e., amplitudes, frequencies, and correlations), 

describes  innate properties of the landscape surfaces, represents local (not global) 

measurements, are physically meaningful, and easy to derive. 

4) More complex methods have been used to describe topographic variability (e.g., root 

mean squared-based models, two dimensional variograms, and wavelet lifting schemes); 

however, the difference between each method’s outcome is likely insignificant and largely site 

specific, see Berti et al., (2013) for a discussion on this. 
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3.2.5 Calculation of curvature and surface roughness 

Curvature (C) was calculated using the equation derived from Zevenberger and Thorne 

(1987) and Moore et al., (1991) in ArcGIS (version 10.8.1) spatial analysis tools. This 

calculation utilises a 3 by 3 matrix around a central node (z5) (Supplementary Figure A.3.2) 

and fits a surface (z) to the surrounding nine nodes using a moving window: 

z = 𝐴𝐴𝑥𝑥2𝑦𝑦2 + 𝐵𝐵𝑥𝑥2𝑦𝑦 + 𝐶𝐶𝑥𝑥𝑦𝑦2 + 𝐷𝐷𝑥𝑥2 + 𝐸𝐸𝑦𝑦2 + 𝐹𝐹𝑥𝑥𝑦𝑦 + 𝐺𝐺𝑥𝑥 + 𝐻𝐻𝑦𝑦 + 𝐼𝐼,    (EQ.3.5) 

where the nine coefficients (A through I) are: 

A = [(𝑧𝑧1 + 𝑧𝑧3 + 𝑧𝑧7 + 𝑧𝑧9) ÷ 4− (𝑧𝑧2 + 𝑧𝑧4 + 𝑧𝑧6 + 𝑧𝑧8) ÷ 2 + 𝑧𝑧5] ÷ 𝐿𝐿4 (EQ.3.5a) 

B = [(𝑧𝑧1 + 𝑧𝑧3 − 𝑧𝑧7 − 𝑧𝑧9) ÷ 4 − (𝑧𝑧2 − 𝑧𝑧8) ÷ 2] ÷ 𝐿𝐿3   (EQ.3.5b) 

C = [(−𝑧𝑧1 + 𝑧𝑧3 − 𝑧𝑧7 + 𝑧𝑧9) ÷ 4 + (𝑧𝑧4 − 𝑧𝑧6) ÷ 2] ÷ 𝐿𝐿3   (EQ.3.5c) 

D = [(𝑧𝑧4 + 𝑧𝑧6) ÷ 2 − 𝑧𝑧5] ÷ 𝐿𝐿2      (EQ.3.5d) 

E = [(𝑧𝑧2 + 𝑧𝑧8) ÷ 2 − 𝑧𝑧5] ÷ 𝐿𝐿2      (EQ.3.5e) 

F = (−𝑧𝑧1 + 𝑧𝑧3 + 𝑧𝑧7 − 𝑧𝑧9) ÷ 4𝐿𝐿2      (EQ.3.5f) 

G = (−𝑧𝑧4 + 𝑧𝑧6) ÷ 2𝐿𝐿        (EQ.3.5g) 

H = (𝑧𝑧2 − 𝑧𝑧8) ÷ 2𝐿𝐿        (EQ.3.5h) 

I = 𝑧𝑧5          (EQ.3.5i) 

Curvature is calculated from the above equations: 

∇2z = C = 2(𝐷𝐷 + 𝐸𝐸).                       (EQ.3.6) 

The original equation by Zevenberger and Thorne (1987) and Moore et al., (1991) differentiates 

the slope in percent rather than the actual gradient, and reverses the sign, so to compute 

curvature values in units 1 m-1; I removed -100 from their equation. This makes positive values 

represent concavity (hollows) and negative values represent convexity (ridges/crest). 

I elected to resample the original DEM using bilinear interpolation to a 5 m resolution 

to dampen topographic noise, removing DEM artefacts, decrease roughness associated with 

dense vegetation (Berti et al., 2013; Chapter 2), and to help place the curvature values in the 

context of previous work (Patton et al., 2018). Surface roughness (σC) was determined by 

calculating the standard deviation of C for the defined polygon of each dune. All areas presently 

undergoing active local reactivation, recently disturbed (e.g., streets, mines, and buildings), 

and/or currently water affected (e.g., lakes and swamps) were removed and not included within 

my statistical analysis. Note, C and σC are extremely sensitive to the quality of the original 

elevation model or changes to boundary conditions (i.e., extent of the DEM and/or shape and 

size which statistics are calculated), methodology, and/or processes.  Minor variability in 

absolute values may occur; however, overall trends remain consistent. 
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3.2.6 Two-dimensional dune evolution models 

I utilised two-dimensional (2-D) sediment transport models to provide a general 

explanation of landscape evolution for the dune field and to examine the ability of surface 

roughness (σC) to change with time. I applied the 5 m DEM from the CSM and ran linear and 

nonlinear landscape evolution with K values (spanning from 0.001 m2 yr-1 to 0.100 m2 yr-1 

covering a range of previously reported values (Hurst et al., 2013)) for a model time of 10 ka. 

The linear simulated land surface evolved by solving EQ.3.2, using a forward finite 

difference scheme with yearly time steps. At each time step, C and E were calculated and E 

was then multiplied by the time step to compute land surface lowering (erosion) or rise 

(deposition). For nonlinear evolution, I utilised a 2-D model from Booth et al., (2017) which 

uses EQ.3.4. Similar to the linear model, I make multiple simulations with different 

parameterisations of the physical properties of the dune sands. I used a selected SC value of 

0.65 m m-1 to represent the angle of repose of the original dune material. I performed 

simulations and calculated σC and the standard deviation of E (σE) for each dune every 1 ka. I 

selected K values and chose one (based on observed goodness of fit with all of the measured 

dune σC). Note, simulated dune evolution is utilised to produce general age-roughness 

relationships, such that (∂σC)/∂t ∝ σC and modelled σE ∝ σC can be evaluated. 

 

3.3 Result 
Four (n=4) depositional soil profiles at the base of <70 m hillslopes were excavated 

from dunes ranging in σC (from 0.046 to 0.016 m-1) and ages (from 0.44 to 9.82 ka) to >1.75 

m in depth, Figure 3.5 and Supplementary Table A.3.1. All sites contain evidence of slow, 

continuous sediment transport (burrows, pit and mounds, and root growth and decay); whereas, 

only the youngest dune displayed evidence of episodic sediment transport with a 0.1 m 

sheetwash deposit from a recent fire event. All soil profiles have abundant charcoal records 

with the highest concentrations near the surface. The oldest two sites (4.89 ka and 9.82 ka) 

have charcoal evenly disseminated through the full excavated profile. In contrast, the 2.14 ka 

site has disseminated charcoal within the top 1.1 m; however, below this depth (marking the 

first thousand years of sediment deposition, Supplementary Tables A.3.3 and A.3.4) charcoal 

is present in distinct layers. The youngest site (0.44 ka) only contains one charcoal layer near 

the surface. 
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Figure 3.5: Excavated depositional foot-slope soil profiles used to characterise erosion and 
sediment transport styles. Oldest profiles display disseminated charcoal through the full profile 
whereas the two youngest deposits have charcoal layers. Note the 2.14 ka dune record (not 
used in my σC–age analysis) with disseminated charcoal near the surface that switches to 
stratified charcoal layers (CL#) near the base. This transition at ~1.1 m corresponds with a 
depositional age of ca. 1 ka (determined by a radiocarbon age of 1017±26 yr BP (Wk50298) at 
1.2-1.3 m, Supplementary Table A.3.4). I infer the presence of these layers are associated with 
fire induced episodic sediment transport (dry-ravel and sheetwash) when dunes are young and 
have steep slopes. As time progresses, hillslope gradients lower and charcoal layers become 
more diffuse and eventually become disseminated throughout the profile. These records 
highlight the transition between episodic to continuous sediment transport on dune evolution 
 

In total, 15 OSL dated dunes were used in this chapter, Supplementary Table A.3.1. All 

CSM dunes exhibit normal distributions of C of mean ~0 m-1 and their surface roughness (σC) 

declines by a factor of about 5 (from 0.083 to 0.015 m-1) as dunes increase in age and decrease 

in local relief and hillslope gradients (Figure 3.6a). The time series of σC depicts a ‘horizontal 

hockey stick’ with two distinct phases: 1) an initial rapid decay within the first thousand years 

after dune emplacement; 2) transitioning to a phase of gradual decline between a σC of 0.035-

0.045 m-1 (Figure 3.6b). I define this measured σC interval as the ‘transitional zone’ where the 
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presence of episodic sediment transport is no longer observed as dunes increase in age (values 

between Dunes 4 and 5). 

 

 

Figure 3.6: Measuring landscapes evolution through time at the CSM. (a) Observed curvature 
(C) distributions for four Holocene and one Pleistocene dune at the CSM. Note the normal 
distribution of C centred on planar topography (0 m-1) and the gradual narrowing of 
distributions with time (dark to light frequency). (b) Measured dune age (with error bars, ±1σ) 
with surface roughness (σC) (white circles) and observed dominant transport styles. All dunes 
with excavated soil profiles are indicated with black dots. Additionally, the 2.14 ka dune with 
the excavated soil profile (not utilised in my topographic analyses) is represented by the white 
triangle. Initially, dunes are emplaced with over-steepened hillslopes at or above the critical 
gradient (SC). During this phase, there is a dominance of episodic sediment transport (dry-ravel 
and sheetwash (n=4)), purple dashed line. After dune’s σC are lowered below a ‘transitional 
zone’ (at ca. 1 ka), only slow and continuous soil transport occurs (soil creep (n=11)), pink 
line. This behaviour continues and remains true for the Pleistocene dunes (grey diamonds, not 
included in this analysis). 
 

The evolution of surface roughness (σC) for the entire CSM is explained well by 

nonlinear sediment transport with a fixed K value of 0.002 m2 yr-1 and a SC of 0.65 m m-1.  In 

reality, simulated topography appears to be more closely represented by an initial K value of 

0.06 m2 yr-1 then switching to 0.002 m2 yr-1 at the ‘transitional zone’ near ca. 1 ka 

(Supplementary Figures A.3.3 and A.3.4). My selected K values are comparable to other values 

derived from transport-limited systems and sand pile experiments (e.g., Hurst et al., 2013 and 

Roering et al., 2001). All simulated dune topography continues to have normally distributed C 

with means centred on ~0 m-1, and distributions that gradually narrow with time. Regardless of 

the transport mode (linear or nonlinear), dune σC has a positive monotonic relationship with its 

modelled variability of erosion rate (σE), and this relationship continues as dunes relax 

(Supplementary Figures A.3.3b).   
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3.4 Discussion 
3.4.1 Parent material controls on dune evolution 

My results indicate that the measured break in topographic decay at the ‘transitional 

zone’ reflects a shift in dominant transport styles associated with soil transport efficiency (K). 

Booth et al., (2017) observed a similar rapid decay in surface roughness within the first 

thousand years on landslide deposits. They suggested this phase change was likely due to 

higher K values during the initial emplacement linked to shifts in climate and vegetation. In 

the CSM, climate and vegetation are stable throughout this period, so I propose this break 

reflects an internal transition to a reduction of slope below the critical gradient (SC). In fact, 

this topographic adjustment has been demonstrated in sandbox experiments and modelled as 

the transition between episodic to continuous sediment transport processes (Roering et al., 

2001). The ‘transitional zone’ value is set by the physical properties of the dune sands (i.e., 

surface roughness values associated with the presence or absence of gradients greater than its 

angle of repose) and as a result, the measured ‘transition zone’ is specific to the CSM. 

The early phase of evolution of the youngest dunes, which retain steep slopes, 

corresponds with the period when episodic sediment transport on steeper slopes is significant 

(purple dashed line Figure 3.6b). When hillslope gradients are below the SC, slow continuous 

soil creep prevails and a simple first order relationship of the form (∂σC)/∂t ∝ σC is apparent 

(pink line Figure 3.6b). In this phase, all dune erosion rates become increasingly uniform and 

their evolution behaves in a linear slope dependent way (Supplementary Figures A.3.3b). These 

results follow my field observations that younger dunes experience a wider variety of sediment 

transport styles that are both discontinuous in frequency and magnitude compared to older 

dunes. I infer that disturbances, such as burning or storms, switches the dunes from essentially 

slow, continuous sediment transport to episodic sediment transport, but these episodic styles 

are only manifested on the younger, steeper dunes with higher surface roughness (increased 

σC) values. 

 

3.4.2 Field observations and stratigraphic records 

Field observations support the presence of two phases of dune evolution (Figures 3.5 

and 3.7). On active dunes built above their SC, episodic sediment transport (i.e., dry-ravelling 

and sheetwashing) is observed. After emplacement, episodic sediment transport continues to 

operate as a result of disturbance-driven events, mostly fires. Fires temporarily generate 
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hydrophobic surface soils and increase local soil transport efficiency (K) (Bridge and Ross, 

1983), thereby promoting rapid lowering of relief. Although fires occur on dunes of all ages 

(Moss et al., 2013), higher erosion and flux rates caused by episodic sediment transport is 

limited to the first thousand years of dune development (Figure 3.6b). After the dunes’ 

gradients are reduced below the SC, gradual transport regimes controlled by continuous 

sediment transport (i.e., granular relaxation, bioturbation, and rain splash) and podzolization is 

well expressed. As a result, these degraded dunes are resistant to episodic sediment transport.  

A major fire event in 2019 only shows evidence of mass movement on younger dunes, 

initiating on over-steepened, lee slopes near dune crests. Though short-lived, the landscape was 

efficiently smoothed by lowering local highs and filling local lows (Jyostsna and Haff, 1997) 

(Figure 3.7b) and within just three months, the disturbed portions of the landscape were 

stabilised by new vegetation growth.  

These types of disturbance-driven events are recorded in depositional foot-slopes 

(Figure 3.5) (Roering and Gerber, 2005). Within the early stages of dune evolution, 

sedimentary infills are characterised by stratified layers of charcoal, associated with episodic 

sediment transport. As time progresses, these layers become more diffuse and eventually 

charcoal is disseminated through the profile due to the influence of slow, continuous sediment 

transport and mixing. These records of dual transport regimes are found at all excavated foot-

slope positions and demonstrate the consistency of the landscape to transition from episodic to 

continuous processes. 
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Figure 3.7: Field images of typical soil transport styles. Commonly observed episodic (panels 
(a) and (b)) and continuous (Panels (c), (d), (e), and (f)) sediment transport mechanisms at the 
CSM. (a) Fire induced sand ravel and sheetwash movement on the steep lee facing hillslope of 
a 0.44 ka dune shortly after fire event and its associated (b) deposition. (c) Common mid-slope 
soil profile on a Holocene age dune highlighting the abundance of biogenic disturbed soil near 
the surface in the A-horizon, where it becomes increasingly stable moving down profile as 
shown by the intact E- and B-horizons. Typical perturbation includes root growth and decay, 
(d) tree throw, (e) burrowing invertebrates, and (f) bird nest construction (photo credit: (c) 
Patrick Adams and (f) Kegham Hovsepian). 
 

3.5 Conclusions 
The Holocene dunes in the Cooloola Sand Mass (CSM) provide a highly resolved 

space-for-time substitution where most major factors contributing to landscape evolution are 

known. The fidelity of the landscape to preserve dunes from inception to topographic maturity 

makes it possible to demonstrate how transport processes, erosion, and deposition act on 

topography to relax landscapes. The dominance of diffusional processes and the assumption of 

sediment mass balance from erosional into depositional positions is valid, whereas this is not 

demonstrable in most landscapes. As a result, the dunes’ topographic and stratigraphic records 

validate the presence of dual soil transport regimes. The early phase of dune development 

evolves through episodic sediment transport, which is facilitated by wildfires on over steepened 

gradients. Once lowered below their SC, the later phase of continuous sediment transport 
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processes persist. This transition is preserved as infill at all foot-slope positions and confirms 

that variations in sediment delivery to depositional areas are due to changes in hillslope 

steepness and not a shift in climate.  

Adopting C as a surrogate for landscape change, I evaluate dunes’ C distribution (σC) 

as a measure of surface roughness and capture the CSM’s full morphological evolution. When 

C distributions are broad (larger σC values) erosion and deposition rates reach more extreme 

values with a wider variety of transport styles compared to narrow distributions (smaller σC 

values). Once gradients are lowered below their SC and soil creep dominates, the landscape can 

be numerically explained through processed-based conservation of mass equations (EQ.3.1-

EQ.3.3). The marked shift of σC coinciding with the transition between episodic to continuous 

sediment transport processes provides evidence that evaluating σC with time can highlight 

changes in geomorphic processes and/or their rates (Patton et al., 2018). My findings reveal 

the complete evolution of a dune sequence and identifies these systems as an ideal natural 

laboratory to understand landscape change. I demonstrate that forward numerical models 

generate outcomes that closely parallel the evolution of the CSM. The physical properties of 

the original dune material is the primary control on how the dune evolves and the σC value 

associated with the ‘transitional zone’. Consequently, my observations validate landscape 

evolution inferences from sandbox modelling (e.g., Roering et al., 2001) and supports the 

coupling between granular material physics and landscape change (e.g., Deshpande et al., 

2021). 
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Chapter 4. 
Using calibrated surface roughness dating to estimate coastal 

dune ages at K’gari (Fraser Island) and the Cooloola Sand 
Mass, Australia 

 

 
This chapter has been modified from the original manuscript published in Earth Surface Processes and 

Landforms 

 

Patton, N. R., Shulmeister, J., Rittenour, T., Ellerton, D., Almond, P., & Santini, T. (2022b). Using calibrated 

surface roughness dating to estimate coastal dune ages at K’gari (Fraser Island) and the Cooloola Sand Mass, 

Australia. Earth Surface Processes and Landforms. https://doi.org/10.1002/esp.5387  

 

 

Preface: This chapter is largely a methodological case study of roughness-age modelling on 

the SE Queensland dune fields, Australia. In this chapter, I utilise the theoretical findings in 

Chapter 3 and develop a surface roughness(σC)-age model from Holocene dated dunes on the 

CSM and validated its utility on K’gari (Fraser Island). Using surface roughness from each 

dune, I am able to estimate dune age and uncertainty for every dune in the dune field. The 

model output highlights interesting spatial and temporal patterns of dune emplacement.  This 

chapter answers the long lasting debate on the dominate processes controlling dune activity 

and emplacement between sea-level and climate variability. Additionally, the results provides 

more supporting evidence for the use of the mapping technique in Chapter 2 and field evidence 

of the mechanisms controlling dune field evolution stated in Chapter 3. 

 

https://doi.org/10.1002/esp.5387
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Abstract 
Here I present a novel application of landscape smoothing with time to generate a 

detailed chronology of a large and complex dune field. K’gari (Fraser Island) and the Cooloola 

Sand Mass (CSM) dune fields host thousands of emplaced (relict) and active onlapping 

parabolic dunes that span 800,000 years in age. While the dune fields have a dating framework, 

their sheer size (~1930 km2) makes high resolution dating of the entire system infeasible. 

Leveraging newly acquired (n=8) and previously published (n=20) optically stimulated 

luminescence (OSL) ages from K’gari and the CSM, I estimate the age of Holocene dunes by 

building a surface roughness (σC)-age relationship model. In this chapter, I define σC as the 

standard deviation of topographic curvature for a dune area and I demonstrate an exponential 

relationship (r2 = 0.942, RMSE = 0.892 ka) between σC and timing of dune emplacement on 

the CSM. This relationship is validated using ages from K’gari. I calculate σC utilising a 5 m 

digital elevation model (DEM) and apply my model to predict the ages of 726 individually 

delineated Holocene dunes. The timing of dune emplacement events are assessed by plotting 

cumulative probability density functions (PDFs) derived from both measured and predicted 

dune ages. I demonstrate that both dune fields had four major phases of dune emplacement 

peaking at ca. <0.5, 1.5, 4, and 8.5 ka. I observe that my predicted dune ages did not create or 

remove major events when compared to the OSL-dated sequence, but instead reinforced these 

patterns. My study highlights that σC-age modelling can be an easily applied relative or absolute 

dating tool to dune fields globally. This systematic approach can fill in chronological gaps using 

only high-resolution elevation data (3-20 m resolution) and a limited set of dune ages. 

 

4.1 Introduction 
Coastal dunes are important environmental systems that are found globally around both 

seas and lakes (Martinez and Psuty, 2004; Yan and Baas, 2015; Lancaster et al., 2016) and 

provide a rich record of climatic, geologic and geomorphic information (e.g., Pye, 1983; 

Swezey, 2001; Wells and Goff, 2007; Lindhorst and Betzler, 2016; Ellerton et al., In Press; 
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Chapter 3). However, uncovering and deciphering the information from these systems is 

challenging because they lie at the interface of terrestrial, aquatic, and atmospheric processes 

which vary on decadal to millennial timescales (Pye, 1983).  

The timing and mechanisms of dune field activation and consequent stabilisation (dune 

emplacement hereafter) are ascribed to changes in climate and sediment supply, which affect 

vegetation, storminess, fire frequency, sea-surface temperatures and sea-level (e.g., Yan and 

Baas, 2017; Shumack and Hesse, 2018; Han et al., 2021; Vimpere et al., 2021). These 

interpretations have largely been demonstrated on active and/or recently emplaced sections of 

dune fields where physical measurements or repeat aerial/satellite imagery are available (e.g., 

Tsoar, 2005; Marín et al., 2005; Levin et al., 2017). These mechanisms have been extended to 

emplaced dune systems; however, the direct landscape-process relationship is unknown and it 

is difficult to infer these processes unless a strong chronological framework is established.  

Coastal dune fields’ temporal relationships appear chaotic and it is difficult to 

determine whether emplaced dunes were once active simultaneously or asynchronously across 

the dune field. Stochastic (random) dune activity can be indicative of local perturbations but 

not related to regional changes in environmental conditions because dunes can simultaneously 

be active and emplace under the same conditions (Yizhaq et al., 2007). In contrast mass 

activation or emplacement of entire dune fields may provide clues about regional 

environmental forcings (e.g., Lees, 2006). While the direct dating of dunes can be achieved 

using optically stimulated luminescence (OSL) and/or radiocarbon dating, these techniques are 

costly and finding suitable dating targets for radiocarbon is often challenging. To offset these 

limitations, it is common to either establish geobotanical chronosequences (morphological, 

biological, or pedological units) (e.g., Thompson, 1981; Shulmeister and Lees, 1992), or to 

date organic rich sediments in adjacent deposits as a means to help place the dunes into a 

chronosequence (e.g., Wilson, 2002). In both scenarios, these estimates often have large spatial 

and temporal uncertainty, even in locations where there are clear sequences of onlapping dunes 

(e.g., Lees, 2006; Swezey, 2001). Consequently, dune sequences that are composed of tens or 

even thousands of individual dunes are typically secured by only a handful of ages with wide 

age constraints that can lead to misinterpretations (e.g., Ward, 2006). 

In order to validate age inferences, and hence improve our understanding of former 

dune activation and stabilisation, a means of extending dune ages to all (or most) dunes within 

a dune field would be a useful tool. In this chapter, I explore the implications of Chapter 3’s 

observed relationship between dune surface roughness (σC) and dune age to explain landscape 
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smoothing with time. I test whether this provides a basis for dating dunes where high-resolution 

elevation data and a rough geochronological framework are in place. 

 

4.2 Background 
4.2.1 Surface roughness (σC) as a proxy for landform 

In most aeolian research, surface roughness characterises the near-surface 

meteorological boundary layer over dunes as a means to understand airflow and sediment 

transport (e.g., Gillette and Stockton, 1989; Raupach et al., 1993; Wiggs et al., 1996; Lancaster 

and Baas, 1998; Levin et al., 2008; Jerolmack et al., 2012; Pelletier, 2013). For this study, 

surface roughness (σC) is used to measure and define a dune’s topographic development 

(colluvial not aeolian processes). Surface roughness (σC) has been defined as a metric of 

topographic variability (local relief) within a defined spatial area or window (e.g., 

Korzeniowska et al., 2018). Its application has been utilised across earth science disciplines as 

a metric to identify and map spatial patterns and as a surrogate to build empirical relationships 

(Smith, 2014). An important application of σC is its utility as a proxy for relative age. This 

relationship has been predominantly applied to constrain the timing of landslide deposition 

(e.g., McKean and Roering, 2004; Glenn et al., 2006; Booth et al., 2009; 2017; Bell et al., 2012; 

Goetz et al., 2014; LaHusen et al., 2020), but has also been used on alluvial fans (Frankel and 

Dolan, 2007), earth flows (Schanz and Colee, 2021), and planetary surfaces (Pommerol et al., 

2012).  

Surface roughness (σC) gradually smooths due to diffusive processes of sediment 

transport (Booth et al., 2017; Chapter 3). The basic principle is that local relief reduces with 

time due to weathering and erosion such that features smooth (ridges erode and valleys fill) on 

surfaces that are not affected by advective processes (e.g., sediment transport by water-driven 

processes). LaHusen et al. (2020) utilised this principle to build a σC-age relationship from a 

minimal set of dated landslide deposits and predicted ~10,000 ages in the Pacific Northwest, 

USA. The utility of this model was not only that ages could be predicted, but more particularly 

that previously undated landforms could be placed into the context of regional records of 

climate and landscape change. Consequently, they determined that rainfall, not earthquake 

activity, was the major driver of landslide activation inland of the Cascadia Subduction Zone.  
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4.2.2 Surface roughness (σC) in dune systems 

Surface roughness (σC) has been used to map dune landforms (e.g., Korzeniowska et 

al., 2018); however, the application of σC as an indicator of landform age (σC-age relationship) 

has not yet been applied and tested in a dune system. Chapter 3 highlighted the utility of σC 

within the Cooloola Sand Mass (CSM) dune field as an important metric and to characterise 

and define the stage of geomorphologic development of dune forms. I demonstrated that dune 

σC, as measured by standard deviation of curvature for a given dune area, could be related to 

sediment transport theory. I found that dunes are initially emplaced with remarkably uniform 

surface roughness (σC) that smooths with time and this evolution can be simulated using a 

combination of nonlinear and linear sediment transport models (Figure 4.1). 

 

 

Figure 4.1: Conceptual diagram and result summary from Chapter 3 between surface 
roughness (σC) and dune age within the CSM dune field, Australia. (a) An idealised elevation 
profile of the CSM dune field. The dunes move inland from the coast through sclerophyll forest 
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and over antecedent topography (dashed lines) via the dominant south-easterly wind. Dunes 
are emplaced when wind speeds decrease and vegetation stabilises the dune surface. With every 
successive dune emplacement, antecedent topography gradients generally increase, thereby 
decreasing the distance dunes travel inland whilst preserving older dunes. Consequently, most 
dunes increase in age while decreasing in σC moving away from the coast. (b) Conceptual 
diagram of hillslope positions as defined by curvature (C) and the contribution of erosion, 
deposition and flux (size of arrow). All sediment removed from crest can be accounted for in 
the footslopes (a closed system). As time progresses ridges lower and hollows fill, reducing 
hillslope gradients and the maximum and minimum curvature values thus decreasing dune σC. 
(c) The general relationship between dune age, surface roughness (σC), and sediment transport 
phases. Dunes with high σC (Phase 1) are best explained through non-linear sediment transport 
where episodic processes such as dry-ravelling and sheetwashing (comparable to grain flows 
and/or avalanching) occur. Once dune gradients are lowered below their angle of repose 
(gradient of 0.65 m m-1 or angle of 33°) associated with the defined ‘transitional zone’, 
sediment transport is limited to slow and continuous  processes (Phase 2) where their evolution 
can be explained with linear sediment transport.  
 

In Chapter 3, I determined that dunes evolve in two distinct phases (Figure 4.1c). The 

first phase occurs within ca. 1 ka after dune emplacement and is explained through nonlinear 

sediment transport. This is a period when dune gradients and σC is large, erosion and deposition 

rates are more rapid, and there is a wider variety of transport styles. During this initial period, 

dune-surface gradients are lowered as a result of disturbance-driven perturbations such as fires 

and storms. These disturbances may remove vegetation, increase hydrophobicity and 

consequently increase the soil’s efficiency to move downslope, promoting dry-ravel and 

sheetwash processes (similar to avalanching and grain flows observed on active dune slip-

faces). This phase continues until dune relief is lowered and σC values reach the ‘transitional 

zone’, as seen in Figure 4.1c. This zone was defined by an observed shift in dominant transport 

style and the absence of gradient greater than the sands’ angle of repose (33° or gradients of 

0.65 m m-1). Once gradients are lowered beyond this zone, the second phase of dune evolution 

begins; wherein sediment transport is proportional to hillslope gradient (linear sediment 

transport). During this period, dune σC is small and sediment transport is limited to slow and 

continuous processes (e.g., biogenic soil creep, rain-splash, and granular relaxation) where 

erosion occurs at the dune crests and sediment is deposited within the adjacent foot-slopes 

(Figure 4.1b). This mechanism is inferred to continue until all relief is either removed or 

increased due to dune activation or sea-level fall. 

In Chapter 3, I alluded to an apparent exponential relationship between dune σC and 

age; however, I chose not to prescribe a single function to explain the dune field’s evolution. 

Instead, I retain the two distinct erosional phases to ensure sediment transport processes were 

not conflated. Despite this decision, I argued that because the dune fields have limited 
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hillslopes that exceed the angle of repose and a dominance of linear sediment transport dune 

σC will smooth with time and ascribing a single exponential fit is appropriate. 

The goal of this chapter is to test and, if appropriate, apply surface roughness (σC)-age 

modelling to a pair of adjacent coastal dune fields, the CSM and K’gari (Fraser Island) in SE 

Queensland. These large and once connected systems are dominated by active and emplaced 

parabolic dunes. At the CSM many of these dunes have been dated and the younger parabolic 

sequences span the mid- to late-Holocene. Once emplaced, the evolution of the dunes (erosion 

and deposition) is controlled by a limited set of known diffusional processes that are 

morphologically trackable through time. I first establish a σC-age relationship on the CSM and 

test its validity on K’gari. If the model proves to be successful for the dated dunes, I will utilise 

it to estimate ages of the remaining Holocene-age dunes in both dune fields. Although my study 

focuses specifically on two locations, the research provides insights on the evolution of 

onlapping coastal dune systems and a means to produce a more complete chronological 

framework for multi-phase dune fields globally. 

 

4.2.3 Site description: Cooloola Sand Mass and K’gari  

The SE Queensland dune fields in Australia (Figure 4.2) are composed of K’gari (aka 

Fraser Island), and the mainland-attached Cooloola Sand Mass (CSM) immediately to the 

south. The dune fields have been developing for over 800 kyr (Walker et al., 2018; Ellerton et 

al., 2020). These dune systems are currently separated by the entrance to the Great Sandy Strait 

and the Inskip Peninsula, but recent work (Köhler et al., 2021) has demonstrated that this 

separation dates back only to the early mid-Holocene. Stretching for more than 200 km of 

coastline (26.17°S to 24.41°S), these two systems cover a combined land area of ~1930 km2, 

with most of the dune fields on K’gari. They contain one of the longest and most complete 

coastal dune field sequences in the world (Thompson, 1981) and include over 700 Holocene 

dunes (Ward, 2006; Chapter 2) covering roughly 640 km2, which are the focus of this chapter.  

Both dune fields have nearly limitless sediment supply with an estimated 500,000 m3 

of sediment transported yearly along the regional longshore drift system (Patterson and 

Patterson, 1983; Boyd et al., 2008). The parent material is a uniform 98% medium to fine quartz 

sand (180-250 µm) that is well-sorted and sub-rounded to rounded (Thompson, 1992). The 

majority of onlapping dunes are parabolic with local transgressive dune waves, which travel 

inland under the influence of the dominant south-easterly winds (Coaldrake, 1962; Ellerton et 

al., 2018). The region has been tectonically inactive (Roy and Thom, 1981) with only minor 
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variability in local base-level, between +2 to -0.5 m since the Holocene sea-level highstand 

(Lewis et al., 2008). The vegetation communities have been relatively stable (e.g., Moss et al., 

2013; Atahan et al., 2015) with tall open/close sclerophyll forest making up the majority of the 

inland vegetation and coastal scrubland dominating the eastern side of the dune fields (Harrold 

et al., 1987). Additionally, the climate has remained sub-tropical (Cfa) during this period 

(Donders et al., 2006). 

 

 

Figure 4.2: (a) Satellite imagery of K’gari (Fraser Island), and the CSM, which make up the 
northern section of the SE Queensland dune field in Australia. The dune sediments are derived 
from the longshore drift system (dashed line and arrow) that is delivered to the coast by the 
dominant south-easterly winds (small arrows). (b) Close-up imagery of the coastline and dunes 
on K’gari (photo credit: Jürgen Wallstabe). 
 

4.3 Methods 
4.3.1 Dune mapping and remote sensing 

In this chapter, I individually remap the Holocene and modern dunes for both the K’gari 

and the CSM first identified in Chapter 2. Dunes were identified using a 1 m resolution digital 

elevation model (DEM) derived from Light Detection and Ranging (LiDAR) (publically 

available from Geoscience Australia; Fraser Coastal Project), 1:5000 orthophoto imagery 

retrieved from Queensland Globe, and field observations. Each dune was delineated by hand 

in ArcGIS (version 10.6) at the base of slip-faces and trailing arms and defined as polygons.  
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4.3.2 Calculating surface roughness (σC) 

Surface roughness (σC) is calculated by determining the standard deviation of curvature 

(C) for each mapped dune area, defined by a map polygon. This calculation of σC is utilised 

because C distributions are centred at zero (Patton et al., 2018) making it possible to compare 

dunes without biases introduced by broad-scale topography (e.g., variations in initial 

morphology caused from the antecedent topography) (Chapter 3). Curvature was generated in 

ArcMap, which utilises equations from Zevenberger and Thorne (1987) and Moore et al. 

(1991), that calculate curvature from the slope in percent and reverses the sign (negative 

curvature convention). Therefore, I divide ArcMap’s curvature output by -100 such that 

positive values represent concavity (hollows/footslopes) and negative values represent 

convexity (ridges/crest), see Chapter 3 and Supplementary Figure A.3.2 for more detail. It is 

important to highlight that σC values are sensitive to methodology and boundary conditions 

and/or processes. Minor variabilities in σC values may occur but overall trends remain 

consistent.  

Prior to the σC calculation, I chose to resample the original DEM using bilinear 

interpolation to a 5 m resolution. The reduction of resolution dampened noise and lowered 

elevation uncertainty by removing DEM processing artefacts and vegetation effects (Berti et 

al., 2013) while preserving dune morphology (Chapter 3). My assumption in calibrating a σC-

age relationship was that dune σC values monotonically decline with dune age. Hence I limited 

my areas of calibration and application to where diffusive processes and not advective 

processes (e.g., wind and fluvial transport which can increase relief and roughness) prevailed. 

Additionally, all water (water bodies, bogs, coastal cliffs, etc.) and/or anthropogenic 

modifications (roads, build-up areas, mining, etc.) were also excluded. Once removed, the 

‘zonal statistics’ tool in ArcMap was used to determine σC. 

 

4.3.3 Optically stimulated luminescence (OSL) dating 

Optically stimulated luminescence (OSL) dating provides an age estimate of the time 

since quartz grains were last exposed to sunlight (burial) (Huntley et al., 1985); therefore, OSL 

dates represent timing of dune emplacement (Lancaster, 2008). For each dune, OSL samples 

were collected at dune crests utilising a sand auger with a 15 cm bucket. Dune stratigraphy was 

described using standard field protocols (i.e., grain size, sorting, roundness, bedding structures, 

Munsell colour and texture). An OSL sampling head was attached with an aluminium insert 
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and once the sample was recovered, the tube was capped, sealed and stored for later analysis. 

Dose-rate and moisture content samples were collected from the auger samples above and 

below the OSL sample depth. Eight (n=8) samples were collected, dating six dunes (n=6). On 

two dunes, I collected multiple OSL samples to increase confidence in measured ages and field 

interpretations. One dune had samples from the same auger hole and is believed to be 

equivalent in age. The other dune had samples collected on separate parallel ridges on a 

transgressive wave, and these ages may slightly vary. These ages are used to supplement those 

previously collected and reported in (Walker et al., 2018; Ellerton et al., 2020; Köhler et al., 

2021).  

All OSL samples were processed and analysed at the Utah State University 

Luminescence Laboratory. Ages were determined utilising single-aliquot regenerative dose 

(SAR) analysis of small aliquots of quartz sand (Murray and Wintle, 2000; Murray et al., 2021). 

Samples were analysed using small aliquot (~10 grain) analysis to reduce scatter caused by 

grain-to-grain variability in dose rate (micro-dosimetry) (e.g., Guérin et al., 2015; Ellerton et 

al., 2020). Sample preparation followed standard luminescence protocols (i.e., Wintle, 1997). 

All dose rates were determined using representative sub-samples that were analysed 

using ICP-MS and ICP-AES techniques to determine the concentrations of the K, Rb, Th, and 

U in the sediment. Moisture content (in-situ) was calculated for all samples. If the measured 

value was below 5%, I assumed a value of 5 ± 2% which represents the average moisture 

history (Ellerton et al., 2020). Dose rates are determined from sediment chemistry, cosmic ray 

contribution, and water content (Aitken and Xie, 1990; Aitken, 1998) using conversion factors 

from Guérin et al. (2011). The contribution of cosmic radiation to the dose rate was calculated 

using sample depth, elevation, and latitude/longitude following the calculations of Prescott and 

Hutton (1994). 

Optical measurements were performed on small-aliquot (1 mm diameter, ~10 grains 

per disk) samples using Risø TL/OSL Model DA-20 readers with blue-green light emitting 

diodes (LED) (470 ± 30 nm) as the stimulation source. The luminescence signal was measured 

through 7.5 mm UV filters (U-340) over 40–60 s (250 channels) at 125 °C with LED diodes at 

70–90% power (~45 mW/cm2) and calculated by subtracting the average of the last 5s 

(background signal) from the first 0.7s (4 channels) of the signal decay curve. The 

luminescence signals show rapid decay dominated by the fast component of the signal (Murray 

and Wintle, 2003). For those samples with <1 Gy equivalent dose (DE), dose response curves 

were fitted linearly between the zero dose and repeated regenerative doses. Results of a preheat-

plateau dose-recovery (PP-DR) test (Wintle and Murray, 2006) suggest that a 200 °C preheat 
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for 10s produces the best results for samples in this study. Equivalent dose values were 

calculated using the Central Age Model (CAM) of Galbraith and Roberts (2012) using at least 

14 accepted aliquots of quartz sand. Aliquots were rejected if they had evidence of feldspar 

contamination, a recycling ratio beyond 20% of unity (<0.8 or >1.2), recuperation >1 Gy, or 

natural DE greater than the highest regenerative dose given. Errors on DE and age estimates are 

reported at one sigma standard error and include errors related to instrument calibration, and 

dose rate and equivalent dose calculations and the errors were calculated in quadrature using 

the methods of Aitken and Alldred (1972) and Guérin et al. (2011). 

 

4.3.4 Criteria for utilising previously OSL dated dunes 

I utilise the following sampling criteria for dune ages from previously published studies. 

1) Dates must reflect the age of the dune surface morphology (i.e., the uppermost dune unit 

that forms the surface morphology was dated). 2) Dunes must be emplaced (i.e., stabilised, not 

active). Lastly, 3) ages must be collected from dune apices or the crest of the trailing ridges 

and in physically little altered (B/C, C, soil parent material) soil horizons. These criteria were 

set to ensure that ages represented primary aeolian deposition.  

 

4.3.5 Surface roughness (σC)-age analysis and age extrapolation 

A single empirical relationship was generated using all OSL-dated dunes within the 

CSM. I hypothesise that both the CSM and K’gari dune fields are governed by identical 

mechanisms controlling dune activation and evolution because they were once part of a 

connected dune field (Köhler et al., 2021) and have been mapped as a part of the same dune 

system (Ward, 2006; Chapter 2). As a result, I assume the same surface roughness (σC)-age 

relationship can be applied at both sites. 

For use in the σC-age model and validation subset, where dunes have multiple dates, I 

preferentially selected ages that were collected nearest to the dune crest and/or from sand with 

minimal pedogenic alterations (C-horizon). Any ages that met my sampling criteria but were 

not used in the model are recorded. All OSL-dated dunes from the CSM were utilised to build 

the σC-age model (model set). The remaining OSL-dated dunes from the Inskip Peninsula and 

K’gari are used as the validation subset. I fit the σC-age data with an exponential curve given 

that relief lowers through diffusional processes with time (Booth et al., 2017; LaHusen et al., 

2020; Chapter 3). I demonstrate the model output by predicting dune ages from the validation 
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subset and using reduced major axis regression I compare the slope of the predicted versus 

measured dune ages to 1.  

A map of estimated dune ages is produced using my σC-age model to convert dune σC 

to time since dune emplacement. Mapped dune polygons are reclassified to their estimated 

ages. Given that the σC-age relationship is constructed from dunes that are emplaced, I do not 

predict ages for active sections of the dune field, but rather assigned them absolute ages of 0 

ka. Active sections are identified by aerial imagery as landforms constructed with little to no 

vegetation and steep lee slopes with gradients greater than 0.65 m m-1 (slopes > 33º, which is 

at or above the angle of repose). All areas previously removed during the calculation of σC 

(e.g., sections of dunes with water bodies or anthropogenic disturbances) are incorporated back 

into the total area to show the full extent of the dune fields and produce the final predictive age 

map but their surface roughness is not incorporated in the results. 

 

4.3.6 Determination of dune emplacement through time 

To evaluate frequency of dune emplacement through time, I determine cumulative 

probability density functions (PDFs) for the CSM, K’gari, and the combined Holocene dune 

fields (not including active sections). I calculate separate PDFs for OSL dated and modelled 

dune ages with 0.05 ka bin intervals for 12 ka (240 total bins) and assume that the age estimates 

represent the median value with normally distributed errors. As a conservative estimate of 

error, I utilise a constant 10% relative standard error (RSE) for predictive age, which is 

frequently applied for OSL dating (Murray et al., 2021). I normalise each PDF by total number 

of dunes used to generate the curve. Additionally, PDFs produced from predictive ages are also 

normalised by dune area (dune area divided by total Holocene dune area – not including active 

dune area). This is to remove bias towards younger dunes caused by the preservation of 

numerous small, younger dunes. I visually compare PDFs and assess dune emplacement 

through time.  

 

4.3.7 Sensitivity analysis  

I calculate σC for all map dune polygons at a range of DEM resolutions (1 - 50 m). For 

each resolution, a σC-age relationship is produced and its r2 and RMSE is recorded. I predict 

all dune ages and generate cumulative probability density functions (PDFs) utilising these 

relationships and their respective DEM resolutions. I compare all PDFs to the OSL derived 
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PDF. Although the latter does not provide a quantitative assessment of my analysis it does offer 

a sense of uncertainty and a foundation to examine how enhanced resolution and bin intervals 

may influence my interpretations. 

4.4 Results 
4.4.1 OSL results and previous reported OSL ages 

The eight (n=8) newly acquired OSL ages from six individual (n=6) dunes are shown 

in Table 4.1 and Figure 4.3. For each sample, supporting information such as soil descriptions, 

geochemistry, water content, and over dispersion are found within the Supplementary Figure 

A.4.1 and Supplementary Tables A.4.1, and A.4.2. From previously published work, twenty 

(n=20) OSL ages met my sample criteria, dating sixteen dunes (n=16) (specifically Walker et 

al., 2018; Ellerton et al., 2020; Köhler et al., 2021) (Table 4.2 and Figure 4.3). All dunes with 

multiple ages were consistent with my expectations. Samples collected from the same auger 

hole indicate equivalent ages (e.g., Dune 11); whereas, samples from different locations from 

the same dune yielded ages that consistently increased moving towards the dune’s inland limit 

(e.g., Dune 16 and 17). In total (newly acquired and previously published), twenty-eight (n=28) 

OSL ages met my criteria dating twenty-two dunes (n=22). All ages that met my sampling 

criteria but were not preferred are denoted by italicised text in Table 4.2. 
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Table 4.1: Optically Stimulated Luminescence (OSL) age results and map location. 
Dune 
number Map ID Location Depth (m) Lab number Number of aliquots† Does rate 

(Gy/ka)‡ 
Equivalent Dose (DE)2  

± 2σ (Gy)§ OSL age ±1σ (ka) 

4 4 K'gari 1-1.13 USU-2742 20 (34) 0.59 ± 0.04 0.27 ± 0.07 0.45 ± 0.07 
5 5 K'gari 1-1.16 USU-2743 14 (35) 0.34 ± 0.03 0.16 ± 0.06 0.47 ± 0.10 
6 6 K'gari 1.97-2.24 USU-2730 16 (22) 0.40 ± 0.03 0.51 ± 0.07 1.27± 0.16 
11 11a CSM 1.90-2.05 USU-3020 19 (31) 0.56 ± 0.04 1.41 ± 0.23 2.51 ± 0.32 
11 11a' CSM 3.88-4.07 USU-3021 20 (32) 0.62 ± 0.04 1.33 ± 0.23 2.14 ± 0.27 
12 12 K'gari 4.40-4.50 USU-2397 17 (31) 0.25 ± 0.03 1.00 ± 0.14 4.05 ± 0.63 
17 17a K'gari 3.15-3.20 USU-2390 18 (22) 0.30 ± 0.03 1.79 ± 0.21 5.96 ± 0.82 
17 17b K'gari 3.05-3.15 USU-2389 20 (27) 0.35 ± 0.03 2.5 ± 0.27 7.24 ± 0.92 

† OSL age analysis using the single-aliquot regenerative-dose procedure of Murray and Wintle (2000) on 1-mm small-aliquots of quartz sand. Number of aliquots used in age  
 calculation and number of aliquots analysed in parentheses. 
‡ See Supplementary information for radioisotope concentrations of surrounding sediment and cosmic contribution to dose rate. 
§ Equivalent dose (DE) calculated using the Central Age Model (CAM) Galbraith and Roberts (2012). 
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Table 4.2: All dunes with their locations (Figure 4.3) and ages utilised in this chapter. Note, all italicised rows are OSL ages that are not used in 
the surface roughness (σC)-age model and validation sets and are indicated with an ‘X’ in Figure 4.3. 

Dune 
number Map ID Location Latitude, 

longitude (°S,°E)  
Surface 

roughness (m-1) 
Model or 

validation set Lab number Mean 
depth (m) OSL age ±1 σ (ka) Study 

1 1 CSM 25.93, 153.18 0.0684 Model USU-2011 7.40 0.23 ± 0.05 Ellerton et al., 2020 
2 2 CSM 25.98, 153.16 0.0506 Model USU-2010 1.50 0.43 ± 0.06 Ellerton et al., 2020 
3 3 CSM 26.01, 153.13 0.0368 Model USU-2283 2.19 0.44 ± 0.10 Ellerton et al., 2020 
4 4 K'gari 25.16, 153.27 0.0465 Validation USU-2742 1.07 0.45 ± 0.12 This study 
5 5 K'gari 25.19, 153.26 0.0593 Validation USU-2743 1.08 0.47 ± 0.18 This study 
6 6 K'gari 25.60, 153.08 0.0406 Validation USU-2730 2.20 1.27 ± 0.22 This study 
7 7 CSM 26.04, 153.12 0.0275 Model USU-2267 3.45 1.94 ± 0.28 Ellerton et al., 2020 
8 8 CSM 26.04, 153.12 0.0154 Model Map 2; Sample 2 0.80 3.6 ± 0.30 Walker et al., 2018 
9 9 CSM 26.01, 153.14 0.0236 Model USU-2265 2.15 2.37 ± 0.23 Ellerton et al., 2020 
10 10 CSM 25.95, 153.16 0.0191 Model USU-2012 3.25 3.53 ± 0.38 Ellerton et al., 2020 
11 11a CSM 26.01, 153.13 - - USU-3020 1.98 2.51 ± 0.32 This study 
11 11a' CSM 26.01, 153.13 0.0268 Model USU-3021 4.00 2.14 ± 0.27 This study 
12 12 K'gari 25.13, 153.25 0.0189 Validation USU-2397 4.45 4.05 ± 0.80 This study 
13 13 CSM 25.13, 153.25 0.0178 Model USU-2284 3.62 4.89 ± 0.45 Ellerton et al., 2020 
14 14 CSM 26.06, 153.11 0.0200 Model Map 3; Sample 3 0.85 4.2 ± 0.40 Walker et al., 2018 
15 15 Inskip 25.82, 153.05 0.0190 Validation USU-2744 2.55 4.84 ± 0.46 Köhler et al., 2021 
16 16a CSM 26.02, 153.12 - - USU-2268 8.90 5.91 ± 0.61 Ellerton et al., 2020 
16 16b CSM 26.03, 153.12 0.0138 Model USU-2269 1.48 6.96 ± 0.71 Ellerton et al., 2020 
17 17a K'gari 25.04, 153.24 - - USU-2390 3.15 5.96 ± 1.03 This study 
17 17b K'gari 25.04, 153.25 0.0120 Validation USU-2389 3.10 7.24 ± 1.13 This study 
18 18a CSM 26.06, 153.09 - - Map 6; Sample 7 0.75 6.7 ± 0.60 Walker et al., 2018 
18 18b CSM 26.03, 153.08 - - Map 4; Sample 4 0.80 6.2 ± 0.80 Walker et al., 2018 
18 18b' CSM 26.03, 153.08 0.0113 Model Map 4; Sample 5 1.05 9.8 ± 0.80 Walker et al., 2018 
19 19 CSM 26.02, 153.12 0.0120 Model USU-2282 6.85 8.17 ± 0.82 Ellerton et al., 2020 
20 20 CSM 26.02, 153.12 0.0138 Model USU-2270 1.48 9.1 ± 0.96 Ellerton et al., 2020 
21 21 CSM 25.99, 153.13 0.0108 Model USU-2285 2.62 9.82 ± 0.98 Ellerton et al. 2020 
22 22a CSM 26.03, 153.10 - - Map 5; Sample 6 0.80 8.3 ± 0.70 Walker et al., 2018 
22 22b CSM 26.04, 153.12 0.0109 Model USU-2748 6.40 9.74 ± 0.90 Ellerton et al., 2020 
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Figure 4.3: Locations of OSL dated dunes used in this chapter. Dunes utilised in the σC-age 
relationship are represented by grey dots, whereas, dunes used in the validation subset are 
white. For dunes with multiple dates, I preferentially selected ages from crest and/or 
stratigraphically lower positions. Samples that met my selection criteria but were not used in 
the model are marked with an ‘X’. 
 

4.4.2 Surface roughness-age relationship 

The dune calibration ages (n=16) span from 0.23 ± 0.05 ka to 9.82 ± 0.98 ka with 

surface roughness (σC) declining from 0.068 m-1 to 0.016 m-1 with age (see Table 4.2). An 

exponential regression fits the data well, Dune Age = 32.1*Exp(-108.9 * σC), with an r2 = 0.942, 

RMSE = 0.892 ka, and p-value <0.0001 (Figure 4.4a). The validation subset from dunes on 

K’gari and Inskip Peninsula (n=6) fall within the predictions of the model set and demonstrates 

the predictive power of this model with a slope of 0.805 (Figure 4.4b). Similar to past studies, 

high σC associated with younger dunes rapidly decreases within the first thousand years, and 

after this period σC values decrease more gradually, which is best described by a negative 

exponential function (Booth et al., 2017; LaHusen et al., 2020; Chapter 3).  
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Figure 4.4: Calculated surface roughness (σC)-age relationship from measured OSL dated 
dunes. (a) Dune σC depicts a strong exponential relationship with age (±1σ) (black line) 
bounded by 95% confidence intervals (shaded area) within the CSM and K’gari dune fields. 
The calibration ages (grey dots) come from the CSM (n=18) whereas the remaining dates used 
as a validation subset (white dots) come from Inskip Peninsula and K’gari (n=6). (b) Model 
validation using predicted versus measured dune ages and their associated best-fit line (black 
line) using reduce major axis regression to account for uncertainty in both variables compared 
to a 1:1 line (solid black dashed line). 
 

4.4.3 Predicted dune ages and their spatial relationships and characteristics 

In this chapter, I remotely mapped 92 and 11 active dunes (total 103), and 535 and 191 

emplaced Holocene (total 726) dunes on K’gari and the CSM, respectively, covering a total 

area of 640 km2 -- 33% of both dune fields total land area. Utilising the σC–age function above, 

I estimate the emplacement ages for the Holocene dunes. Generally, the oldest dunes (lowest 

surface roughness) were located further inland despite having large sections onlapped by 

subsequent dune emplacement (Supplementary Figure A.4.2). Dunes become progressively 

younger moving towards the east coast (west to east) (Figure 4.5 and Supplementary Figure 

A.4.2). The oldest dunes tend to be larger and less numerous across the landscape, whereas 

younger dunes are smaller in size but greater in number (Supplementary Figure A.4.2). 

Onlapping relationships revealed by the roughness analysis obey the principle of superposition, 

consistently showing younger dunes superimposed on older dunes. 



Patton et al., 2022b 

63 

 
Figure 4.5: Predicted Holocene dune ages using σC-age model. (a) Aerial imagery of K’gari 
to the north and the CSM to the south with locations of Panels (b) northern K’gari, (c) southern 
K’gari, and (d) the CSM. 
 

4.4.4 Temporal frequency of dune emplacement  

Overall there is good visual correspondence between probability density function 

(PDF) peaks from the OSL age control and predicted dune ages (Figure 4.6 vertical teal areas). 

Utilising dated dunes and their measurement error (n=22), PDFs depict four major peaks that 

occur at ca. 0.5, 2.2, 4, and 9.5 ka. When separating the OSL ages into two unique PDFs for 

both locations, I observe similar trends between K’gari (n=6) and the CSM (n=16) suggesting 

my sampling efforts captured consistent emplacement events despite having limited OSL dates 

(white PDFs in Supplementary Figure A.4.3b and c, respectively). 

Using predicted ages derived from the σC-age model (not including active dunes) (n= 

726) I produce PDFs for dune emplacement. PDFs derived from non-normalised estimated 

dune ages depict one major significant peak at ca. 1 ka that rapidly decreases with increasing 

dune age (Figure 4.6b). This is observed for both the combined and separated PDFs and is a 

reflection of the abundant number of mapped dunes (~60%) emplace during the last 1 ka 

(Supplementary Figure A.4.2a). When accounting for dune area, the combined normalised PDF 

has four peaks centred at ca. <0.5, 1.5, 4, and 8.5 ka (Figure 4.6c). The same peaks are common 
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to the PDFs generated for the two areas when treated separately (Supplementary Figure A.4.3b 

and c).  

 

 
Figure 4.6: Normalised probability density functions (PDFs) of the combined K’gari and CSM 
dune fields derived from (a) OSL-dated dunes and (b) predicted ages. (c) Predicted ages 
normalised by total dune area. Vertical teal areas highlight phases of dune emplacement. By 
far the largest number of dunes are small coastal blowouts, but cumulatively these dunes 
represent very little land area and are of only local significance. Area occupied by the dunes is 
critical as during major activation phases blowouts coalesce into much larger parabolic and 
transverse dune fields. 

 

4.4.5 Sensitivity analysis 

Surface roughness (σC)-age relationships for a range of DEM resolutions (1 - 50 m) and 

their associated r2 and RMSE are reported in Supplementary Table A.4.3. I find that a wide 
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range of resolutions provide a good fit (3 - 20 m) with their r2 >0.90 and RMSE < 1.1 ka with 

the best resolutions being 5 and 6 m. I observe the poorest relationship (low r2 and high RMSE) 

for the highest and lowest resolutions (1 m and 50 m). Generally, I observe that PDFs 

determined from DEM resolution between 3 - 20 m show similar frequency, magnitude, and 

timing of dune emplacement compared to PDFs derived from measured OSL dated dunes 

(Supplementary Table A.4.3 and Supplementary Figure A.4.4).  

 

4.5 Discussion 
4.5.1 Dune surface roughness and evolutionary processes 

While dunes are active, they are dominated by wind advection and deflation that 

controls their movement near the lee slope slip-face (Pye, 1982; Hesp, 2002). The migrating 

dunes’ surfaces are barren of vegetation with shallow stoss gradients and over-steepened lee 

slopes that are smooth (low σC). The dune continues to move while vegetation begins to 

stabilise dune segments along the trailing arms and furthest from the active sections (Levin, 

2011; Yan and Baas, 2017). Topographic variability begins to emerge as sand is entrained 

within and/or forced around vegetation patches. This increases local relief, roughening the dune 

surface resulting in an increase in σC. This progresses until the vegetation has fully covered and 

stabilised the dune’s surface, marking the onset of dune emplacement and the highest recorded 

σC values (Supplementary Figure A.4.5). My observations match those seen in other dune 

systems (e.g., Hesp, 2002; Stallins and Parker, 2003; Pelletier et al., 2009), indicating that dune 

emplacement through to the stage of vegetation stabilisation is a mechanism that roughens 

topography. 

Once dunes are emplaced, their topographic evolution can be described by diffusive 

sediment transport theory which includes two phases of smoothing (decreasing σC with time) 

(Chapter 3). The first phase of rapid smoothing is induced by frequent episodic sediment 

transport from dry-ravel and sheetwash processes. This persists until all slopes are lowered 

below their angle of repose. This is followed by the second phase which is dominated by slow 

and continuous transport processes such as bioturbation and granular relaxation. I hypothesise 

that this continues as erosion rates lower and the styles of transport become increasingly 

uniform until no relief remains, σC  0 m-1 (Supplementary Figure A.4.5). This general 

evolution is supported by my field observations that steep slopes persist on young dunes (<1 

ka), geomorphic processes are consistent on K’gari and the validation subset fits well. 
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4.5.2 Timing of dune emplacement and regional story 

The σC-age relationship calibrated from the CSM accurately predicts the ages of the 

OSL dated dunes on K’gari. The findings support the idea that both dune fields are part of the 

same system undergoing similar evolutionary development with distinct emplacement phases 

in the Holocene (e.g., Ward, 2006; Ellerton et al., 2020; Chapter 2). Critically, I was able to 

predict the age of every emplaced Holocene dune in the dune field, which significantly 

amplifies my ability to extract chronological signals from dune fields that have, to this point, 

been limited. 

My approach allows me to observe patterns within the dune fields that would otherwise 

be obscure. For example, the oldest of the Holocene emplacement phases at the CSM and 

K’gari is the so-called ‘Triangle Cliff’ unit (Ward, 2006; Chapter 2). It is comprised of large 

parabolic dunes, and more locally, large transverse dune waves.  This unit was mapped 

uniformly across the dune fields (Ward, 2006; Chapter 2) suggesting that the entire coastline 

was simultaneously active during the early Holocene.  This is consistent with the expectation 

that the dune fields would be generally active during the main post-glacial transgression (e.g., 

Thom, 1978; Thompson, 1981; Pye, 1983; Pye and Bowman, 1984; Cook, 1986; Shulmeister 

and Lees, 1992; Lees, 2006). However, the age estimates indicate a slightly different pattern, I 

observe the main preservation of these older Holocene dunes are immediately (within ~20 km) 

south of rocky headlands (i.e., Double Island Point on the CSM; Tukkee Wurroo (aka Indian 

Head) and Waddy Point on K’gari) (Figure 4.5). I hypothesise that these headlands act as 

pinning points for the beaches and long-term rotation of the coastline into swash alignment 

south of the headlands which has resulted in enhanced erosion and the consequential loss of 

older Holocene dunes in the southern parts of both dune fields (Stephens et al., 1981). In 

addition, eroded sediment tends to accumulate south of the headlands, as can be observed 

inland from Tukkee Wurroo. The one exception is near the southern limit of K’gari where the 

northward migration of the Mary River/Sandy Strait inlet during the mid- to late-Holocene 

(Köhler et al., 2021) has increased local sediment supply, promoting coastal accretion (Figure 

4.5). This has consequently preserved some mid-Holocene parabolic dunes behind beach ridge 

complexes. 

Paleoenvironmental interpretations from dune fields are constrained by dune 

chronologies and are often based on a handful of ages (e.g., Shulmeister and Lees, 1992). In 

fact, many of the current interpretations for the coastal dunefields are from sparse data sets 

which are limited to inferred key events, for example, the onset/intensification of the El Nino 
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Southern Oscillation (ENSO) or even the post glacial transgression. My method provides a 

systematic and inexpensive means to substantially expand these chronologies, and a way to 

increase the robustness of interpretations by providing realistic ages for all the dunes in the 

dune field. The enhanced chronology is important because patterns of dune activation and 

emplacement are complex and may encompass both significant, region dependent, time lags 

and local signals (Lancaster et al., 2016).  

 

4.5.3 Dune emplacement ages and sea-level variability 

Overall, the predicted ages support previous inferences about the dune fields. Whether 

the SE Queensland dune fields, including the CSM and K’gari, have been activated by sea-

level or climate change has been strongly debated (e.g., Ward, 1978; Thompson, 1981; Young 

et al., 1993; Walker et al., 2018; Ellerton et al., 2020) but the idea that the main dune forming 

events were associated with the glacial maximum has become embedded in the popular 

literature (e.g., the listing for the Fraser Island | K’gari World Heritage Area). The most 

comprehensive chronology comes from Ellerton et al. (2020) who constrained the ages of the 

mapped Pleistocene and Holocene dune units and related these emplacement phases to sea-

level. In our study, they noted that sea-level rise is likely the main driver inducing dune activity 

owing to the erosion of sand from the coast and nearshore and consequent reworking of 

sediment into the dune fields (Cooper-Thom model) (Cooper, 1958; Thom, 1978). 

I re-examine this hypothesis by comparing the PDF results from the σC-age model with 

local sea-level curves from Lewis et al. (2008) and Larcombe et al. (1995). Similar to Ellerton 

et al. (2020), my findings support the Cooper-Thom model. I observe four major peaks in the 

Holocene at ca. 0.5, 1.5, 4, and 8.5 ka that are primarily tied to sea-level variability (Figure 

4.7).  

The clear advantage of my method compared with OSL generated PDFs is that the 

peaks are much better defined. This is particularly true for the two older events which are larger 

and more pronounced, which this is not the case for the OSL derived PDF (Figure 4.6). To 

maintain consistency with previous papers, I use names of dune units to represent phases of 

dune emplacement (Ward, 2006; Ellerton et al., 2020; Chapter 2). The oldest emplacement 

phase (Triangle Cliff) changes from a poorly defined period between ca. 11 and 6.5 ka (Ellerton 

et al., 2020), to a tighter defined event at ca. 8.5 ± 1.0 ka. This coincides well with the 

termination of the rapid component of post-glacial transgression (e.g., Larcombe et al., 1995). 

For the two younger events there is a shift in their peaks, in both cases making the peak slightly 
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younger than the OSL based peaks. For the Freshwater (ca. 4 ± 0.5 ka) and Station Hill (ca. 1.5 

± 0.5 ka) emplacement phases, the revised ages are clearly younger than the sea-level rise they 

are interpreted to be associated with. This is sensible as the dune ages reflect the timing of sand 

burial, hence dune emplacement. New dune activation ceases when sea-level rise stops but the 

dunes that are active, can remain active for decades to centuries after the initiation process has 

stopped (e.g., Levin, 2011; Houser et al., 2015; Levin et al., 2017). 

 

 
Figure 4.7: The combined K’gari and CSM dune fields PDF from predicted (dark grey) dune 
ages compared to local sea-level curves from Lewis et al. (2008) and Larcombe et al. (1995). 
Note, there is a break in the relative sea-level axis so that both curves could be displayed on 
the same graph. I observe four emplacement phases (vertical teal areas) that are closely 
associated with the termination of the rising limb of sea-level events. The addition of the 
estimated ages permits me to better constrain the timing of dune emplacement (Ellerton et al., 
2020) which has been associated with mapped dune units (Ward, 2006; Chapter 2): Cape ca. 
<0.5 ka; Station Hill ca. 1.5 ± 0.5 ka; Freshwater ca. 4 ± 0.5 ka; and Triangle Cliff ca. 8.5 ± 1.0 
ka. 
 

The most recent dune emplacement event (Cape) occurred within the last 0.5 ka which 

does not correspond with increased sea-level. This phase has been ascribed to increased human 

activity (Aboriginal fires and European clearance and fires) (Cook, 1986), but it has also been 

proposed that sea-surface temperatures (SST), specifically the intensification of ENSO and the 

Interdecadal Pacific Oscillation (IPO) may account for this activation (Levin, 2011). While 

very little is known about the long-term history of the IPO, its direct effect on beach processes 

in this area has recently been confirmed (Kelly et al., 2019) and it is associated with a change 

in incident wave direction and effective wave height (McSweeney and Shulmeister, 2018). 
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More positive IPO conditions in the last few centuries may account for this increased coastal 

dune formation. There is one caveat. Coastal blowouts are formed continuously and are a 

function of local storms, fires and other disturbances as well as regional events (Levin, 2011; 

Hesp, 2002). The large number of very young dunes may well simply be a reflection of 

stochastic process, where these dunes have little long-term preservation potential. 

It is important to note that I observe little evidence to support the hypothesis that climate 

is the major control on widespread dune activity, as proposed by Young et al. (1993) (Figure 

4.8). It has been inferred from paleoclimate records that there was an intensification of ENSO 

during the mid-Holocene which may have led to increased storminess and climate variability 

(Shulmeister and Lees, 1995; Moy et al., 2002; Donders et al., 2006; Conroy et al., 2008; Barr 

et al., 2019) resulting in widespread dune activity. However, this is unlikely in these dune 

fields. Pollen studies have shown that vegetation type in the dune field was not modified by 

climate change in the Holocene. In fact, dune vegetation was remarkably consistent. Instead, 

any impact of ENSO will be through interactions with the IPO on wave climate and on 

enhanced sea-surface temperatures, triggering more frequent or stronger storms.  

 

 
Figure 4.8: Paleoclimate records through the Holocene from Laguna Pallcacocha in southern 
Ecuador (Moy et al., 2002), Swallow Lagoon in eastern Australia (Barr et al., 2019), and El 
Junco Lake in the Galápagos Islands (Conroy et al., 2008) compared to timing of major dune 
emplacement phases at K’gari and the CSM. Climate appears to have little direct link to dune 
emplacement. 
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4.5.4 Surface roughness (σC)-age model application 

In this chapter, I have demonstrated that the surface roughness (σC)-age model is a 

potentially powerful tool for applying in dune settings. The advantage of this approach is that 

it produces systematic dune ages and only requires high-resolution elevation data and a limited 

number of constraining dune ages. It also has the ability to detect previously non-identified 

map units. Dunes can be placed in clusters of similar σC to help infer the number of 

emplacement events and their relative sequence even when dune units are not contiguous 

and/or age control is absent. Furthermore, reasonable age estimates can be obtained for these 

undated events. These analyses can be used to target and direct future sampling strategies to 

ensure all events are confirmed and sampled for dating, while avoiding areas of reactivation so 

that a robust chronology can be constructed. 

In contrast to dune ages, high-resolution elevation data is becoming increasingly 

available as unmanned aerial vehicles (UAVs) and other remote sensing techniques are being 

extensively employed to capture topographic information. Indeed, the sensitivity analysis 

highlights that a wide range of DEM resolutions can produce robust age predictions, the PDFs 

of which correspond well with previously described emplacement events. I determine that σC 

calculated with DEM resolutions of between 3 and 20 m produce similar results. Beyond this 

range (i.e., finer or coarser resolution), the relationships deteriorate (Supplementary Table 

A.4.3 and Supplementary Figure A.4.4). Additionally, it is important to recognise that not all 

elevation models are equal and researchers must use their own discretion to determine if their 

data adequately describes the dunes surface at the necessary resolution. For example, areas 

with dense vegetation and/or canopy cover, Light Detection and Ranging (LiDAR) should be 

considered because of its vegetation penetrating abilities (i.e., bare-earth DEM) rather than a 

photogrammetry derived DEM which may not capture the ‘true topography’. 

I expect that my σC-age model will be applicable in many other dune settings. The 

model has three major assumptions: initial landforms are formed with significant surface 

roughness, landscape evolution is time dependent, and only diffusive hillslope processes are 

active. These suggest that all dunes within the same system will have identical evolutionary 

trajectories (σC–age regression) and their topography will only smooth with time (decreasing 

σC). Within K’gari and the CSM these assumptions are known to be valid and is clearly 

demonstrated by the strength of the model in both locations. Similar to K’gari and the CSM, 

many coastal dune systems have relatively stable base-levels in the mid- to late-Holocene, well 

defined and stable wind fields, and have uniform, well-sorted, and unconsolidated material. 
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These boundary conditions apply on the Oregon coast (Peterson et al., 2007) and Great Lakes 

of the USA (Hansen et al., 2020), Northern Ireland and Scotland (Wilson et al., 2004; 

Sommerville et al., 2007), the SE Brazil coast (Giannini et al., 2007), and Israel (Levin et al., 

2008), amongst many others.  

Despite superficial similarities, each of these dune systems vary dramatically in climate 

and biota which may lead to changes in the rate σC decays with time between sites. As discussed 

by Booth et al. (2017) and Chapter 3, the rate of decline for the regression is controlled by soil 

diffusivity (which is the combined effect of all environmental factors influencing the efficiency 

of sediment to move downslope). As a result, there is no one dune field σC–age regression that 

is applicable at all sites. A new model calibration and validation is critical in each case. 

Nevertheless, the decline in σC with time and its value can help infer transport processes, 

characterise dune evolution, and place tighter constraints on dune field development with 

respect to regional climate/sea-level models. 

The key limitation of the method is when non-diffusive (advective) processes such as 

knickpoint erosion also affect dune evolution. For this reason, applications of the method 

should initially be limited to Holocene dunes and avoid sites with significant fluvial reworking 

and/or rapid base-level change. My intention is to adapt the model to Pleistocene sections of 

the CSM and K’gari dune fields in due course, a process that will involve developing a model 

that incorporates the effect of base-level changes into the evolving σC. 

 

4.6 Conclusions 
Determining age control for landforms is important within the earth sciences for several 

reasons, notably for providing the rates of processes driving landscape evolution. However, 

acquiring the volume of ages necessary to develop the complete record of dune emplacement 

events for a field area is challenging and, in most cases, not feasible. This is mainly due to 

sample availability, time, cost, and methodological constraints, but may also arise from 

environmental degradation caused by sampling and travel in sensitive areas. The K’gari and 

the Cooloola Sand Mass (CSM) dune fields are ideal locations to validate this approach as 

within the Holocene most major factors contributing to landscape evolution can be measured 

and constrained. I apply an exponential fit to the dune surface roughness (σC)-age 

measurements and this relationship can be numerically explained through conservation of mass 

equations. K’gari and the CSM provides a field site where greater than 700 dunes spanning the 

last 10 ka are preserved and which can be readily compared with paleo-records of climate, sea-
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level, and vegetation. Despite numerous dating campaigns, only slightly over 20 luminescence 

dated Holocene dunes are reported (Tejan-Kella et al., 1990; Walker et al., 2018; Ellerton et 

al., 2020; Köhler et al., 2021). This only accounts for <3% of dunes preserved and <1% of the 

total land area (Chapter 2). To fully understand the spatial and temporal relationship of dune 

emplacement, many additional ages are required. Utilising a roughness-age empirical model, I 

provides the first high-resolution coastal dune chronology. Its application gives a more robust 

insight on coastal system evolution than can be derived from limited chronological constraints. 

This model provides realistic estimates for every Holocene dune which is not only 

useful in understanding where dunes of certain ages are located, but it also adds significance 

to the timing of major dune emplacement events. For instance, when only OSL dated dunes are 

utilised, the timing of these events are broad and poorly defined. With the addition of the 

predicted ages, the time constraints on the events narrow and peaks are more pronounced (e.g., 

the Triangle Cliff dune unit being reclassified from ca. 11 to 6.5 ka by Ellerton et al. (2020) to 

ca. 8.5 ± 1.0 ka event). At K’gari and the CSM, my results confirm that major phases of dune 

activity are governed by sea-level fluctuations. In addition, the age pattern allows me to 

demonstrate that their spatial distributions are controlled by changes in swash/drift alignment 

of the coast. The oldest Holocene dunes are concentrated near headlands that act as pinning 

points for coastal rotation and are less erosion prone. These observations highlight the power 

of the method to yield new insights on landform evolution in a coastal dune field. 

  



Patton et al., 2022c 

73 

 

 

 

 

 

 

Chapter 5. 
Reconstructing Holocene fire records using dune foot-slope 

deposits at the Cooloola Sand Mass, Australia 
 

 
This chapter is in preparation to be submitted to Quaternary Research 

 

Patton, N. R., Shulmeister, J., Hua, Q., Almond, P., Rittenour, T. M., Hanson, J., Grealy, A., Gilroy, J., & Ellerton, 

D. (In Prep. - Quaternary Research). Reconstructing Holocene fire records using dune foot-slope deposits at the 

Cooloola Sand Mass, Australia.  

 

 

Preface: This chapter evaluates the utility of dune footslope deposits to record intact, 

stratigraphic fire records. In this chapter, I excavate soil profiles at the base of four different 

aged dunes in the CSM, Australia. Charcoal concentrations are determined for predetermined 

sample depth intervals for three size classes. I generate high-resolution age-depth models to 

place charcoal accumulation rates (CHAR) in the context of time and compare the results to 

other more traditional records (i.e., lakes and bogs) locally and regionally. The outcomes of 

this chapter highlight a previously unrecognised deposit that can be used in both coastal and 

continental dune systems as a means to evenly distribute geomorphic (erosion and 

sedimentation) and ecologic (fire) records globally. Additionally, the findings add supporting 

evidence for Chapter 3 that fire is an important disturbance in the dune fields. 

 

 



Chapter 5 

74 

Nicholas R. Patton1,2, James Shulmeister1,2, Quan Hua3, Peter Almond4, Tammy M. 
Rittenour5, Johanna M. Hanson1, Aloysius Grealy2, Jack Gilroy2, and Daniel Ellerton2,6  
 
1School of Earth and Environment, University of Canterbury, Christchurch 8041, NZ 
2School of Earth and Environmental Sciences, The University of Queensland, Brisbane 4072, AUS 
3Australian Nuclear Science and Technology Organisation, Kirrawee DC, NSW, 2232, AUS 

4Department of Soil and Physical Sciences, Lincoln University, Christchurch 7647 New Zealand 
5Department of Geology, Utah State Luminescence Laboratory, Utah State University Logan, UT 84322, USA 
6Department of Geological Sciences, Stockholm University, SE 10961 Stockholm, SE 
 

Abstract 
In this study, I assess terrestrial depositional positions at the Cooloola Sand Mass, a 

sub-tropical coastal dune system in eastern Australia, to determine whether they accurately 

record fire Holocene history. I excavate four profiles at the base of dune slipfaces (foot-slopes) 

and calculate charcoal concentrations for three size classes (180-250 μm, 250-355 μm, and 355 

μm-2 mm) at predetermined depth intervals. Age-depth models are constructed for each profile 

using radiocarbon measurements (n=46) and basal OSL dates (n=4). All records appear intact 

with little evidence of post-depositional mixing as demonstrated by minimal age-reversals and 

consistent trends in charcoal concentration and accumulation rates (CHAR) amongst size 

classes. Aggregating all four records, I generate a ca. 7 cal ka BP terrestrial fire history that 

depicts distinct peaks representing periods of increased local fire activity: ca. <0.1, 1.1-0.3, 

2.2-1.8, 3.6-2.6, and 6.7-5.3 cal ka BP. My findings parallel regional records and highlight their 

utility as an ecological and geomorphological record that is both spatially continuous and 

abundant across the landscape. As dune fields are much more common than wetlands and lakes 

in semi-arid and arid areas, these deposits have the potential to increase the spatial resolution 

of fire records globally. 

 

5.1 Introduction 
5.1.1 Fire in the Australian landscape 

Fire is one of the most dominant landscape disturbances on Earth (Hennessy et al., 

2005; Bowman et al., 2009). This was clearly demonstrated in the 2019-2020 ‘Black Summers’ 

in Australia, which burnt ~240,000 km2, destroyed over 3000 houses, killed an estimated one-

billion animals, and displaced thousands of people (Figure 5.1) (DAWE, 2020; Filkov et al., 

2020; Richards et al., 2020; Gallagher et al., 2021; Canadell et al., 2021). Fire activity (both 

frequency and severity) has been projected to increase due to changes in land use and climate 
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(McKenzie et al., 2004; IPCC, 2021). It is therefore imperative to understand the role, 

frequency and intensity of fire in Australia as it is one of the world’s most fire-prone landscapes 

(Bradstock et al., 2002; Russell-Smith et al., 2007; Bradstock, 2010; Van der Wef et al., 2017) 

and has a long legacy of both natural and anthropogenic fire occurrence.  

Prior to the arrival of humans ca. 70-65 ka, fire was presumed to be minor in Australian 

records (Singh et al., 1981; Moss and Kershaw, 2000; Clarkson et al., 2017). The subsequent 

increase in fire activity is commonly ascribed to Indigenous arrival (Kershaw, 1986; Turney et 

al., 2001) due to their frequent use of small, low-intensity fire across the landscape, aka ‘fire-

stick farming’ (Russell-Smith et al., 1997; Bowman, 1998). However, more recent studies have 

suggested little evidence of variations in fire regimes after human arrival, instead ascribing 

increased fire activity to changes in climate (e.g., Mooney et al., 2011). 

 

 
Figure 5.1: (a) Total area burned in Australia during the 2019-2020 ‘Black Summers’ (red 
area) (DAWE, 2020) and the locations of sediment cores (black dots) used to generate Late 
Quaternary fire records in Mooney et al. (2011). (b) Satellite imagery of the SE Queensland 
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dune fields and location of fires during the 2019-2020 fire season with the yellow outlines 
representing the ‘Fraser Fire’ and ‘Freshwater Road Fire’ on K’gari and the Cooloola Sand 
Mass (CSM), respectively. The yellow star marks the field site for this study, whereas the white 
stars indicate fire record locations compared in this research. Images of the (c) the Kings Bore 
Wildfire, (d) the Thannae Fire, and (e) the Freshwater Road Fire (photo credit: Michael Ford 
Panel c and Erin Atkinson Panels d and e). 
 

The relationship between humans and fire is difficult to address in sedimentological 

records because the timing of Indigenous arrival is not precisely known and there are 

autocorrelations between climate, vegetation, and fire (Bowman, 1998; Archibald et al., 2013). 

Not until European arrival and a shift to fire suppression in the last 200 years, do I see a clear 

anthropogenic signal (Moss et al., 2011; 2015; Hanson et al., 2022). Indeed, the transition from 

Indigenous management to fire suppression is inferred to be responsible for not only increased 

fire severity, but also a shift in vegetation structure, boundaries and community composition 

(Thompson and Moore, 1984; Pyne, 1998; Fletcher et al., 2021; Mariani et al., 2022; Stone et 

al., 2022). 

Regardless of its origin, the role of fire in controlling Australian ecosystems and 

landscapes is widely accepted as significant. There are large and growing paleo-fire datasets 

(e.g., Marlon et al., 2015; Hawthorne et al., 2018; Harrison et al., 2022). The records used in 

these databases are strongly biased towards wetland areas and consequently, for Australia, this 

is largely in the southeast (SE) region (Figure 5.1a). There is a need to extend fire histories 

beyond peat bogs, swamps and lakes; however, much of the Australian landscape is not suitable 

to sustain long-term aquatic records (Bridgman and Timms, 2012; Chang et al., 2014; 2017) 

and therefore, finding suitable sites for the preservation of sedimentary charcoal records is 

challenging (e.g., Leys et al., 2018). As a result, there are spatial discrepancies across the 

continent, particularly in the interior and along the tropics and sub-tropics. A means to provide 

a more extensive distribution of fire histories inland, where fires may be the dominant 

ecological process is needed. 

In this study, I assess the utility of aeolian sand dune deposits to reconstruct fire 

histories. Dunes are abundant within the interior and along the coastlines of Australia (Lees, 

2006; Hesse, 2016; Lancaster et al., 2016). As a case study, I focus my efforts on the Holocene 

portion of the Cooloola Sand Mass (CSM) within the SE Queensland dune fields (Figure 5.1b). 

The dunes are well dated (Walker et al., 2018; Ellerton et al., 2020; Chapter 4), evolution is 

well-understood (Chapter 3), and there are a number of aquatic records which can be used for 

comparison (Donders et al., 2006; Mariani et al., 2019; Hanson et al., In Review). 
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5.1.2 SE Queensland dune fields vegetation 

The SE Queensland dune fields (aka the Great Sandy Coast) in Australia (24.4°S – 

27.5°S) include the three largest sand islands in the world: K’gari (Fraser Island), Minjerribah 

(North Stradbroke Island), and Mulgumpin (Moreton Island), and the Cooloola Sand Mass 

(CSM) on the mainland (Figure 5.1b). These dune fields have been developing for at least ca. 

800 ka (Ellerton et al., 2020). They are composed of large parabolic dunes which contain the 

world’s largest rainforest and unconfined aquifer on a sand island, and is home to rare flora 

and fauna (UNESCO, 2021). Their vegetation follows a classical climax vegetation sequence 

moving inland from the coast (Walker et al., 1981; Walker et al., 2010; Gontz et al., In Review), 

which include: coastal pioneer communities, dry sclerophyll forest, wet sclerophyll forest, and 

rainforest, with heathlands and coastal wetlands on the western (inland) side of the dune 

sequences (Queensland Herbarium, 2021). 

While this shift in vegetation structure and composition is reliant upon nutrient and 

water availability (Walker et al., 1981; 1987; Thompson, 1992; Thomas, 2003), fire plays an 

important role in this landscape (Thompson and Moore, 1984; Walker et al., 1987; Spencer and 

Baxter, 2006). For example, heathlands and dry sclerophyll forests often require frequent, low 

intensity fires to clear off ground cover, canopy shading, and incorporate nutrients into the soils 

(Keeley, 1995; Bowman et al., 2014). Another ecosystem reliant on fire to limit vegetation 

encroachment is the sub-tropical patterned fens located on the north-western section of the 

CSM and on the K’gari dune fields (Moss et al., 2016). These areas are dominated by the restiad 

Empodisma minus, which regenerates quickly after fires and protects the underlying peat 

(McFarland, 1988; Fairfax et al., 2011; Wagstaff and Clarkson, 2012; Queensland Herbarium, 

2021; Hanson et al., In Review). These systems have been suggested to burn every decade 

which hinders the thickening of woodland taxa that would otherwise invade the fens (Stewart 

et al., 2020).  

Wet sclerophyll forest (composed of tall sclerophyll trees, with relatively dense 

understory vegetation such as ferns) is characterised by even less frequent fires occurring at a 

minimum of 20 year intervals (Queensland Herbarium, 2021). In these areas, fires are generally 

suppressed by the forest moisture content. Even wetter are the rainforests, or more accurately, 

notophyllous vine thickets that typically avoid burning in all but the driest and most extreme 

conditions. Rainforest patches within the dune fields are associated with the low-lying dune 

swales that are perennially wet and when fires penetrate, they are usually low intensity; 
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however, these systems are extremely sensitive to fire (Collins, 2019; Queensland Herbarium, 

2021).  

 

5.1.3 SE Queensland dune fields fire history  

The oldest record located on Minjerribah has preserved fire activity for at least ca. 210 

ka, with increases in presumed anthropogenic fire activity after the last glacial maximum 

(LGM) (Kemp et al., 2021). There are well documented Indigenous traditions of frequent, low 

intensity burning on these dune fields (Fensham, 1997; Mulholland, 2021); however, the timing 

of initiation of these practises is unknown due to limited archaeological evidence. The oldest 

archaeological site at Wallen Wallen Creek on Minjerribah, is dated to ca. 21 ka (Neal and 

Stock, 1986); whereas, sites on K’gari and the CSM are much younger with the oldest 

published age at ca. 5.5 ka (McNiven, 1991). This is likely a minimum age given the presence 

of long habitation on Minjerribah, which, having fewer freshwater lakes, is a less favourable 

habitation site than K’gari and possibly the CSM. 

More recently, Indigenous land management has been absent from the dune fields and 

replaced by fire suppression since the expansion of the timber industry (ca. 1870 AD) 

(Hawkins, 1975; Spenser and Baxter, 2006). The shift to less frequent fires is easily identified 

in palaeoecological studies (e.g., Moss et al., 2015) and believed to be linked to recent higher 

intensity fire events and the transition of wet sclerophyll forests to rainforest (Krishnan et al., 

2018). For example, in late 2020 AD, the ‘Fraser Island Fire’ burned over 50% (~870 km2) of 

K’gari (Figure 5.1b). These fires are believed to have had a devastating effect on the biota of 

the dune fields and may be responsible for an acceleration of dune migration (Mulholland, 

2021). 

Fire plays a critical role in transforming the landscape. It is well documented that fire 

may lead to the formation, acceleration, and/or erosion of dunes (Levin et al., 2012; Shumack 

and Hesse, 2018; Ellerton et al., 2018; Chapter 3). Ellerton et al. (2018) discovered the most 

recent activation of the Carlo Blowout in the CSM was initiated by fire and posited that this 

was unlikely to be a one-time occurrence. As I discussed in Chapter 3, fire plays an important 

role in creating the necessary conditions to destabilise steep dune hillslopes. I found that the 

burned sections of the 2019 ‘Freshwater Road Fire’ only induced dry-ravel and sheetwash 

(similar to sand avalanching) on the youngest dunes (Figure 5.1b and Supplementary Figure 

A.5.1). I hypothesised that this was due to changes in sediment transport styles associated with 

hillslope gradients after fire. On steep slopes above or at their angle of repose (0.65 m m-1 or 
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33°), the reduction of soil cohesion due to the removal of roots, water content, and organic 

matter will promote accelerated erosion. 

 

5.1.4 Study rationale 

Landscapes such as the SE Queensland dune fields, with high fuel loads and proximity 

to amplified coastal winds, are prone to wildfires (Filion, 1984; Thompson and Moore, 1984; 

Srivastava et al., 2012; Shumack et al., 2017; Ellerton et al., 2018). However, dune 

environments are rarely targeted for paleofire reconstruction, likely because they are regarded 

as too ephemeral or too difficult to extract reliable multi-millennial environmental records. 

There are few bogs in the CSM so there are no fire records found within the immediate dunes 

despite its inferred importance. This is in contrast to the other neighbouring dune fields (K’gari 

and Minjerribah) which have multiple charcoal records (e.g., Donders et al., 2006; Moss et al., 

2013; Barr et al., 2013; Atahan et al., 2015; Barr et al., 2017; Schreuder et al., 2019; Mariani 

et al., 2019; Kemp et al., 2021; Maxson et al., 2021) from bog, lake and fen records. The closest 

records are from the Rainbow Beach patterned fen complexes approximately 10 km north-west 

of the dune field (Figure 5.2) (Moss, 2014; Hanson et al., In Review) which provide local 

records to compare with records from the CSM. 

The goal of this study is to determine if charcoal records from dune depositional foot-

slope positions can be used to reconstruct local, multi-millennial fire history of the sclerophyll 

forest within the CSM. Specifically, my main objectives were to (i) assess whether sites contain 

intact, stratigraphic charcoal units for developing a fire record; (ii) evaluate the sensitivity of 

the records to charcoal size classes; (iii) place the spatially aggregated charcoal records into 

the context of other records found in the SE Queensland dune fields; and (iv) consider 

improvements to the data gathering and/or interpretation techniques. The outcomes will help 

the development of charcoal records of fire from areas where fire is a rare event 

(wetlands/lakes) into the parts of the landscape where fire may be the dominant ecological 

process.  
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Figure 5.2: Site location. (a) Satellite imagery of the Cooloola Sand Mass (CSM) with areas 
of interest, and the Rainbow Beach patterned fen complex (white star). (b) Close-up of the four 
dunes used in this study (dashed lines) and locations of the depositional foot-slope sites (yellow 
stars) found on each dune’s North-facing slipface. (c) Conceptual diagram of sediment 
transport and deposition on a dune’s slipface. Charcoal particles are produced on the dune’s 
surface during fires (small black dots), transported down gradient, and deposited in the foot-
slope position as disseminated charcoal or charcoal layers. I hypothesise that charcoal analysed 
in this study remains in stratigraphic order and is produced locally because sediment is retained 
within the CSM’s basins (Chapter 3) and charcoal particles are large (between 180 μm and 2 
mm). The red box indicates the location that soil pits were excavated to obtain a fire record for 
this study. A sand auger was used at the base of each pit to determine the depth of the 
underlining dune surface (i.e., deposit thickness) which is inferred to represent the initiation of 
sediment deposition (i.e., dune age). (d) Soil profile looking up to crest on the 10 ka dune. 
 

5.2 Methods 
5.2.1 Site selection and sampling design 

The CSM in SE Queensland, Australia is positioned approximately 150 km north of 

Brisbane and immediately south of K'gari. The dune field has an area of 240 km2 and is 
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composed of large parabolic dunes with crests up to 240 m.a.s.l. They are composed of >98% 

well-sorted siliceous sands (180-250 μm) (Thompson, 1983; 1992; Tejan-Kella et al., 1990). 

The freely drained soils and the humid sub-tropical climate with warm, wet summers and mild, 

dry winters (MAP 1500 mm; BOM, 2019) (Köppen climate classification) promote 

podzolization. The sediments are retained within the depositional areas due to the lack of fluvial 

and aeolian transport (once stabilised by vegetation) (Chapter 3) that also results in the 

unabated development of giant podzols (Thompson, 1981). Changes in age correspond with 

systematic changes in soil and vegetation development. The dune field has been extensively 

dated (Tejan-Kella et al., 1990; Walker et al., 2018; Ellerton, et al, 2020; Chapter 4; Ellerton 

et al., In Press) and mapped (Ward, 2006; Chapter 2). Most dunes initiate near the coastline 

from disturbances such as sea-level variability, storms, and/or fires (Levin, 2011; Chapter 4). 

Their path inland is maintained by the nearly limitless sediment supply from the longshore drift 

system (Boyd et al., 2008) and consistent SE winds (Coaldrake, 1962) until their surfaces are 

ultimately stabilised by vegetation (Levin, 2011). This process has occurred for at least 800 ka 

resulting in one of the oldest and most complete coastal dune sequences in the world (Ellerton 

et al., 2020). 

In this study, I sampled at the base of four closely adjacent Holocene parabolic dunes 

with emplacement (stabilisation) ages of 0.44 ± 0.10 ka, 2.14 ± 0.27 ka, 4.89 ± 0.45 ka, and 

9.82 ± 0.98 ka, hereafter referred to as the 0.5 ka, 2 ka, 5 ka, and 10 ka dunes, respectively 

(Figure 5.2b). The age of each dune was determined by optically stimulated luminescence 

(OSL) dating using small aliquot samples (Ellerton et al., 2020; Chapter 4). Pit sites are purely 

depositional as they sit at the base of each dune’s lee side slipface (Figure 5.2b). All transects 

have similar small source areas (a planar hillslope length of <70 m to the dune crest) on a north-

facing dune slipface (Figure 5.2c) and are found in ‘dry’ sclerophyll forest with similar 

vegetation types and canopy cover. The dominant taxa include Pink Bloodwood (Corymbia 

intermedia), Scribbly Gum (Eucalyptus signata), Forest-oak (Casuarina torulosa), Black She-

oak (Casuarina littoralis), Banksia (Banksia serrata), and Blackbutt (Eucalyptus pilularis) 

with a canopy cover between ~60-80%.  

Each site was hand excavated to a minimum depth of 1.75 m with the intention to reach 

the C-horizon (i.e., original parent material). Additionally, I augered at the base of each pit to 

determine the depth of the underlying dune surface (i.e., antecedent topography on which the 

dune onlapped) to represent the maximum basal age of the foot-slope deposit (i.e., the OSL-

dated dune age). This boundary was identified by the presence of a buried A-horizon (Figure 

5.2c). The profile face was cleaned and described using standard soil description protocols 
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(Schoenberger et al., 2002). Descriptions included characterising soil horizons, grain size, 

boundaries of horizons, rooting depths, and soil structure. All charcoal layers and bioturbation 

features (e.g., ant burrows, nest construction, root growth and decay, and/or evidence of tree-

throws) were recorded. Any charcoal fragments that were easily accessible for collection were 

sampled, labelled, and saved for later radiocarbon analysis. 

For each soil profile, sediment samples and bulk density cores were extracted (~2000 

cm3 and ~260 cm3, respectively) at predetermined depths with highest sampling density near 

the surface. Samples were extracted at 0.05 m intervals from 0-0.1 m and then at 0.1 m intervals 

to 1.5 m after which intervals of 0.25 m were used. Bulk density was measured using the short 

core extraction method (Blake and Hartge, 1986), which involves driving a core into the pit 

face and carefully removing it with a flat edged soil knife. All samples were collected from the 

bottom of the profile upward to avoid contamination. The sampling was not initially designed 

with a fire record in mind and limitations created by the sampling design are discussed later. 

 

5.2.2 Sediment sample preparation  

All samples were dried for 48 hrs at 50°C. Dried samples were passed through a 2 mm 

stainless steel sieve to remove the coarse fraction (CF). Very little CF was present (average 

0.34 ± 0.73% by mass) and only consisted of root and charcoal fragments. This is not surprising 

in an aeolian sand deposit. Coarse charcoal particles in the CF were handpicked and saved for 

radiocarbon dating. The remaining fine fraction (FF) (<2 mm) soil samples were then placed 

in polypropylene jars and labelled to be later sub-sampled for charcoal counting. 

 

5.2.3 Bulk density 

Bulk density cores retrieved from the field were oven dried for 48 hrs at 105 °C to 

remove all moisture and then weighed. A 2 mm sieve was used to partition soils into CF and 

FF and weighed (MCF and MFF, respectively). The volume of the CF (VCF) was determined for 

each core by dividing the MCF by the density of the CF, which is assumed to be a constant 0.5 

g cm-3 (EQ.5.1a). This density value was selected. The VCF was subtracted from the bulk 

density core volume (VT), ~260 cm3, to obtain the FF volume (VFF) (EQ.5.1b). Finally, FF bulk 

density (BDFF) was calculated by dividing the mass by the volume (EQ.5.1c) of the fine 

fraction. 

𝑀𝑀𝐶𝐶𝐶𝐶 0.5 = 𝑉𝑉𝐶𝐶𝐶𝐶⁄          (EQ.5.1a) 
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𝑉𝑉𝑇𝑇 − 𝑉𝑉𝐶𝐶𝐶𝐶 = 𝑉𝑉𝐶𝐶𝐶𝐶          (EQ.5.1b) 

𝑀𝑀𝐶𝐶𝐶𝐶 𝑉𝑉𝐶𝐶𝐶𝐶 = 𝐵𝐵𝐷𝐷𝐶𝐶𝐶𝐶⁄         (EQ.5.1c) 

5.2.4 Charcoal counting analysis  

In this study, I focus my analyses on macro-charcoal which represents local (in-situ) 

fire production originating within 100 m of the dune soil profiles (Clark et al., 1998; Gavin et 

al., 2003; Higuera et al., 2005; Sanborn, et al, 2006; Iglesias et al., 2015; Itter, et al., 2017; Leys 

et al., 2017; Morris et al., 2017). I analyse charcoal >180 μm because smaller fragments are 

more susceptible to eluviation processes (the vertical transport of particles through the soil 

profile), due to the homogenous (180-250 μm) and well drained (600 mm hr-1) dune sands 

(Reeve et al., 1985). 

Fine fraction (FF) soil samples for all depth intervals were homogenised, sub-sampled 

using a riffle splitter (~5 g) and if needed treated with 15 mL of 10% HCl for 24 hrs to remove 

any sesquioxidic coating covering sand grains (i.e., samples collected from well-developed B-

horizon). Care was taken not to damage the charcoal fragments; each sample was individually 

wet sieved at 355 μm, 250 μm, and 180 μm. Under a dissecting microscope (2-20x 

magnification) all charcoal was counted (#) in the following size classes (180-250 μm, 250-

355 μm, and 355 μm-2 mm). Charcoal counts are converted to charcoal concentration by 

dividing the charcoal count by the sub-sample volume (V). The volume is calculated by using 

the initial sub-sample mass (Mi) divided by the BDFF from the appropriate depth interval (see 

EQ.5.2). This was completed for all samples for each profile and results are plotted against 

depth. Additionally, I compare charcoal concentrations between each size class. 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐 = � #
[𝑀𝑀𝑖𝑖/𝐵𝐵𝐵𝐵𝐹𝐹𝐹𝐹]

� = � #
[𝑉𝑉]
�    (EQ.5.2) 

 

5.2.5 Charcoal selection and preparation for radiocarbon (14C) dating 

Even in regions with homogenous geomorphology and ecology, it is necessary to 

acquire a large number of dates to adequately resolve fire history. To build a chronological 

framework for each depositional profile, I selected charcoal samples to be radiocarbon (14C) 

dated by accelerator mass spectrometry (AMS). My primary targets were >2 mm diameter 

charcoal fragments picked directly from the profile face of known absolute depths (n=24). I 

supplemented these samples with charcoal within the coarse fraction (n=22) and although these 

charcoal samples have inherently higher uncertainty with regard to depth (i.e., they come from 
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intervals of 0.05 m to 0.25 m), they provide a means to evenly distribute radiocarbon dating 

across all profiles.  

Radiocarbon samples were dated at two laboratories, with 46 samples dated in total. 

Twelve samples were dated at the Waikato Radiocarbon Dating Laboratory in 2019 and 2021. 

A further 34 samples were dated at the Australian Nuclear Science and Technology 

Organisation (ANSTO) radiocarbon laboratory in 2021 and 2022 (Fink et al., 2004). At both 

laboratories, the charcoal samples were pre-treated using the standard acid-base-acid (ABA) 

protocol before being combusted and graphitised (Hua et al., 2001). Sample graphite was then 

loaded and measurements were determined by AMS. The results were reported in conventional 

radiocarbon age or percent modern carbon (pMC). They were calibrated in OxCal v4.4.2 

(Bronk Ramsey, 2009) using the Southern Hemisphere calibration curve (SHCal20; Hogg et 

al., 2020) extended to the recent time using the post-bomb atmospheric calibration curve for 

Southern Hemisphere zone 1-2 (Bomb21SH12; Hua et al., 2021). Calibrated ages were 

reported in calibrated years before present (cal yr BP) at 95% CI.  

 

5.2.6 Age-depth model and combining charcoal records 

For all profiles, age-depth models were created using the ‘rbacon’ package (Blaauw 

and Christen, 2011) in R (R Core Team, 2022). These were modelled using both SHCal20 

(Hogg et al., 2020) and Bomb21SH12 (Hua et al., 2021). Additionally, I set the surface age to 

2019 (i.e., -69 cal yr BP; date of sample collection) and the basal ages to the OSL-dated dune 

ages. I attributed the age for each sample to the mid-point of each sample depth range (e.g., a 

depth range of 0.1-0.2 m would be reported as being at 0.15 m). Charcoal records are evaluated 

by plotting sample depth to charcoal concentration (# cm-3). I normalise for changes in 

sedimentation rates within and between sites by calculating charcoal accumulation rates 

(CHAR) expressed in units of particles cm-2 yr-1 (Long et al., 1998). Charcoal production can 

vary amongst sites due to local conditions (i.e., moisture content, fire intensity, and biomass); 

therefore, I rescaled each record to range from 0-1 by dividing by the maximum CHAR value 

(Power et al., 2008). Once normalised, records are aggregated and plotted against time to 

establish a master charcoal record for the Holocene dune field. For each dune and master 

charcoal records, CHAR peaks are identified visually. 

These results are compared to published macro-charcoal records from wetlands and 

lakes chiefly by Donders et al. (2006) and Mariani et al. (2019), and the micro-charcoal record 

of Hanson et al. (In Review) (white stars in Figure 5.1b). Additionally, I compare the results to 
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Mooney et al. (2011) and Williams et al. (2015) sub-tropical high-pressure belt (STH) (25°S – 

45°S) record of biomass burning. 

 

5.3 Results 
5.3.1 Field observations and soil characterisations  

Soil profiles were excavated to 1.75 m, 2.50 m, 2.75 m, and 2.50 m from the youngest 

to oldest dunes and classified as inceptisol, rudimentary podzol, podzol, and podzol, 

respectively (Figure 5.3). As expected, all soils have uniform grain size distributions 

concentrated between 180-250 μm. The younger profiles from the 0.5 ka and 2 ka dunes have 

minimal pedogenic development and charcoal is disseminated throughout the profile; however, 

distinct charcoal layers (CL) are observed. The 0.5 ka profile had one layer (CL1: 0.2-0.3 m) 

and no charcoal was observed >1.6 m. I classified all sediment below 1.6 m as the original 

dune structure (i.e., the original material that is derived from aeolian deposition and has 

remained immobilised since the dune became emplaced) due to its massive structure, lack of 

soil development and absence of organic material. The 2 ka profile had four charcoal layers 

near the base (CL2: 1.20-1.30 m, CL3: 1.70-1.80 m, CL4: 1.90-2.10 m, and CL5: 2.20-2.40 

m). In contrast, the oldest profiles from the 5 ka and 10 ka dunes have distinct transitions 

between pedogenic horizons, with the exception of the boundary between the A- and E- (A2-) 

horizons, which is diffuse. Charcoal appeared to be disseminated throughout the profile (no 

distinct layers) with elevated concentrations at the base and near the surface. Additionally, 

several months after pit excavations the ‘Freshwater Road Fire’ (Figure 5.1b and e) burnt all 

site locations. The fire removed vegetation but only induced a ~0.1 m sand ravel deposit on the 

0.5 ka dune foot-slope position (Figure 5.3a and Supplementary Figure A.5.1). This deposit 

was not included in my charcoal analyses and is only utilized as a point of discussion. 

For all sites, root growth and decay are the most prevalent forms of post-depositional 

mixing. This is greatest at the surface and rapidly decreases with depth, such that most roots 

are confined within the A-horizon (<0.5 m depth) (Little, 1986). Unexpectedly, I observe little 

evidence of other common forms of bioturbation (i.e., ant mounds, rodent burrows, tree throws, 

and/or nest construction). This is in stark contrast to the upslope, eroding positions at the CSM 

where all of these are common (Greenslade and Thompson, 1984), and where I visually 

estimated up to three ant colonies per m-2 along the hillslope surface. 
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Figure 5.3: Charcoal concentrations for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d) 10 ka dune depositional sites. For each depth interval (width of 
bar) charcoal was counted for all size classes 180-250 μm (dark grey), 250-355 μm (grey), and 355 μm-2 mm (light grey). Charcoal layers identified 
in the profile face are indicated with a band of black dots and labelled (CL#). Samples collected for radiocarbon analysis are indicated with a 
yellow star or a yellow circle whether they were collected at a discrete depth or from a sample depth interval, respectively. Charcoal layers only 
occur on the two youngest dunes and were incorporated in multiple sample intervals due to predetermined sampled depths. Note, the 0.1 m charcoal 
layer, labelled ‘Freshwater Road Fire’, above the site surface was deposited after pit excavation and sample collection. As a result, no charcoal 
concentrations were recorded for this interval. 
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5.3.2 Charcoal concentrations and accumulation rates 

Charcoal at all sites was well-preserved (sharp and angular). Concentrations were 

consistent across all the sites and all size classes depicted similar trends with depth. The 180-

250 µm size class contributes approximately half of the cumulative charcoal concentrations for 

each depth interval, whereas the larger size classes (250-355 µm and 355 µm-2 mm) each 

contributed about a quarter of the cumulative charcoal concentrations. This trend is found at 

all sites and remains consistent with depth (Figure 5.3). For this reason, I simplify my results 

by only reporting aggregate charcoal concentrations hereafter. Aggregated charcoal 

concentrations from all size classes (i.e., combined charcoal counts from 180 µm -2 mm) are 

measured from zero to 49.4 cm-3 with the highest values found near the surface. Out of the 78 

sampled depth intervals, only three samples lacked charcoal (not including samples at depths 

>160 cm from the 0.5 ka dune which constitutes primary dune sand). The average charcoal 

concentrations for each profile generally increased with dune age from 3.9 ± 5.7, 5.8 ± 2.8, 

14.5 ± 16.6, to 13.9 ± 11.6 cm-3.   

 

5.3.3 Radiocarbon (14C) analysis and age-depth calibration 

I radiocarbon dated 46 charcoal particles ranging from 11 to 7125 cal yr BP (Table 5.1). 

I submitted 12, 14, and 17 radiocarbon samples from the 2 ka, 5 ka, and 10 ka dunes, 

respectively. The 0.5 ka dune lacked radiocarbon samples and only yielded three ages. Due to 

my sampling strategy, 52% of the total dates are less than 2000 cal yr BP. I observe consistent 

trends with depth, with only four age reversals (> ± 2σ) (Figure 5.4). Samples from the same 

depth interval yield similar ages (e.g., Samples 33 and 34; Samples 44 and 45). I find average 

sedimentation rates between each site decrease with age from 0.49 ± 0.03, 0.37 ± 0.19, 0.12 ± 

0.06, to 0.05 ± 0.03 yr cm yr-1. Sedimentation rates are the highest where charcoal layers are 

present (i.e., the entire 0.5 ka dune and below 0.35 m on the 2 ka dune). In general, rates 

decrease moving up the excavated profiles, towards the surface. 
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Figure 5.4: Bayesian age-depth models generated for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d) 10 ka dune depositional sites. For each site, I set 
the age of the surface (0 m) to the date of pit excavation, and the basal age to the OSL-dated dune age. All ages are obtained through radiocarbon 
(14C) dating of charcoal fragments using the Southern Hemisphere calibration curve (SHCal20; Hogg et al., 2020)  extended to the recent time 
using the Post-bomb Atmospheric calibration curve for Southern Hemisphere zone 1-2 (Bomb21SH1-2; Hua et al., 2021). Graphs were produced 
using ‘rbacon’ (Blaauw and Christen, 2011) in R (R Core Team 2022). The calibrated year probability distributions estimates are shown in light 
blue. The red dashed line bounded by the grey dotted lines represents the age-depth model best fit and the 95% confidence intervals, respectively. 
Note, the y-axis only extends to 2.75 m, which covers all sample intervals, and does not include the complete age-depth model that extends to the 
base of each deposit (original dune structure or onlapped topography). 
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Table 5.1: All ages used to produce age-depth models in this study. Lab numbers beginning with ‘Wk’, ‘OZ’, and ‘USU’ were analysed at the 
Waikato Radiocarbon Dating Laboratory, ANSTO, and Utah State University Luminescence Laboratory, respectively. Note all ANSTO 
radiocarbon ages are preliminary and still require finalisation. 

Sample # Lab ID Depth (m) Conventional 14C ages 
(yr BP ± 1σ) 

Calibrated date median 
(cal yr BP) 

Calibrated date range at 95% CI 
(cal yr BP) 

0.5 ka Dune 
- Surface 0  -69§ -69.00 -66 - -72 
1 OZAF02 0.2 – 0.3 102.52 ± 0.32* 11 49 - -3 
2 OZAF03 0.4 – 0.5 170 ± 25 59 100 - 17 
3 OZAF04 1.4 – 1.5 210 ± 25 263 297 - 182 
- 1USU-2283 1.6 370 ± 100# 289ɫ 340 - 209 
2 ka Dune 
- Surface 0  -69§ -69 -66 - -72 
4 OZAE96 0.2 – 0.3 345  ± 25 395 466 - 300 
5 Wk-52211 0.35 718 ± 18 575 600 - 513 
6 OZAE97 0.4 – 0.5 625 ± 25 608 635 - 555 
7 Wk-52212 0.6 640 ± 19 645 676 - 614 
8 OZAE98 0.6 – 0.7 995 ± 30 679 713 - 639 
9 Wk-52213 0.75 882 ± 21 703 749 - 680 
10 Wk-52214 1.05 960 ± 19 780 815 - 745 
11 2Wk-50298 1.2 – 1.3 1017 ± 26 820 854 - 791 
12 OZAE99 1.7 965 ± 30 896 930 - 864 
13 Wk-50299 1.95 1023 ± 24 946 981 - 909 
14 OZAF01 2.25 1090 ± 25 1032 1077 - 964 
15 Wk-50300 2.35 – 2.41 1166 ± 24 1061 1166 - 1008 
- 3USU-3021 5.1 2072 ± 270# 2375ɫ 2672 - 2114 
5 ka Dune 
- Surface 0  -69§ -69 -66 - -72 
16 OZAE83 0.2 – 0.3 265  ± 25 304 457 - 159 
17 OZAE84 0.3 – 0.4 1360  ± 25 1204 1288 - 1088 
18 OZAE85 0.4 – 0.5 1820  ± 25 1433 1680 - 1283 
19 OZAE86 0.5 – 0.6 1535  ± 20 1510 1832 - 1365 
20 Wk-50296 0.7 – 0.8 2397  ± 26 2080 2214 - 1740 
21 OZAE87 1.0 2305  ± 25 2256 2345 - 2151 
22 OZAE88 1.2 2415  ± 25 2407 2490 - 2339 
23 OZAE89 1.3 – 1.4 2575  ± 25 2522 2605 - 2415 
24 OZAE90 1.65 2645  ± 25 2712ɫ 2759 - 2573 
25 OZAE92 1.75 – 2.0 2705 ± 25 2786 2855 - 2752 
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26 OZAE91 1.9 2795 ± 25 2795 2867 - 2761 
27 OZAE93 2.1 2660  ± 30 2857 2975 - 2810 
28 Wk-50297 2.25 2624 ± 25 2935 3077 - 2845 
29 OZAE94 2.45 2805  ± 40 3063 3254 - 2934 
- 1USU-2284 5.30 4822 ± 450# 5723 ɫ 6339 - 5215 
10 ka Dune 
- Surface 0  -69§ -69 -66 - -72 
30 OZZ591 0.2 – 0.3 560 ± 25 -  -  
31 OZZ592 0.2 – 0.3 365 ± 35 423 492 - 307 
32 OZAE76 0.4 1905 ± 25 1750 1824 - 1588 
33 OZAE77 0.5 1950 ± 25 1855 1923 - 1762 
34 OZZ594 0.5 – 0.6 1950 ± 35 1905 2000 - 1831 
35 OZAE78 0.6 – 0.7 2275 ± 25 2176 2298 - 2106 
36 OZZ596 0.7 – 0.8 2160 ± 35 2285 2660 - 2225 
37 Wk-50293 0.85 3534 ± 24 2910 3823 - 2451 
38 OZAE79 0.9 – 1.0 2865 ± 25 3103 4299 - 2863 
39 OZZ597 1.1 – 1.2 5040 ± 70 5021 5372 - 4405 
40 OZAE80 1.3 4815 ± 25 5394 5576 - 5077 
41 Wk-50294 1.75 5305 ± 26 6002 6157 - 5926 
42 OZAE81 1.75 – 2.0 5480 ± 30 6132 6247 - 6020 
43 OZAE82 2.07 5500 ± 30 6280 6387 - 6197 
44 Wk-50293 2.3 5648 ± 26 6456 6601 - 6361 
45 OZZ598 2.25 – 2.5 5880  ± 35 6568 6707 - 6453 
46 OZZ599 2.9 5995  ± 35 7125 7383 - 6836 
- 1USU-2285 4.5 9752 ± 980# 10206ɫ 11130 - 9426 

* – Indicates a modern sample, whose measured 14C content was reported in percent modern carbon (pMC) instead of conventional 14C age. 
ɫ – OSL age recalibrated to 1950 (cal yr BP) which represent deposit basal age. 
§ – Surface date in cal yr BP and # – OSL age relative to date sampled analysed. 
1 – Date from Ellerton et al., (2020), 2 – Date from Chapter 3, and 3 – Date from Chapter 4. 
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5.3.4 Charcoal accumulation rates (CHAR) records 

Charcoal concentrations are converted into charcoal accumulation rates (CHAR) using 

accumulation rates (i.e., the inverse of sedimentation rates, yr cm-1) derived from the age-depth 

models. I find that all CHAR values ranged from 0 to 10.6 cm-2 yr-1 and each record shows 

distinct peaks in CHAR that are detected amongst sites and size classes (Figure 5.5 and 

Supplementary Figure A.5.2). The 0.5 ka dune has one peak at the surface whereas the 2 ka 

dune has two peaks at ca. 1.05-0.7 and 0.6 cal ka BP.  The 5 ka dune record has two peaks. The 

most recent occurred ca. 3.3-2.6 cal ka BP and a peak within the last ca. 0.3 ka. The 10 ka dune 

has three peaks at ca. 6.7-5.3 cal ka BP, a peak between ca. 2.3-1.4 cal ka BP, and the most 

recent started ca. 0.5 cal ka BP. When aggregated into a master record I observe five peaks 

ranging between ca. <0.1, 1.1-0.3, 2.2-1.8, 3.6-2.6, and 6.7-5.3 cal ka BP (Figure 5.5). In 

general, CHAR peaks increase in frequency after ca. 3.5 cal ka BP with the highest values in 

the last century. 

Not all CHAR peaks register as charcoal layering in the soil profiles. Charcoal layers 

(CL1-CL5) are only observed within the two youngest sites (Figure 5.3a-b). These layers 

reflect general CHAR trends but do not match individual peaks (Figure 5.5a-b). These 

discrepancies are due to coarse sampling intervals. This caused charcoal layers to be 

incorporated in multiple samples (Figure 5.3), including those with low charcoal 

concentrations, which result in a smoothed CHAR record.  
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Figure 5.5: Charcoal accumulation rates (CHAR) and the inferred timing of increased fire 
activity (peaks- shaded area) for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d) 10 ka dune 
depositional sites. (e) A master charcoal record derived from all depositional sites are combined 
by dividing each record by its maximum CHAR value and then plotting the normalised CHAR 
with time. Charcoal layers (CL) found in profile faces (Figure 5.3) are indicated by a band of 
black dots and labelled (CL#). An important note is the x-axis for the panels differ such that 
sample intervals (+) can be shown. 
 

5.4 Discussion 
5.4.1 Charcoal preservation within dune foot-slope deposits 

Previous studies have successfully used charcoal records from paleosols in blowouts, 

deflation basins, and swales to understand dune activity with respect to changes in climate and 

fire regimes (e.g., Filion, 1984; Seppala, 1995; Kayhko et al., 1999; Mann et al., 2002; 

Arbogast and Packman, 2004; Carcaillet et al., 2006; Matthews and Seppala, 2014). This study 

represents the first attempt to systematically target depositional stratigraphies of dune foot-
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slopes (accumulation area in front of a dune’s slipface) to reconstruct a fire record. I conclude 

that the dune foot-slope positions are appropriate targets for paleofire reconstruction. These 

foot-slope positions at the CSM are identified as a strongly depositional system with thick 

sequences of locally produced sediments preserved at each site. Most or all inorganic sediments 

produced on the adjacent hillslope (dune front avalanche face) are retained in these sediments 

and are deposited in stratigraphic order. Short-term hiatuses are likely present, but field 

observations demonstrate only minor post-depositional mixing. These are limited to the near 

surface through root growth and decay. The lack of mixing is supported by intact and distinct 

soil horizons, consistent charcoal concentrations amongst size classes, and consistent increases 

in age with depth. Only very minor age reversals are observed in my records and they likely 

record minor reworking in up-building of soil A-horizons (Almond and Tonkin, 1999) (Figure 

5.4).  

Fires are common in the dune field and the charcoal produced appears at all sites nearly 

ubiquitously through the colluvial foot-slope deposits. As the sites are located fairly close to 

each other (c. 2 km radius), the similarity of the records is expected and indeed necessary, if 

these types of sites are to prove valuable for reconstructing fire histories. As depicted in the 0.5 

ka dune (Figure 5.3a), there is no evidence of charcoal (>180 µm) found within the original 

dune structure (>1.6 m depth) which suggest charcoal in the depositional profiles must be 

incorporated post dune emplacement (stabilisation). The absence of charcoal from primary 

dune sands reflects the challenge for fire to penetrate into active dunes due to limited fuel loads 

in the up-wind direction (i.e., the seaward side of the dunes, Figure 5.2b).  

The strongest evidence for the preservation of meaningful paleofire records are that 

CHAR peaks are trackable between the different profiles (Figure 5.5). For instance, the 0.5 ka, 

5 ka, and 10 ka deposits identified the same modern CHAR peak, whereas the 5 ka and 10 ka 

records share minor CHAR peaks at ca. 2 and 3 cal ka BP. Moreover, I observe consistent 

trends in CHAR peaks between individual size classes (Supplementary Figure A.5.2). The 

consistency across charcoal size ranges suggests that the fires are local and directly impact all 

dune slopes. In contrast, the 2 ka dune depicts two CHAR peaks, which incorporates four 

charcoal layers (CL2-CL5) within a ca. 0.35 ka period, which did not register at the older sites 

despite being positioned directly windward. This is inferred to be the result of fires that were 

confined to this specific section of the dune field due to the direction of fire propagation or 

naturally occurring firebreaks (i.e., low-lying, perennially wet topography and/or barren sand 

patches). Alternatively, the discrepancies could reflect variations in charcoal production 

between sites. 
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5.4.2 Sedimentation inferences from the age-depth models 

The age-depth models from the four deposits yield consistent trends of increasing age 

with depth (Figure 5.4) and indicate no break in sedimentation or evidence of erosion (truncated 

horizons), which support the idea that these dune positions are depositional (Chapter 3). 

Obviously, sedimentation from a stabilised dune slope is unlikely to be truly continuous; 

however, the sedimentation process is steady enough to suggest no hiatuses at the sample 

resolution or the precision of radiocarbon dating. I observe two distinct sedimentation rates 

within the excavated sections of the foot-slope deposits that relate to both age and the presence 

of charcoal layers (Figure 5.4 and Figure 5.6). Indeed, the differences in sedimentation rates 

are associated with the transition from the dominance of episodic to continuous sediment 

transport on the dune hillslopes as suggested in Chapter 3 (Figure 5.6). I characterised the first 

phase of dune post-emplacement development as occurring through episodic sediment 

transport (dry-ravel and sheetwash) induced by disturbances such as fire on the steep initial 

dune gradients. These resulted in rapid topographic adjustments (increased sedimentation 

rates). Once dune gradients are lowered below their angle of repose (0.65 m m-1 or 33°), a 

second phase of gradual hillslope evolution with steady and continuous sediment transport (soil 

creep processes) begins. I suggest that the presence to absence of charcoal layers reflect the 

transition from episodic to continuous sediment transport. 

 

 
Figure 5.6: Sedimentation rates for all sample intervals associated with the presence (episodic 
sediment transport) or absence (continuous sediment transport) of stratigraphic charcoal layers. 
Boxes are the interquartile range with the whiskers representing maximum and minimum 
values. The white dot is the mean and the thick black line is the median. Note that the separation 
between these two sedimentation rates occur ca. 1.5 ka after dune emplacement which is 
comparable to the findings in Chapter 3 where I estimated ca. 1 ka for this transition to occur. 
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My sedimentological data support these assertions. I observe an abrupt shift in these 

rates for the 2 ka dune at 0.35 m depth which is above the boundary between charcoal preserved 

in distinct layers and those disseminated throughout (Figure 5.3b). I find a significant 

difference in the average sedimentation rate between sections of disseminated and layered 

charcoal (0.08 ± 0.05 and 0.47 ± 0.08 cm yr-1, respectively) (Figure 5.6). The observed 0.1 m 

deposit during the ‘Freshwater Road Fire’ of 2019 (Figure 5.3a and Supplementary Figure 

A.5.1) onto the foot-slope of the 0.5 ka dune are consistent with the sedimentation rates during 

the first phase of sedimentation when charcoal layering is present. For sclerophyll forest, such 

as those found on the CSM, fires are estimated to occur at ~20 yr intervals (Keith, 2004). 

Assuming the ‘Freshwater Road Fire’ represents a ‘typical’ fire and that multi-millennial fire 

frequency can be incorporated, fire induced sedimentation rate is calculated as ~0.5 cm yr-1 

(i.e., 10 cm per 20 yr). This is a minimum estimate and only reflects the contribution associated 

with episodic sediment transport. Sediment will also actively move downslope even without 

the perturbation of fire through continuous soil transport processes, which is an order of 

magnitude lower (e.g., granular relaxation, rain splash, and biogenic soil creep) as long as local 

relief remains (Chapter 3). 

 

5.4.3 Presence or absence of charcoal layers in dune deposits 

It is not straightforward to determine if CHAR peaks in the fire records and/or charcoal 

layers (CL#) in pit faces represent individual events (Figure 5.5 and Figure 5.3, respectively). 

For CHAR peaks, sampling intervals could span more than one fire event and even where 

sampling intervals are narrow (fine resolution), these intervals may reflect several centuries of 

accumulation. Although I am confident in my age-depth modelling and count density data, 

there are always uncertainties in these analyses (e.g., Whitlock and Larsen, 2002). In fact, for 

most records the uncertainties bounding radiocarbon dating and inbuilt ages of the charcoal 

sample are larger than the expected inter-fire period for these ecosystems. It is consequently 

inappropriate to make these claims. This is particularly true for CHAR peaks occurring in 

sections where sedimentation rates are low (e.g., peak at ca. 2.3-1.4 cal ka BP in Figure 5.5d). 

Thus, I propose that individual fire events cannot be succinctly deciphered from CHAR peaks, 

but rather should be used to indicate phases of increased biomass burning (Long et al., 1998; 

Remy et al., 2018). 

In contrast, charcoal layers are likely an event based deposit (i.e., CL1-CL5 in Figure 

5.5a-b) (Mathews and Seppala, 2014). As discussed earlier, layers are only formed during the 
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first phase of dune evolution when sedimentation rates are high and sediment is rapidly 

transported to the foot-slope (e.g., Supplementary Figure A.5.1). The short hillslope lengths 

(<70 m) and the small uncertainties in my age-depth models (Figure 5.4) suggest that temporary 

storage of charcoal on hillslopes at or above the angle of repose is unlikely. Therefore, I propose 

that charcoal layers (CL) in pit faces are associated with individual fires. 

An important caveat is that not all fires on over steepened slopes induce mass 

movement and those that do, do not induce mass movement evenly across the landscape. To 

initiate dry-ravelling and sheetwash (similar to sand avalanching), soil cohesion needs to be 

decreased (Reid and Dunne, 1996; Roering and Gerber, 2005). This can occur by either the 

removal of organic matter, reduction of water content and roots, or by the production of 

hydrophobic surface soils (Bridge and Ross, 1983; Doerr et al., 2000; Shakesby and Doerr, 

2006). These disturbances to the hillslope are dependent on the severity of the fire and are 

unlikely to be consistent between fires (DeBano, 1981). This was demonstrated during the 

‘Freshwater Road Fire’ where episodic sediment transport styles were not observed evenly 

across all over-steepened slipfaces. It is reasonable to assume that only the largest and hottest 

fires are likely to be represented as charcoal layers across multiple sampling locations; whereas 

layers that occur at only one sample site are likely to reflect local fire conditions. 

From my dune foot-slope sites, I find that there is a clear geomorphic and ecologic 

record preserved within the stratigraphy. I observe three stratigraphic deposits within the sites: 

1) absence of charcoal; 2) presence of charcoal in layers; and 3) presence of disseminated 

charcoal. I hypothesise that these records directly relate to the vegetation structure, composition 

and the dominant active sediment transport style as proposed in Chapter 3 (Figure 5.7). While 

dunes are active or stabilising, charcoal producing fire is rare. In this phase, sand is exposed 

with only minor patches of vegetation that are composed of grasses and small shrubs (Levin, 

2011). The ability of fire to spread is limited and the lack of woody biomass hinders the 

production of charcoal, specifically those size classes I utilised in this study. Consequently, the 

sediment delivered from dune crest to the foot-slopes through slipface avalanching and 

granular flows are barren of charcoal and their pedologic structure is massive (Figure 5.7a). 
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Figure 5.7: Conceptual diagram of progressive vegetation succession, fire activity, charcoal 
production and stratigraphic deposit for an (a) active dune with steep gradients, (b) recently 
emplaced (stabilised) dune with steep gradients, and (c) emplaced dune with shallow gradients. 
When dunes are active, vegetation is sparse and fires are assumed to be infrequent – panel a. 
As woody vegetation such as Eucalyptus or Corymbia becomes established charcoal 
production increases (black dots). Charcoal can either be deposited in the foot-slope positions 
as layers (black lines – panel b) or disseminated throughout the profile (grey area – panels b 
and c). The presence or absence of charcoal layers is the result of episodic sediment transport 
processes (e.g., dry-ravel and sheetwash) and elevated charcoal production on dune gradients 
that are above the sand’s angle of repose – panel b. Whereas the absence of layers but the 
presence of disseminated charcoal infers slow and continuous sediment transport processes 
(i.e., granular relaxation and biogenic soil creep) – panel c. 
 

Once the dunes are stabilised dry sclerophyll forest begins to develop through 

progressive vegetation succession (Walker et al., 1981). Here fire becomes more prevalent and 

charcoal production increases. I estimate this succession to occur ca. 0.15 ka after dune 

stabilisation due to lack of charcoal in the 0.5 ka dune record in this time span (depth interval 

1.4-1.6 m). This is supported by the presence of ~1 m diameter Pink Bloodwood (Corymbia 
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intermedia) found on its upslope positions that are estimated to be ~175-350 years old (Ngugi 

et al., 2020) (Supplementary Figure A.5.1). Charcoal produced on the slopes are rapidly 

transported down gradient through dry-ravel and sheetwash forming charcoal layers (Figure 

5.7b). However, these episodic sediment transport styles only persist if the dune’s gradient are 

above the sand’s angle of repose. Once gradients are lowered below this threshold, only 

continuous sediment processes such as granular relaxation or soil creep prevails (Chapter 3). 

This transition is estimated to occur ca. 1.5 ka after dune stabilisation as indicated by the 

significant decrease in the sedimentation rates at 0.35 m in the 2 ka dune (Figure 5.4b and 

Figure 5.6). Despite the potential for fire and charcoal production remaining high during this 

phase, the absence of episodic sediment transport results in only the preservation of 

disseminated charcoal, with higher and lower rates representing increasing or decreasing 

biomass burning, respectively (Figure 5.7c).  

 

5.4.4 Cross-site comparison of paleofire records 

The aggregated master charcoal records from all dune deposits reflects similar paleofire 

trends in the past ca. 7 cal ka BP to those records derived from swamp deposits in the SE 

Queensland dune fields and in the wider sub-tropical high pressure belt (STH) (24°S-45°S) 

(Figure 5.8). I observe that the first peak at ca. 6.7-5.3 cal ka BP which correlates with charcoal 

records from the CSM (Figure 5.8b), Minjerribah (Figure 5.8d), and a compilation of sites 

found across the non-tropical east coast of Australia (Figure 5.8e). The Lake Allom record on 

K’gari (Figure 5.8c) registers a hiatus from ca. 6.5-5.4 cal ka BP; however, elevated CHAR 

values are recorded just prior to this at ca. 7 cal ka BP (Donders et al., 2006). A hiatus in CHAR 

is widely observed between ca. 5.3-3.6 cal ka BP which is recorded in the wider region as a 

downward trend in CHAR. The only exception is the ca. 4.5 ka charcoal event at the Rainbow 

Beach patterned fen complex (Moss, 2014; Hanson et al., In Review) where a local fire close 

to the patterned fen is the likely source of the elevated CHAR. This period of reduced burning 

was followed by an upswing in fire activity with a large CHAR peak from ca. 3.6-2.6 cal ka 

BP and a smaller peak in CHAR at ca. 2.2-1.8 cal ka BP that is observed in all local and regional 

records. These late Holocene events are not observed away from SE Queensland. At ca. 1.1-

0.3 cal ka BP there is a gradual upward trend in burning and CHAR peaks found in the dunes, 

also present at the Rainbow Beach patterned fen complex, and Lake Allom; however, this peak 

is not observed for Swallow Lagoon on Minjerribah (Mariani et al., 2019). All records show a 

marked increase in CHAR over the last few centuries between ca. 5 and 0.2 cal ka BP with the 



Patton et al., 2022c 

99 

exception of the Rainbow Beach patterned fen complex where analyses are not extended to the 

top of the record.  

 

 
Figure 5.8: (a) Master charcoal record for all dunes in this study with three proposed periods 
of fire activity (black and white bar) compared to (b) local, (c-d) regional, and (e) compilation 
of records from the sub-tropical high-pressure belt (STH) (from 125 sites). Locations of local 
and regional records are indicated in Figure 5.1 as white stars. (*) indicates the start or end of 
records. 
 

5.4.5 Causes of the high CHAR periods 

As noted above, the charcoal records in the SE Queensland dune fields can be divided 

into three major periods. Period 1, prior to ca. 5.3 cal ka BP there is elevated charcoal indicating 

increased local burning, while Period 2 has little evidence of fires between ca. 5.3 ka and 3.6 

cal ka BP. This matches records obtained from K’gari and Minjerribah (Donders et al., 2006; 

Atahan et al., 2015; Schreuder et al., 2019; Mariani et al., 2019), and across the STH (Mooney 

et al., 2011; Williams et al., 2015). The disruption in biomass burning may reflect the weaker 
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overall zonal circulation in the mid-Holocene than in the late-Holocene (Shulmeister, 1999). 

The weaker circulation would have resulted in less intense onshore SE winds that would have 

reduced the extent and amount of rainfall in the dune field. A second explanation may be the 

result of the post-glacial transgression which coincides with this transition (Larcombe et al., 

1995). Prior to ca. 6 cal ka BP the coastline would have extended several kilometers from its 

modern position which would result in more dune field (land) being seaward of all footslope 

deposits and increasing the likelihood of fire to reach my sites. These hypotheses are not 

mutually exclusive and indeed likely be the result of both scenarios. 

Period 3 shows that fire frequency has gradually increased over the last ca. 3.6 cal ka 

BP (Figure 5.8). The increase in CHAR is observed within many SE Queensland records. 

K’gari records indicate that after ca. 4 cal ka BP fire activity progressively increased (e.g., 

Donders et al., 2006; Atahan et al., 2015; Schreuder et al., 2019). The elevated fire activity was 

prescribed to increased occupation and amplified Indigenous burning practices (Schreuder et 

al., 2019); however, this is difficult to evaluate due to the limited archaeological data available. 

Alternatively, the increased fire activity is hypothesised to relate more to changes in the 

hydrological cycle primarily through the intensification of the El Niño–Southern Oscillation 

(ENSO) (Shulmeister and Lees, 1995; Moy et al., 2002; Donders et al., 2006; Conroy et al., 

2008; Barr et al., 2019) with minor shifts in vegetation type (Donders et al., 2007). Again, it is 

likely that both intensification of human usage and ENSO affected the fire records. 

At the end of Period 3, there is an increase in biomass burning which is widely observed 

in records across the globe (e.g., Kershaw et al., 2002; Power et al., 2008; Mooney et al., 2011; 

Williams et al., 2015). This elevated biomass burning in Australia is inferred to be a direct 

result of European fire management (Mariani et al., 2022) and climate change (Power et al., 

2008; Mooney et al., 2011). Climate variability drives available fuel load and fire frequency. 

In years with higher water availability, fuel loads increase but fires are supressed by the 

moisture content. While dry years enable fires to occur, the reduced fuel loads make them less 

intense and frequent. In both scenarios, stable wet or dry climates result in relatively reduced 

fire risk. In contrast, when interannual climate varies strongly, fuel loads are able to build up 

in wet years and cure in the subsequent dry ones resulting in increased fire activity and intensity 

(Bradstock, 2010). On average, mean annual temperatures have increased approximately 1.4°C 

in Australia since the early 1900’s AD with increased extreme events and decreased 

precipitation during cooler months (BOM and CSIRO, 2020). The shift in climate, coupled 

with land use change, has increased biomass production and fuel loads, frequency of ignitions, 

and has created more suitable conditions for fire to spread (Canadell et al., 2021).  
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5.4.6 Geomorphic and ecologic controls on dune paleofire records  

Biomass burring has been linked to variations in climate and vegetation (Mooney et al., 

2011); however, paleoclimate information is typically derived through proxies (e.g., leaf-wax, 

isotopes, organic content, etc.) that contain intimate coupling between other climatic variables 

(e.g., temperature, precipitation, evaporation, etc.). As a result, these records make it difficult 

to draw definitive answers regarding climate and fire activity. Although I agree that climate 

plays a critical role in modulating fire activity, specifically during the intensification of ENSO 

during the mid-Holocene, here I show that variations in my CHAR records more closely reflect 

successive phases of dune activation and emplacement (stabilisation) (Figure 5.9), than a 

climate record. 

 

 
Figure 5.9: Charcoal records (black area) and dune emplacement ages (tan area) for (a) the 
dune foot-slope deposits on the CSM and (b) Lake Allow on K’gari. The vertical brown lines 
represents each dunes estimated ages from Chapter 4 within a 6 km swath from each record in 
the windward direction. Probability density functions (PDFs) were calculated using the 
estimated ages (± 10% RSE), a 0.05 ka bin intervals for 8 ka (160 total bins), and weighted by 
total dune area. Note timing of dune emplacement is inversely related to CHAR peaks which 
may reflect the inability of fire to penetrate through active dune fields.  
 

The presence of charcoal in the dune foot-slope deposits are largely controlled by the 

local composition of vegetation in the windward direction (SE) on the dune hillslopes (Figure 
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5.7). The first evidence of charcoal occurs directly after the first phases of dune activation 8.5 

± 1.0 ka during the post-glacial transgression (Chapter 4) (Figure 5.9). As sea-level rises, dunes 

were active off the coast and migrated inland (vegetation free landscape) for years to centuries 

before stabilising (e.g., Houser et al., 2015; Levin, 2011; Levin et al., 2017). While the dunes 

are active they act as a natural fire break which hinders the encroachment of fire spreading 

from the windward direction. Not until the emergence of woody vegetation such as Eucalyptus 

or Corymbia do charcoal bearing fires occur. These findings matched those found within the 

Nebraska Sand Hills in the USA where fire frequency and pollen abundance were inversely 

related to aeolian activity (Schmieder et al., 2013). 

The successive dune onlapping observed in the SE Queensland dune fields is observed 

in fire records on the CSM and K’gari (Figure 5.9). An important caution is that dunes 

activation does not influence fire records equally. Although, dune activation will result in some 

form of disruption to the vegetation, only the largest dunes will make a significant impact to 

the charcoal records. For example, large active dunes can extent several kilometers inland that 

would pose a substantial barrier for fires. In contrast once vegetated with grasses and shrubs 

these dunes become highly flammable ignition sources. These same processes will occur on 

small dunes but to a lesser extent and under localised conditions. 

 

5.5 Conclusions 
The largest spatial gaps in fire records come from regions with rare aquatic records that 

coincide with more arid climates (Leys et al., 2018; Harrison et al., 2022). In these regions 

dunes are abundant (Thomas and Wiggs, 2008) and may provide a useful target for paleofire 

reconstruction. In this study, I demonstrate the potential of dune foot-slope deposits as an 

archive of multi-millennial fire records. I establish that the sclerophyll forest on the stabilised 

dunes in the Cooloola Sand Mass (CSM), Australia have burned repeatedly and produced 

abundant charcoal over my ca. 7 ka fire record.   

The large charcoal size classes (180-250 μm, 250-355 μm, and 355 μm-2 mm) selected 

to represent the presence of local fires, show consistent concentrations and accumulation rates 

(CHAR) with depth from all my sites. These findings support the hypothesis that foot-slope 

deposits have experienced limited post-depositional mixing and that sites contain intact and 

reliable stratigraphic records of fire activity. I find that the dune depositional stratigraphy 

reflect one of three distinct phases with respect to charcoal production and preservation: 
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1) Absence to sparse charcoal - As dunes are active or becoming stabilised, there is 

insufficient vegetation to allow fires to penetrate or burn themselves. 

2) Charcoal layers - Once the dunes are stabilised by the colonisation of vegetation, charcoal 

production increases and episodic sediment transport dominates. This results in the 

creation of charcoal layers associated with individual major fire events. 

3) Disseminated charcoal - After the dunes transition to diffusive soil processes (at ca. 1.5 

ka), charcoal continues to be deposited but is dispersed through the profile. During these 

times individual fires cannot be identified but fire frequency and intensity can be inferred. 

 

I observe five CHAR peaks found within the three major periods that are traceable 

between dune foot-slope records. In general, fire becomes more abundant after ca. 3.6 cal ka 

BP that is seen in other records from lakes and swamps in the SE Queensland dune fields (i.e., 

K’gari’s Lake Allom, CSM’s pattern fen complex, and Minjerribah’s Swallow Lagoon). Akin 

with earlier studies, I agree that shift in fire activity is partially due to changes in the 

hydrological cycle through the ENSO intensification and its impact on fuel loads. It may also 

reflect intensification of fire usage by the indigenous people. However, I also propose an 

alternative hypothesis that the primary cause of fire variability is through vegetation shifts 

initiated by dune activity over the Holocene. My proposed hypothesis is valuable as it can be 

tested by directly dating dune emplacement ages (e.g., OSL-dating), whereas climatic 

explanations rely on paleoproxies. 

The consistent trends of increasing age with depth with relatively minor uncertainty 

make these depositional foot-slope positions ideal targets for paleofire reconstruction. I 

propose that other dune deposits will yield comparable findings and that these records can 

expand fire histories from areas where fire is a rare event (wetlands/lakes) into the parts of the 

landscape where fire may be an important or the dominant ecological process. Furthermore, 

this method opens many new regions for paleo-fire studies and can give new insights on fire 

frequency and intensity in desert and semi-arid landscapes. I plan to extend the research into 

such regions and encourage others to do so. 
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Chapter 6. 
Conclusion 

 

 

 

 

 

 
Preface: In this chapter, I summarise the key findings and scientific contributions with respect 

to my research objectives stated in Chapter 1. The outcomes of these objectives are placed in 

the context of our current knowledge of the SE Queensland dune fields and offer future research 

directions. 
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6.1 Key findings and contributions 
This thesis aimed to enhance our fundamental understanding of dune fields by 

determining the complete evolution of a dune and dune morphosequence unit from its inception 

(activation) to maturity (denuded topography). Below I restate my research objectives and 

demonstrate how each objective was met by synthesising my main findings. 

 

Objective 1: Produce an updated morphological map of the SE Queensland dune fields 

utilising modern remote sensing techniques to classify the dunes based on hillslope process 

parameters. 

I present the first geographic information system (GIS)-based 

morphostratigraphical maps for the SE Queensland dune fields that built upon prior 

work from Ward (2006) to address Objective 1. Chapter 2 provides a semi-objective, 

qualitative mapping approach based on the fundamental concept that all landforms are 

relaxing with time towards their base levels. This assumption is validated in Chapters 

3 and Chapter 4. Hundreds of dunes were delineated using LiDAR derived elevation 

data and grouped into morphosequence units based on the cross-cutting/onlapping 

relationships, topographic expression, and soil/vegetation development. My approach 

was first develop on the Cooloola Sand Mass (CSM) because it was thought to have the 

most complete and continuous dune record compared to the other major dune fields and 

sand islands in SE Queensland. This was confirmed in Chapter 2, Chapter 4, and in 

Ellerton et al. (2020). I then applied the mapping technique to K’gari (Fraser Island), 

Mulgumpin (Moreton Island), and Minjerribah (North Stradbroke Island) 

(Supplementary Figure A.2.1). My mapping work was validated with field 

observations, cross-referencing dunes of known ages, and by making a comparison with 

the earlier map created by Ward (2006) (Figure 2.5). The cross-map comparison 

highlighted the areas that traditional mapping techniques failed to capture, because of 

the complexity of the dune field (e.g., densely vegetated areas, compound and complex 

dune structures, and/or dunes of similar ages).  

The mapping of the dune field has proven instrumental in driving research 

questions and for identifying ideal targets for OSL-dating (Chapters 3-5; Ellerton et al., 

2020; Gontz et al., 2020; Köhler et al., 2021). The main findings from this work 

demonstrate that there are five Holocene (including an active unit) and four Pleistocene 

morphosequence units in the SE Queensland dune fields, adding a previously 
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unidentified Holocene unit. I demonstrated that these units are found on all the dune 

fields and despite not being continuous (connected between sites); their morphological 

structure and topographic indices (i.e., mean and standard deviation of slope and 

curvature) indicate they have experienced similar formation and environmental 

perturbations (e.g., changes in climate and base-level). This was supported by Köhler 

et al. (2021) and Chapter 4, where we demonstrated that the CSM was connected to 

K’gari at Inskip Peninsula and that both dune fields have identical Holocene 

emplacement ages. Although morpho-stratigraphical units are only a reflection of gross 

morphology and may not directly relate to chronostratigraphic units, a first-order age 

constraint for each dune unit was established using newly acquired dune ages (OSL-

dated and estimated) (Chapter 4; Ellerton et al., 2020; Köhler et al., 2021). 

 

Objective 2: Establish whether the SE Queensland dune fields are a suitable natural 

laboratory to evaluate landscape evolution. 

 

I address Objective 2 by reviewing and utilising previously published literature 

to act as the foundation of my research. The large body of work from the late 1970’s to 

the early 1990’s provided the necessary information to help identify the internal and 

external processes that control dune evolution. My literature review and field 

observations support that the SE Queensland dune fields, specifically the Holocene 

dunes with limited anthropogenic disturbances (i.e., built-up areas and mining), 

provides an ideal natural laboratory and indeed a premier chronosequence to evaluate 

landscape evolution (Figure 3.3). The Holocene sections are composed of many 

hundreds of dunes covering an area of 670 km2 (Chapter 2). These dunes were 

constructed almost continuously in space and time over the Holocene with punctuated 

periods of increased activity (Chapter 4). The dunes are composed of identical sands 

that are homogenous (>98%) sub-rounded and well sorted, medium-fine quartz sand 

from the longshore drift system. The dune fields have been tectonically inactive during 

the Quaternary and only minor eustatic/hydro-isostatic changes have occurred after the 

Holocene highstand due to sea-level variability (-0.5 to 2 m). The region has 

experienced only minor fluctuations in climate, mostly related to changes in ENSO, the 

IPO and the position of the sub-tropical high-pressure belt (Chapter 4 and Chapter 5). 

Additionally, previously published pollen and paleoenvironmental records indicate no 
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major shifts in regional vegetation types. The only minor changes in vegetation are 

localised disturbances such as dune activity, fire, and/or storms (Chapter 4 and Chapter 

5). My observations confirm that the well-drained, unconsolidated dune parent material 

coupled with consistent activation and emplacement mechanisms promote uniform 

dune landforms (Chapter 3 and Chapter 4). Dunes are initially stabilised with over-

steepened lee slopes constructed >0.65 m m-1 (sand’s angle of repose) with shallow 

stoss slopes dictated by the antecedent topography onto which the dune onlapped. I 

highlight in Chapter 3, that the absence of fluvial incision and changes in soil cohesion 

with time, generates a transport-limited system that is as close to a closed-system as 

you can find in nature (Figure 3.3). In summary, the dune fields are an ideal natural 

laboratory because their chronology, and their initial and boundary conditions are well 

constrained such that their evolution is deterministic. This work is critical for this thesis 

as it facilitates the use of interdisciplinary methods and establishing the use of sediment 

transport theory in Chapter 3 and Chapter 4. 

 

Objective 3: Assess and apply sediment transport theory to a dune system to understand its 

evolution once stabilised. 

 

To address Objective 3, I first needed to constrain the initial/boundary 

conditions and establish all active transport processes (advective or diffusive) present 

within the landscape. As mentioned in Objective 2 and demonstrated in Chapter 3, the 

Holocene sections of the SE Queensland dune fields, specifically the CSM and K’gari, 

are an ideal natural laboratory to evaluate landscape evolution. Dunes emplace with 

consistent structures. The onlapping dunes produce a landscape that increases in age 

moving inland from the coast. Their homogenous parent material and high infiltration 

rates restrict sediment transport to purely diffusional processes. All material eroded on 

dune crests are transported downslope and deposited in the depositional positions where 

it remains – an effectively closed-system. I confirm this inference in Chapter 3 and 

Chapter 5, by only observing diffusive hillslope processes (i.e., dry-ravel, sheetwash, 

soil creep, and granular relaxation) with neglectable fluvial or aeolian processes acting 

on the Holocene dunes. Aeolian advection of dust does occur but at the scale of the 

dune is sedimentologically unimportant. All sediment is accounted for in their adjacent 

foot-slope positions, which preserves both sediment transport style and tempo.  
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In Chapter 3, I identified surface roughness (σC) as an easy and effective 

topographic variable to measure and define the dune field’s evolution. As mentioned in 

Chapter 2, dune units’ landscapes and topographic indices appeared to be 

systematically smoothing and decreasing with time, respectively. The optimal index 

was the standard deviation of curvature (C) as a measure of σC. In Chapter 3 and 

Chapter 4, I endorsed the utility of σC as an ideal variable due to C’s intimate coupling 

with landscape change parameters, ability to be normalised based on antecedent 

topography, simplicity in its derivation, and it has been shown to be a promising metric 

to characterise landscapes. I demonstrate that the σC time series derived from OSL-

dated dunes (n=15) on the CSM depicts a ‘horizontal hockey stick’ that appears to 

follow (∂σC)/∂t ∝ σC. This ‘horizontal hockey stick’ pattern can be split into two distinct 

phases the ‘blade’ and the ‘shaft’. The first phase (blade) is a rapid decay within the 

first thousand years associated with episodic (nonlinear) sediment transport. The 

second phase (shaft) involves a gradual evolution where only slow, continuous (linear) 

sediment transport occurs. I find in Chapter 3 that the break in these two phases, which 

I dubbed the ‘transitional zone’, occurs ca. 1 ka after emplacement due to the internal 

reduction of dune gradients below their angle of repose (critical gradient – SC). This is 

confirmed in Chapter 3 and Chapter 5 from depositional foot-slope records that depict 

a distinct change in stratigraphy (charcoal layers versus disseminated charcoal) 

associated with changes in transport styles (dry-ravel and sheetwash to soil creep 

processes) between sites. Moreover and unsurprisingly, in Chapter 5 I find that this 

transition results in a significant decrease in sedimentation rates. 

I support these findings in Chapter 3 by applying 2-D linear and nonlinear 

sediment transport evolutionary models to the CSM. I find that the CSM’s evolution is 

explained well by nonlinear sediment transport with a fixed K value of 0.002 m2 yr-1 

and a SC of 0.65 m m-1. Once gradients are lowered below their angle of repose, dune 

evolution behaves similarly to linear sediment transport and appears to follow the 

(∂σC)/∂t ∝ σC relationship such that σE ∝ σC is apparent. The application of the model 

was confirmed in Chapter 3 and Chapter 4 when the measured OSL-dated dunes 

followed similar age-roughness trends on the CSM and K’gari, respectively. However, 

I posited that fires disproportionately affect young dunes by temporarily increasing K 

values thus altering sedimentation/erosion rates. Although this is yet to be rigorously 

vetted, forward numerical modelling supports these claims. The simulated topography 
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appears to be more closely represented by an initial K value of 0.06 m2 yr-1 that switches 

to 0.002 m2 yr-1 ca. 1.5 ka after dune emplacement (Chapter 3 and Chapter 5). 

Nevertheless, it is clear that the application of sediment transport theory is appropriate 

and advantageous for understanding dune evolution. 

 

Objective 4: Determine the dominant geomorphic processes controlling sediment erosion, 

transport, and deposition and their relative rates. 

 

To address Objective 4, I first needed to use remote sensing to elucidate the 

geomorphic processes acting on the SE Queensland dune fields (Chapter 2). The 

smooth topography with convex ridges and concave hollows indicated the dominance 

of diffusive sediment transport, which was confirmed from field observations (Chapter 

3 and Chapter 5). I conducted a series of field campaigns in 2018-2019 throughout the 

CSM where I excavated soil profiles along <70 m transects on four Holocene aged 

dunes. On these transects biogenic soil creep processes were the most prevalent form 

of soil transport. This includes root growth and decay, burrowing, nest construction, 

and tree throw processes that are predominately confined to the top 0.5 m of soil (A-

horizon) (Figure 3.7). The steepest gradients on the youngest dunes yielded similar 

processes; however, dry-ravel and sheetwash processes were present after wildfires 

(Supplementary Figure A.5.1). This is in contrast to active and Pleistocene aged dunes 

where advective processes are important contributors to landscape evolution, 

dominated by aeolian and fluvial processes respectively. Below, I present the 

mechanisms controlling dune evolution from their inception to maturity and provide 

sedimentation/erosion rates associated with geomorphic processes (conceptualised in 

Figure 3.4, Figure 5.7, and Figure A.4.5): 

Active dunes - topographic rejuvenation: While dunes are active (dune 

inception), they are dominated by wind advection and deflation that creates sand ripples 

in their interior that are void of vegetation (e.g., Carlo Blowout) (Figure 3.1c and 

Supplementary Figure A.3.1). This controls their movement near the lee slope through 

episodic granular flows and slipface avalanching. The minimum Holocene dune 

migration rate is 1.05 ± 0.45 m yr-1 where dunes are >3 km from the coastline. As this 

rate decreases, vegetation begins to stabilise along the trailing arms and sections 

furthest from the crest. As sand is entrained within the newly vegetated patches, local 
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topography emerges; therefore, increasing surface roughness. This process continues 

until wind advection is negligible, dunes stabilise, hillslope processes dominate and 

surface roughness values are at their highest (Chapter 4).  

Holocene dunes – topographic relaxation: On all stabilised dunes, their 

topography relaxes (smooths) with time due to hillslope processes. For dunes emplaced 

during the Holocene, their topographic evolution can be explained through two phases 

of diffusive sediment transport. I demonstrate in Chapter 3, that the first phase starts 

immediately after dunes are emplace and is characterised by a rapid topographic 

adjustment. The dune hillslopes experience episodic sediment transport such as dry-

ravel and sheetwash processes on over-steepened slipfaces built near or above the 

sand’s angle of repose (gradient of 0.65 m m-1 or an angle of 33°). I hypothesis that the 

primary cause for this response is through disturbances like wildfires that reduce soil 

cohesion (i.e., removal of organic matter, water content, and roots) and produce 

hydrophobic surface soils. I find that that episodic transport is best described through 

nonlinear sediment transport with a fixed K value of 0.06 m2 yr-1 and a SC of 0.65 m m-

1 with an average sedimentation/erosion rate of 0.47 ± 0.08 cm yr-1 (Chapter 3 and 

Chapter 5). This rate is validated by the 0.5 m cm yr-1 estimated from the sheetwash 

deposit induced by the large and uncontrolled ‘Freshwater Road Fire’ in 2019. 

Although episodic sediment transport results in the most apparent topographic changes 

during this phase, specifically on steep slipfaces, soil creep processes remain active. 

This is supported by the lack of observable episodic transport on shallow stoss slopes 

through remote sensing (Chapter 2) and presence of bioturbation and root growth and 

decay in slipface soil profiles (Chapter 3 and Chapter 5). For these sections in space 

and time, nonlinear sediment transport with a fixed K value of 0.002 m2 yr-1 is the most 

appropriate (Chapter 3). 

The second phase of dune evolution occurs within the first ca. 1.5 ka after dune 

stabilisation, associated with the ‘transitional zone’ (i.e., break in the age-roughness 

relationship depicted in Figure 3.6). This zone reflects an internal transition to a 

reduction of slope below the sand’s angle of repose suggested in Chapter 3 and 

confirmed in Chapter 5. I find that this phase is controlled by slow and continuous 

sediment transport processes such as granular relaxation, biogenic soil creep, and rain 

splash. Although fires are present on all dune gradients, higher erosion and 

sedimentation rates associated with episodic sediment transport are absent because 
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degraded dunes are resistant to these type of transport styles (validated in Chapter 5). 

This was confirmed during the ‘Freshwater Road Fire’ where no accelerated erosion 

due to episodic transport was present on dunes older than ca. 2 ka. Forward numerical 

models indicates that the continuous dune evolution in this phase can be explained with 

either linear or nonlinear sediment transport with a fixed K value of 0.002 m2 yr-1 and 

a SC of 0.65 m m-1. In Chapter 5, I estimate the average sedimentation/erosion rate to 

0.08 ± 0.05 cm yr-1, which is an order of magnitude lower than its episodic counterpart. 

While in the second phase, sediment transport styles and their rates become increasingly 

uniform until no relief remains (dune senescence) or a change in base-level occurs (i.e., 

Pleistocene dunes) (Supplementary Figure A.4.5). 

Pleistocene dunes – topographic relaxation: The Pleistocene dunes are 

dominated by diffusive processes that smooth their topography with time. Similar to 

the Holocene dunes in the second phase of evolution, their evolution can be explained 

by linear or nonlinear sediment transport with a fixed K value of 0.002 m2 yr-1 and a SC 

of 0.65 m m-1 due to their subdued dune relief (Chapter 3). However, in contrast with 

the Holocene dunes, the Pleistocene topography has been heavily dissected. This 

provides strong evidence of significant fluvial processes such as stream incision and 

knickpoint erosion (Chapter 2). Active streams are sparse which suggests that fluvial 

processes are not the current dominant process. In fact, the degraded, smoothed 

channels indicate these processes have not been present for some time, at least during 

the Holocene. 

 

Objective 5: Investigate whether landscape evolution metrics can be calibrated to determine 

dune chronology. 

 

To address Objective 5, I utilised the concept that surface roughness (σC) 

gradually smooths with time as identified in Chapter 2 and numerically explained in 

Chapter 3. Dunes are initially constructed with uniform, high σC values that decrease 

as a function of time and this evolution is deterministic. As long as no advective 

processes are active, dune topography experiences diffusive sediment transport 

processes that can be simulated using either nonlinear or linear evolutionary models 

(Objectives 2-4). A single exponential function was not applied to the σC-age 

relationship in Chapter 3 due to the risk of conflating episodic and continuous sediment 
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transport processes. However, the assumed dominance of linear sediment transport 

across 98% of the landscape in Chapter 3 indicates that a singular function is acceptable 

when describing this general empirical relationship.  

Utilising this assumption in Chapter 4, I built a σC-age relationship using 

previously published OSL-dated Holocene dune ages from the CSM. I find the σC-age 

relationship is explained well with an exponential function for DEM resolutions 

between 3 - 20 m. I validate this finding with newly acquired OSL-dated dunes on 

K’gari and Inskip Peninsula, which follow the same (∂σC)/∂t ∝ σC relationship. This 

finding supports the idea that these dune fields are controlled by consistent evolutionary 

mechanisms and are a part of the same dune system. 

Using Holocene dunes from the CSM and K’gari that were first identified in 

Chapter 2 and individually remapped in Chapter 4, the emplacement ages were 

estimated from σC values and the σC-age empirical relationship. This resulted in a high-

resolution Holocene chronology that includes 103 active and 726 Holocene dunes 

(Figure 4.5). My σC-age model makes it possible to observe patterns in dune systems 

that have been to this point been only inferred. My chronology maps reconfirms the 

onlapping nature of the dune fields with the oldest dunes located further inland that 

become progressively younger moving towards the east coast. The oldest dunes tend to 

be larger and less numerous across the landscape, whereas younger dunes (< 1 ka) are 

smaller in size but much greater in number (~60% total dune preserved). From my new 

observations, I find the main preservation of older occur immediately south of rocky 

headlands due to the long-term rotation of the coastline into swash alignment. 

Moreover, the new Holocene chronology validates the presence of four major 

emplacement phases at ca. <0.5, 1.5, 4, and 8.5 ka. In summary, my σC-age approach 

provides a systematic way to predict the age of every Holocene dune and a means to 

produce a rigorous dating framework for dune fields globally. 

 

Objective 6: Re-examine the environmental controls on dune activation and emplacement 

(climate change, sea-level, etc.). 

 

The factors controlling the SE Queensland dune fields activation and 

emplacement have been strongly debated by Ward (1978; 2006), Thompson (1981), 

Young et al. (1993), Lees (2006), Walker et al. (2018), and Ellerton et al. (2020). The 
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prevalent hypotheses for dune activation are associated with either formation during 

cold, dry periods, specifically the glacial maxima, or under rising sea-levels. I address 

this long lasting debate in Chapter 4 by first producing a high-resolution Holocene 

chronology (obtained in Objective 5) from the CSM and K’gari. I generate probability 

density functions (PDFs) for each dune field. I discover that dune activation and 

emplacement appears to be continuous along most of the coastline possibly reflecting 

local storms, fires and other disturbances. There were, however, major phases of dune 

building at ca. <0.5, 1.5, 4, and 8.5 ka. I compare my PDF results with local and regional 

sea-level curves (Figure 4.7) and paleoclimate records (Figure 4.8). My results 

demonstrate a strong correlation between dune activation and emplacement with sea-

level variability whereas there is little to no evidence for climate change at these times. 

This strongly supports the Cooper-Thom model for dune activity at the CSM and 

K’gari, and consequently the SE Queensland dune fields (Cooper, 1958; Thom, 1978) 

as proposed by Lees (2006).   

 

Objective 7: Identify and examine depositional records that might prove valuable in 

understanding dune field evolution. 

 

In Chapter 3, I recognised the slopes of Holocene aged dunes are as close to a 

closed-system as you can find in nature. All sediment eroded from the dune crest are 

transported down gradient to their subjacent foot-slope positions. I theorised that once 

deposited, (virtually) all material must be retained in the basins due to the dominance 

of hillslope and the lack of fluvial, processes; thus creating an ideal archive for dune 

field geomorphic and ecologic evolution that has been previously undocumented. To 

address Objective 7, I set out in Chapter 5, to determine if this is indeed true by 

evaluating sedimentation/erosion rates and fire histories in the CSM. I chose foot-slope 

deposits on four closely adjacent parabolic dunes (i.e., the 0.5, 2, 5, and 10 ka dunes). 

Their depositional basal ages span the Holocene and have comparable north-facing 

slipfaces that are <70 m in length and covered in dry sclerophyll forest. As a result, 

these sites make a well-designed space-for-time study to evaluate this objective. 

Dunes that are less than ca. 1.5 cal ka BP are dominated by episodic sediment 

transport induced by disturbances. This produces sedimentation rates that are an order 

of magnitude higher than older dunes that are governed by slow and continuous 
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sediment transport (0.47 ± 0.08 cm yr-1 and 0.08 ± 0.05 cm yr-1, respectively). I propose 

these shifts in transport styles coupled with charcoal production are reflected in three 

types of depositional stratigraphy: 1) the absence of or limited charcoal due to the lack 

of charcoal production on active dunes, 2) charcoal layers associated with fire induce 

by episodic sediment transport on steep slopes, and 3) disseminated charcoal when 

hillslope gradients are shallow and only continuous sediment transport occurs (Figure 

5.7). To my knowledge, this has not been previously documented and provides useful 

environmental insights for dune fields. 

Utilising these observations along with charcoal accumulation rates (CHAR), I 

was able to construct a ca. 7 cal ka BP aggregated master charcoal record for the CSM. 

Five CHAR peaks at observed at ca. <0.1, 1.1-0.3, 2.2-1.8, 3.6-2.6, and 6.7-5.3 cal ka 

BP within three major periods of enhanced fire. These findings parallel fire records 

regionally and in the wider sub-tropical high pressure belt in eastern Australia (24°S-

45°S). In general, fire becomes more abundant after ca. 3.6 cal ka BP, which has been 

previously ascribed to changes in fire activity associated with ENSO and/or the 

intensification of fire usage by local indigenous people. However, I observe in Chapter 

5 that my fire record appears to be inversely related to dune emplacement (stabilisation) 

ages. As an alternative hypothesis, I suggest that the variations in CHAR records over 

the Holocene reflect shifts in vegetation due to successive phases of dune activation 

and emplacement in the up-wind direction (Figure 5.9). By answering Objective 7, I 

have proven the value of dune depositional positions for providing a contiguous, multi-

millennial record to understand dune field’s ecologic and geomorphic evolution.  

 

This thesis has expanded our knowledge of dune fields and landforms evolution by 

achieving all proposed research aims and objectives. In summary, I confirm the application and 

benefits of using hillslope geomorphology evolution theories to better describe and understand 

dune systems. I demonstrate that dune form coupled with numerical theory, and their 

depositional positions provide a valuable paleoenvironmental archives for future aeolian 

research. 
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6.2 Future directions 
This thesis highlighted an innovative approach to understanding dune fields and dune 

landscapes by using a hillslope geomorphology prospective. Although key research objectives 

were established to understand the complete topographic evolution of a dune field and its 

dunes, there are a number of new directions for potential research. Below, I present specific 

examples: 

 

6.2.1 Automating dune delineation  

A major contribution of the thesis is the use of morphological characteristics and 

topographic indices to map and determine relative ages for dune sequences. These two findings 

are powerful because they reduce the subjectivity of mapping and can be classified within 

ArcGIS (ESRI, Redlands, CA) or other GIS tool kits. The clear limitation with these techniques 

is the necessity for all dunes to be manually delineated prior to placing them into a 

morphosequence unit or determining their surface roughness (σC) value. This step is both 

sometimes ambiguous and incredibly time-consuming. An obvious next step would be to 

transition to a fully automated mapping approach using either using artificial intelligence to 

self-delineate dunes or by calculating σC using a moving window analysis for each cell rather 

than a delineated polygon. In theory, this should only require training the model with 

previously identified dunes and determining the appropriate size window to calculate the σC 

values. This would vastly improve model efficiency, reduce time and limit human error. 

 

6.2.2 Improving the application of σC-age modelling 

The σC-age model developed in this thesis provides a means to generate high-resolution 

chronologies in relic dune fields. The obvious next step is to apply this technique to other 

systems; however, in order to apply this approach to other systems the σC-age relationship must 

be recalibrated. In future research, I plan to establish σC–age relationships across other dune 

fields. The SE Queensland dune fields are just one of many sets of dune complexes along the 

eastern Australia coast. I plan to firstly test and establish σC–age relationships on all dune fields 

to the south and north that are supplied by the same longshore drift system. This would include 

Myall Lakes, New Castle Bright, and Kurnell in the south and extended up to Shell Harbour, 

Shoalwater Bay, Hinchinbrook Island, Cape Flattery, Cape Bedford, Orford Ness and 

Shelburne Bay to the north. Next, I would look to apply these approaches into continental dune 
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fields. If my hypothesis is correct and all σC-age relationships are site specific, I will be able to 

identify plausible causes in the rate of smoothing between sites (i.e., changes in K values due 

to climate, biology, fires, and/or lithology). Alternatively, if all σC-age relationships are 

identical, recalibration for each function would not be necessary and my model created in 

Chapter 4 could be used universally.  

As mentioned in Chapter 3 and Chapter 4, the σC-age model is built for systems that 

are dominated by colluvial transport where landscape evolution is diffusive. Adapting this 

model to include advective processes which cause an increase in surface erosion would be 

highly useful as it would significantly increase the opportunities to apply the work. For 

instance, the Pleistocene sections of the SE Queensland dune fields have gone through multiple 

phases of sea-level rise and fall, which has caused knickpoint erosion to affect dune evolution. 

Future research could adapt my surface σC-age approach to incorporate the effect of base-level 

changes into the evolving σC. This will be advantageous for refining the chronology of the 

Pleistocene section of the dune fields, which make up roughly two-thirds of the total land area. 

It would also allow a variant of the model to be developed for other regions where advective 

processes are important. 

Lastly, the concept of topography smoothing with time is widely observed and should 

be utilise in other systems outside of dune fields. Indeed, the original application of surface 

roughness-age modelling was generated for landslide deposits. In future work, I plan to target 

beach ridge complexes (e.g., the southern limit of K’gari, north of the Mary River/Sandy Strait 

inlet). Similar to dunes, these systems have consistent composition, uniform topography and 

their initial structures are set by the sand’s unmodified angle of repose. I can build topographic 

relationships by using OSL ages and the average profile curvature (change in slope in the 

downslope direction) on the beach ridge crest. This empirical relationship can be calibrated 

and used to estimate every beach ridge age in a given area, thus providing a high-resolution 

beach ridge chronology and local sea-level curve. 

 

6.2.3 Quantifying and describing σC-age transport mechanisms  

The observation that surface roughness (σC) records two phases of topography decay 

with time has been recorded from ‘sandbox’ experiments but this is the first application in a 

dunefield. As I demonstrate in Chapter 4, K’gari and the CSM’s dunes develop in a similar 

manner but both systems share identical critical slope angles (SC) which relate to the same 

source material. Is this similar in other systems or are the SE Queensland dune fields unique? 
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My expectation is that the basic model should be robust. What will be different are the rates of 

change in σC as a response to local climatic, edaphic and anthropogenic conditions. Therefore, 

I encourage the examination of my proposed two phases of landscape evolution and its 

relationship to transport styles, soil transport coefficients (K values) and SC in other dune fields. 

These systems provide an ideal natural laboratory to observe and measure geomorphic 

processes, and model landscape evolution. This permitted the estimation of general σC-age 

relationships and K values based on 2-D sediment transport models and observed goodness of 

fit. Although these findings fall within previously reported K values, they should be further 

assessed. In future work I plan to calculate K values from sedimentation/erosion rates collected 

in Chapter 5 to assess how values change through space and time. This would permit me to 

test whether episodic sediment transport is caused by a reduction of K on hillslopes above their 

critical gradient (dunes with high σC). Moreover, measured K values would refine both the 

linear and nonlinear sediment transport models and directly test the inferred (∂σC)/∂t ∝ σC and 

σE ∝ σC relationships. This could give researchers a better idea whether a landscape or landform 

has greater potential to change (erode or smooth) with time.  

 

6.2.4 Application in developing terrestrial fire histories 

I identified dune foot-slope positions as a novel and previously unrecognized 

depositional record for ecologic and geomorphic processes, specifically its ability to record fire 

histories. Unlike other charcoal records, dune footslopes are controlled by a limited set of 

evolutionary processes, which reduces the complexities related to charcoal transport and 

source. Most charcoal is locally produced on the dunes but still provides records of apparent 

regional applicability. As I previously highlight, wildfires are prevalent across the Australian 

landscape; however, fire records are limited to the SE corner of Australia where wetland 

sediment records are relatively abundant. These foot-slope records would allow the expansion 

of fire records into dryland and fully arid regions for past fire regimes and may provide 

evidence for how ecosystems in Australia are adapted (or not adapted) to fire.  In fact, fire 

records are sparse in dryland regions worldwide; therefore, a clear path of future research 

would be to target dune deposits to expand fire histories into under-represented regions across 

the globe. I highlight Mediterranean regions, California and the southwestern USA and 

southern Africa as likely high value targets for this work. 

Although my work focuses on Holocene records, there is no reason older deposits 

cannot and should not be targeted. For instance, these records have the potential to unlock the 
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role climate and/or indigenous peoples had on the landscape from regions where they are rare 

or absent. Deciphering these types of questions requires long-term multi-millennial records that 

extend beyond the timing of first occupation (>65 ka in Australia) which could be available 

with these deposits.  It would be exciting to see this work extended into the Kimberley and the 

dune areas along the northern Australian coast where human occupation is likely to be the 

oldest. 

 

6.3 Summary  
In this thesis, I have presented a hillslope geomorphology perspective to understand 

dune fields and dune landscapes. I adopt the idea that landscapes smooth with time, which has 

allowed for the complete evolution of a dune from its inception to maturity to be evaluated and 

measured. My work identifies two previously unrecognised paleoenvironmental archives. The 

first are the dune landforms themselves. Although dunes morphologies have been utilised as a 

means to identify past wind fields or environmental conditions, evaluating the changes in their 

topography after deposition has not been rigorously assessed. I find that dune fields are an ideal 

natural laboratory to study landscape change. Their evolution is analogous to ‘sandbox’ 

experiments used to illustrate erosion and deposition because initial and boundary conditions 

can be identified, and the application of purely diffusional transport theory is appropriate. I 

found that a systematic change in dune topography with time permits the calibration of surface 

roughness-age models and the prediction of every Holocene dune age within my field area. As 

a result, spatial and temporal patterns of dune emplacement were assessed and the Cooper-

Thom model of dune field activation with rising sea-levels was strongly supported for the 

Holocene SE Queensland dune fields. The second archive discovered is depositional foot-

slopes. These topographic positions have been shown to record quasi-continuous 

sedimentological records that can used to indicate both sediment transport styles and rates. I 

observed that in the CSM, fires play an important role in dune fields and their frequency can 

be evaluated from these locations. Both records can be used independently or together to 

understand not only dune landscapes but also qualitatively test the validity of the landscape 

evolution literature. This thesis highlights significant advantages of looking at dunes from a 

landscape evolution perspective and provides new lines of research into dune field processes 

and evolution. 
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Appendices 
A.2 Supplementary Material to Chapter 2 
 
 

 
Figure A.2.1: High-resolution remapping of the SE Queensland dune fields. 
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A.3 Supplementary Material to Chapter 3 
 
 
 
 

 
Figure A.3.1: Photos of the Carlo Sand Blow near the township of Rainbow Beach, photos 
location indicated in Figure 3.1c. (a) Photo taken near the western dune crest towards the 
Tasman Sea down the dune’s stoss face. (b) Photo taken in the same location as panel a but 
down the dune crest towards the over-steepened lee face and forest canopy. Note the dune is 
extending inland through the tops of the open and closed Eucalyptus forest (canopy cover of 
50-80% and >80%, respectively), which are approximately 20-30 m tall, and over previously 
emplaced dunes (photo credit: Patrick Adams). 
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Figure A.3.2: A visualization of the grid network depicting the 3 by 3 elevation submatrix 
utilised in this study to calculate curvature at the centre node (z5) (Zevenberger and Thorne, 
1987; Moore et al., 1991). Here z is elevation and L is the length between nodes used in EQ.3.5 
and EQ.3.6. 
 
 
 
 
 
 
 
 
 
 
 
 



Appendices 

146 

 
 
 
 
 
 
 
 
 
 
 

 
Figure A.3.3: 2-D forward numerical modelling of dated CSM dunes. (a) Measured dune age 
and surface roughness (σC) (large symbols) highlighting change in its topography every 1 ka 
for 10 ka for individual dunes (smaller symbols). The entire CSM evolution is described by 
nonlinear sediment transport with a K value of 0.002 m2 yr-1 and a SC of 0.65 m m-1, utilising 
a landscape evolution model from Booth et al. (2017). In reality the simulated topography 
appears to be more closely related to a K value of 0.06 m2 yr-1 for the first thousand years of 
the dunes development when σC is high (above the ‘transitional zone’, σC values between 
0.035-0.045 m-1). Only once dune σC is lowered below this point does their evolution switch 
to the K value 0.002 m2 yr-1 (not shown here). (b) Using the general evolution derived from 
the fix K value of 0.002 m2 yr-1 and a SC of 0.65 m m-1, I evaluate dune’s σC relationship with 
modelled variability of erosion rate (σE). I observe a shift in this relationship coinciding with 
the same observed ‘transition zone’ in Figure 3.6, which I interpret as a phase when nonlinear 
sediment transport behaves similar to linear sediment transport, such that σC and σE become 
more uniform with time and their relationship can be described through EQ.3.3, σE ∝ σC. Note 
σE and σC are autocorrelated; however, field observations support these modelled outcomes. 
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Figure A.3.4:  Slope map of modelled simulation for CSM dunes through nonlinear sediment transport. 
Utilising a 5 m DEM and the nonlinear sediment transport model from Booth et al. (2017) (fixed K and 
SC values of 0.002 m2 yr-1 and 0.65 m m-1, respectively) I provide dune topography, relative age, and 
geomorphic stage (Supplementary Tables A.3.1 and A.3.2) highlighting the evolution of a 0.44 ka dune 
(Dune 4). (a) Current dune topography in its juvenile phase with abundant steep slopes (dark browns). 
(b) Dune after being rapidly decayed for 1 ka until the ’transitional zone’ has been reached (σC from 
0.035-0.045 m-1) depicting dune adolescence with shallower slopes (lighter browns). Once lowered 
below the ‘transitional zone’, dune evolution mimics linear slope dependent evolution where slow 
and continuous sediment transport processes dominate such that dune (c) maturity by 6 ka, and (d) 
old age is achieved by 12 ka. This is visually depicted with uniform and consistent slopes (yellows). 
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Table A.3.1: Additional dune data. Age data and supporting information used in Figure 3.1 and 3.6, and Supplementary Figures A.3.3, and A.3.4. 
(*) Indicates the area of the dune at the surface. (ɫ) Indicates the distance dune travelled, parallel to trailing arm, from the current coastline position 
to its furthest inland extent. 

Map 
code 

Age 
(ka) 

Age error 
(ka) 

*Dune area 
(km2) 

ɫDune length 
from coast 

(km) 

Mean 
slope 

(m m-1) 

Standard 
deviation of 

slope (m m-1) 

Hillslope 
σC (m-1) 

Evolutionary 
stage Dating method Lab ID References 

1 0.23 0.05 0.06 0.53 0.27 0.19 0.083 Juvenile Single-aliquot USU-2011 Ellerton et al., 2020 
2 0.36 0.11 0.14 0.64 0.42 0.21 0.060 Juvenile Single-aliquot USU-2002 Ellerton et al., 2018 
3 0.43 0.06 0.02 0.29 0.34 0.16 0.067 Juvenile Single-aliquot USU-2010 Ellerton et al., 2020 
4 0.44 0.10 0.54 1.80 0.34 0.20 0.046 Juvenile Single-aliquot USU-2283 Ellerton et al., 2020 
5 1.94 0.28 0.15 0.87 0.28 0.12 0.034 Adolescence Single-aliquot USU-2267 Ellerton et al., 2020 
6 3.53 0.38 0.14 1.24 0.30 0.11 0.025 Mature Single-aliquot USU-2012 Ellerton et al., 2020 
7 3.60 0.30 0.27 1.45 0.23 0.09 0.020 Mature Single grain Sample Number 2 Walker et al., 2018 
8 4.20 0.40 0.53 1.47 0.23 0.13 0.025 Mature Single grain Sample Number 3 Walker et al., 2018 
9 4.89 0.45 0.48 1.47 0.20 0.13 0.022 Mature Single-aliquot USU-2284 Ellerton et al., 2020 
10 6.96 0.71 0.79 2.48 0.24 0.14 0.019 Mature Single-aliquot USU-2269 Ellerton et al., 2020 
11 9.80 0.80 8.19 5.28 0.13 0.11 0.016 Mature Single grain Sample Number 5 Walker et al., 2018 
12 8.17 0.82 0.80 2.28 0.17 0.11 0.017 Mature Single-aliquot USU-2282 Ellerton et al., 2020 
13 9.74 0.90 4.34 3.92 0.14 0.12 0.015 Mature Single-aliquot USU-2748 Ellerton et al., 2020 
14 9.10 0.96 0.73 2.40 0.22 0.13 0.019 Mature Single-aliquot USU-2270 Ellerton et al., 2020 
15 9.82 0.98 1.86 2.57 0.16 0.12 0.016 Mature Single-aliquot USU-2285 Ellerton et al., 2020 
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Table A.3.2: Defining landscapes evolutionary stages. The development of the Cooloola Sand Mass dunes are set by their physical characteristics, 
soil development, and their primary and secondary transport processes (Reeve et al., 2008; Chapter 2). 

Dune development Description Dominant transport processes Secondary transport processes Soil development 

Inception  
 

Dune creation. Active landform constructed with 
little to no vegetation.  
 

Wind advection, granular 
flows, and deflation. 

Dry ravelling, granular relaxation, 
and rain-splash No podzolization  

Juvenile 

 

Newly emplaced dune with vegetation.  Some 
sections may contain bare sand features. Gradients 
are steep, with lee facing slopes near or above 0.65 
m m-1 (33°). Sharp crest and trailing arms. Episodic 
sediment transport the dominant transport process.  
 

Granular flows, sheet-washing, 
and dry ravelling  

Dry ravelling, granular relaxation, 
bioturbation, and rain-splash 

Incipient Podzol 
(weak B-horizon) 

Adolescence 

 

Stabilised dune with vegetation. Gradients remain 
steep with sharp crest and trailing arms. However, 
all gradients are less than 0.65 m m-1 (33°  degrees) 
and no episodic sediment transport is present. 
 

Soil creep, rain-splash, 
bioturbation, and granular 
relaxation 

NA 
Podzol 
(well defined B- and E-
horizons) 

Mature 

 

Stabilised dune with vegetation. Diffuse hillslopes 
with rounded crests. Continuous sediment transport 
controls the development of the dunes evolution. 
 

Soil creep, rain-splash, 
bioturbation, and granular 
relaxation 

NA 
Podzol 
(well defined B- and E-
horizons) 

Old age 

 

Lacks many of the dune original structures. Diffuse 
hillslope with no episodic sediment transport. 
Continuous sediment transport controls the 
development of the dunes evolution. 

Soil creep, rain-splash, 
bioturbation, and granular 
relaxation 

NA Well-developed Podzol 
(E-horizon > 5 m) 
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Table A.3.3: Soil characteristics from the excavated soil profile utilised in this study using standard survey methods from Schoenberger et al. 
(2002). 

Dune 
Site 

Dune 
Age (ka) 

Sample  
Depth 

Interval (cm) 

Soil 
Horizon 

Grain Size 
(µm) Sorting Roundness Structure Mansell Color 

(Dry) 
Mansell Color 

(Wet) Charcoal 

Dune 15 9.82 0-5 A1 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/2 10YR 4/1 Present 
5-10 A1 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/1 10YR 4/1 Present 
10-20 A1 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/1 10YR 4/1 Present 
20-30 A2 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 3/1 Present 
30-40 A2 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/1 10YR 4/1 Present 
40-50 A3 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/1 10YR 4/1 Present 
50-60 AE 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/1 10YR 4/1 Present 
60-70 AE 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/1 10YR 4/1 Present 
70-80 E 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 7.5YR 6/1 7.5YR 4/1 Present 
80-90 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR 6/1 7.5YR 5/1 Present 

90-100 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR 7/1 7.5YR 4/1 Present 
100-110 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR 7/2 7.5YR 5/2 Present 
110-120 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR 6/2 7.5YR 5/3 Present 
120-130 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR 6/3 7.5YR 4/3 Present 
130-140 BE 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR 5/3 7.5YR 4/4 Present 
140-150 BE 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR 5/4 7.5YR 4/4 Present 
150-175 BE-B 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 4/4 7.5YR 3/4 Present 
175-200 B-BC 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 4/4 7.5YR 3/3 Present 
200-225 BC 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 4/4 7.5YR 3/3 Present 
225-250 BC 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 5/4 7.5YR 4/4 Present 

           

Dune 9 4.89 0-5 A1 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/1 10YR 4/1 Present 
5-10 A1 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/1 10YR 4/1 Present 
10-20 A2 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present 
20-30 A2 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present 
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30-40 A3 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present 
40-50 AE 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present 
50-60 AE 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present 
60-70 E 180-250 Well Sorted Sub-Rounded Massive 10YR 5/1 10YR 4/1 Present 
70-80 E 180-250 Well Sorted Sub-Rounded Massive 10YR 5/1 10YR 4/1 Present 
80-90 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR 5/1 7.5YR 3/1 Present 

90-100 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR 5/2 7.5YR 3/1 Present 
100-110 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR 5/1 7.5YR 3/1 Present 
110-120 E 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR 4/2 7.5YR 3/1 Present 
120-130 E-BC 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR 4/2 7.5YR 3/2 Present 
130-140 BC 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR 3/2 7.5YR 2.5/2 Present 
140-150 BC 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR 4/3 7.5YR 3/3 Present 
150-175 BC-CB 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 4/3 7.5YR 3/3 Present 
175-200 CB 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 5/3 7.5YR 3/3 Present 
200-225 CB 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 5/4 7.5YR 3/4 Present 
225-250 CB 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 5/4 7.5YR 3/4 Present 
250-275 CB 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 6/4 7.5YR 4/4 Present 

           

Not used 
in age-σC 
model 

2.14 0-5 A1 180-250 Well Sorted Sub-Rounded 1 Vf-F Sbk 10YR 6/2 10YR 4/2 Present 
5-10 A1 180-250 Well Sorted Sub-Rounded 1 Vf-F Sbk 10YR 6/1 10YR 5/1 Present 
10-20 A1 180-250 Well Sorted Sub-Rounded 1 Vf-F Sbk 10YR 6/1 10YR 5/1 Present 
20-30 A2 180-250 Well Sorted Sub-Rounded 1 Vf-M Sbk 10YR 5/1 10YR 4/1 Present 
30-40 A2 180-250 Well Sorted Sub-Rounded 1 Vf-M Sbk 7.5YR 5/2 7.5YR 3/4 Present 
40-50 ABw 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 7.5YR 5/2 7.5YR 3/4 Present 
50-60 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 7.5YR 5/3 7.5YR 4/3 Present 
60-70 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 7.5YR 6/3 7.5YR 4/3 Present 
70-80 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/4 10YR 4/4 Present 
80-90 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/3 10YR 4/3 Present 

90-100 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/4 10YR 4/4 Present 
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100-110 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/3 10YR 4/3 Present 
110-120 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/3 10YR 4/3 Present- Layers 
120-130 C1 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/4 10YR 4/4 Present- Layers 

(dated) 
130-140 C1 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present 
140-150 C1 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present 
150-175 C1-C2 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present 
175-200 C2 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/2 10YR 3/4 Present- Layers 
200-225 C2 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present- Layers 
225-250 C2 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present- Layers 

           

Dune 4 0.44 0-5 A1 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 7/2 10YR 4/2 Present- Layers 
5-10 A1 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/2 10YR 4/2 Present- Layers 
10-20 A1-A2 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/2 10YR 4/2 Present- Layers 
20-30 A2-ABW 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/3 10YR 4/3 Present- Layers 
30-40 ABW 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/4 10YR 4/4 Present- Layers 
40-50 ABW 180-250 Well Sorted Sub-Rounded 2 M Sbk 10YR 6/4 10YR 5/4 Absent 
50-60 CBW 180-250 Well Sorted Sub-Rounded 2 M Sbk 10YR 6/4 10YR 5/4 Absent 
60-70 CBW-C 180-250 Well Sorted Sub-Rounded 2 M Sbk 10YR 6/4 10YR 5/4 Absent 
70-80 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent 
80-90 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent 

90-100 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent 
100-110 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent 
110-120 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent 
120-130 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent 
130-140 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent 
140-150 C 180-250 Well Sorted Sub-Rounded Massive-original 

dune structure 
10YR 6/4 10YR 5/4 Absent 

150-175 C 180-250 Well Sorted Sub-Rounded Massive-original 
dune structure 

10YR 6/4 10YR 5/4 Absent 
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Table A.3.4 Accelerated mass spectrometry (AMS) radiocarbon dating results. One sample collected from the 2.14 ka depositional soil profile 
was obtained from a charcoal-rich layer. The sample was prepared using the acid–base–acid (ABA) protocol and dated at the University of Waikato 
Radiocarbon Dating Laboratory. Ages were calibrated at two-sigma error using OxCal v4.3.2. (Ramsey, 2017) and the SHcal13 calibration curve 
(Hogg et al., 2020). 

Lab ID Depth Interval (m) Material AMS measurement results (yr BP ± 2σ) 2σ calibrated date range (cal yr BP) 
Wk50298 1.2-1.3 Charcoal –wood/twig 1017 ± 26 800-940 
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A.4 Supplementary Material to Chapter 4 
 
 

 
Figure A.4.1: Equivalent Dose (DE) radial plots for the eight (n=8) OSL samples used in this 
study. 
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Figure A.4.2: (a) Dune frequency for active (n=103) and emplaced Holocene aged (n=726) 
dunes with 0.5 ka bin intervals. (b) Box and whisker plots depicting maximum distance travel 
from the modern eastern coast (not including dunes that originate on the western coast (n=15). 
Horizontal bar is the median value whereas the black dot represents the average. In general, 
younger dunes are more common but on average do not travel far inland. In contrast, the oldest 
dunes which are less frequent are reported to travel up >10 km. Note, bin interval varies to help 
account for sample size.  
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Figure A.4.3: Comparison between probability density functions (PDFs) produced from OSL 
(dashed line with white area) and predicted (solid black line with grey fill) dated dunes within 
(a) both dune fields, (b) K’gari, and (c) the CSM. 
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Figure A.4.4: Sensitivity analysis on PDF outcomes by varying original DEM resolution and 
bin interval. (a) PDFs generated from all modelled dune ages (n=726) (assuming normally 
distributed age estimates) using 0.05 ka bin intervals for 12 ka (240 total bins). Each line 
represents a PDF from a surface roughness (σC)-age regression, derived at different DEM 
resolutions (1-50 m) (Table A.4.3). Solid black lines are all PDFs that have σC-age relationships 
with a RMSE value <1.1 ka and a r2 value >0.90 (3-20 m2 resolution).The full range of these 
PDFs are shaded in grey. The bold black line represents the PDF used in this study (5 m). All 
other PDFs are represented by grey dashed lines. An important note, besides the PDFs derived 
from the finest (1 and 2 m) and the coarsest resolutions (45 and 50 m), all PDFs show 
remarkable consistency in peaks when compared to the known dune emplacement events 
(vertical teal areas). (b) I evaluate the influence bin intervals have on modelled PDF outcomes 
on identical predicted ages (derive from 5 m DEM). As bin intervals increase (dark to light 
lines) the youngest peak (<0.5 ka) becomes increasingly subtle and by a bin interval of 1 ka, is 
completely removed. 
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Figure A.4.5: Conceptual diagram summarising changes in dune age, geomorphic processes, 
and surface roughness (σC), modified from Chapter 3. (a) The Cooloola Sand Mass (CSM) 
contains thousands of dunes that have remarkably uniform evolution. When dunes are active, 
they have steep lee faces above or near the angle of repose (0.65 m m-1 or 33°) and shallow 
stoss faces that are controlled by wind advection processes which prohibit the colonisation of 
vegetation when winds are high. Consequently, dunes are initially constructed with smooth 
topography (low σC). As winds dissipate (either from the increase distance from the coast or a 
change in wind regime), dunes begin to become stabilise by vegetation. The competition 
between wind advection and vegetation stabilisation increases σC. The roughening of the 
topography continues until dunes are completely stabilised (dune emplacement) and σC is at a 
maximum. Emplacement marks the onset of dune relaxation where sediment transport is only 
active through hillslope processes (no wind advection) which causes σC to decline 
exponentially with time. Here, processes such as biogenic soil creep, rain-splash, and granular 
relaxation cause the lowering of crest and filling of adjacent foot-slopes decreasing local relief 
and σC. Examples of this process are observed on active and emplaced dunes and highlighted 
in (b) satellite imagery and (c) gradient maps. Note the exact relationship between σC and time 
for dunes stabilisation is not examined in this study but will be addressed in future research.  
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Table A.4.1: Soil descriptions of all sites containing newly acquired OSL samples used in this chapter. 

Map ID: 4 
Date: 13/10/2017 
Dune number: 4 
OSL lab number: USU-2742 
Sample name: FRAS131017-13 
Site description: Crest of parabolic dune. 
GPS coordinates (Latitude, Longitude): -25.16°S, 153.27°E 
Horizon Depth (cm) Structure Texture Colour Boundary Notes/special features 
O -1-0 Slightly decomposed Eucalyptus leaf litter at surface 
O/A 0-16 Apedal, single grain sand Medium sand 10YR 4/1 Clear smooth  Fine roots throughout 
A/C 16-32 Apedal, single grain sand Medium sand 10YR 5/4 Clear smooth   
C 32-38 Apedal, single grain sand Medium sand 10YR 5/6  Clear smooth  
C 38-50 Apedal, single grain sand Medium sand 10YR 5/6  Clear smooth  
C 50-62 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 62-74 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 74-76 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth  
C 76-88 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 88-99 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth Dose rate. 
C 99-113 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth OSL sample. 
C 113-123 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth Dose rate. 
       
Map ID: 5 
Date: 13/10/2017 
Dune number: 5 
OSL lab number: USU-2743 
Sample name: FRAS131017-14 
Site description: Crest of parabolic dune. 
GPS coordinates (Latitude, Longitude): -25.19°S, 153.26°E 
Horizon Depth (cm) Structure Texture Colour Boundary Notes/special features 
O -2-0 Slightly decomposed Eucalyptus leaf litter at surface 
O/A 0-17 Apedal, single grain sand Medium sand 10YR 5/3 Clear smooth  Fine roots throughout 
A/C 17-33 Apedal, single grain sand Medium sand 10YR 5/3 Clear smooth   
C 33-42 Apedal, single grain sand Medium sand 10YR 6/6  Clear smooth  
C 42-57 Apedal, single grain sand Medium sand 10YR 6/6  Clear smooth  
C 57-72 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 72-85 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 85-99 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth Dose rate. 
C 99-116 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth OSL sample. 
C 116-124 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth Dose rate. 
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Map ID: 6 
Date: 10-10-17 
Dune number: 6 
OSL lab number: USU-2730 
Sample name: FRAS-101017-1 
Site description: Crest of parabolic dune. 
GPS coordinates (Latitude, Longitude): -25.60°S, 153.08°E 
Horizon Depth (cm) Structure Texture Colour Boundary Notes/special features 
O -2-0 Slightly decomposed Eucalyptus leaf litter at surface 
O/A 0-17 Apedal, single grain sand Fine sand 10YR 4/2 Clear smooth  Fine roots throughout 
A 17-34 Apedal, single grain sand Fine sand 10YR 4/2 Clear smooth   
B 34-45 Apedal, single grain sand Fine sand 10YR 5/2  Clear smooth  
B 45-57 Apedal, single grain sand Fine sand 10YR 6/3  Clear smooth  
B 57-69 Apedal, single grain sand Fine sand 10YR 5/4  Clear smooth  
B 69-83 Apedal, single grain sand Fine sand 10YR 5/4 Clear smooth  
B 83-93 Apedal, single grain sand Fine sand 10YR 5/6 Clear smooth  
B/C 93-108 Apedal, single grain sand Medium sand 10YR 5/6; 10YR 7/4 Abrupt smooth  
C 108-120 Apedal, single grain sand Medium sand 10YR 7/4 Clear smooth  
C 120-134 Apedal, single grain sand Medium sand 10YR 7/3 Clear smooth  
C 134-146 Apedal, single grain sand Medium sand 10YR 7/4 Clear smooth  
C 146-160 Apedal, single grain sand Medium sand 10YR 7/4 Clear smooth  
C 160-172 Apedal, single grain sand Medium sand 10YR 7/4 Clear smooth  
C 172-184 Apedal, single grain sand Medium sand 10YR 7/4 Clear smooth  
C 184-197 Apedal, single grain sand Medium sand 10YR 7/4 Clear smooth Dose rate. 
C 197-224 Apedal, single grain sand Medium sand 10YR 7/4 Clear smooth OSL sample. 
C 224-232 Apedal, single grain sand Medium sand 10YR 7/4 Clear smooth Dose rate. 
       
Map ID: 11 
Date: 09/04/2019 
Dune number: 11a and 11a’ 
OSL lab number: USU-3020 and USU-3021 
Sample name: EFBR17_190-205 and EFBR17_388-407 
Site description: Crest of parabolic dune. 
GPS coordinates (Latitude, Longitude): -26.01°S, 153.13°E 
Horizon Depth (cm) Structure Texture Colour Boundary Notes/special features 
O -1-0 Slightly decomposed Eucalyptus leaf litter at surface 
A1 0-25 Apedal, single grain sand Fine sand 10YR 5/1 Clear smooth  Fine roots throughout 
A1 25-50 Apedal, single grain sand Fine sand 10YR 5/1 Clear smooth   
A2 50-55 Apedal, single grain sand Fine sand 10YR 5/1 Clear smooth  
AB 55-62 Apedal, single grain sand Fine sand 10YR 5/1  Abrupt smooth  
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B 62-89 Apedal, single grain sand Fine sand 10YR 5/4  Clear smooth  
B 89-102 Apedal, single grain sand Medium sand 10YR 4/4 Clear smooth  
B 102-113 Apedal, single grain sand Medium sand 10YR 4/6 Clear smooth  
BC 113-132 Apedal, single grain sand Medium sand 10YR 5/6  Clear smooth  
BC 132-146 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
CB 146-166 Apedal, single grain sand Medium sand 10YR 6/6 Abrupt smooth  
C 166-176 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth  
C 176-190 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth Dose rate. 
C 190-205 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth OSL sample. 
C 205-215 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth Dose rate. 
C 215-232 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 232-247 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 247-271 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 271-276 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 276-292 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 292-306 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 306-320 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 320-338 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 338-349 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 349-363 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 363-378 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth  
C 378-388 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth Dose rate. 
C 388-407 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth OSL sample. 
C 407-412 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth Dose rate. 
       
Map ID: 12 
Date: 24/24/2016 
Dune number: 12 
OSL lab number: USU-2397 
Sample name: Fras-062416-14 
Site description: Crest of parabolic dune along the road, migrating from the coast. 
GPS coordinates (Latitude, Longitude): -25.13°S, 153.25°E 
Horizon Depth (cm) Structure Texture Colour Boundary Notes/special features 
E/A1 0-20 Apedal, single grain sand Fine sand 10YR 6/1  Clear smooth  Fine roots throughout 
E/A2 20-40 Apedal, single grain sand Fine sand 10YR 6/1  Clear smooth   
E/A3 40-50 Apedal, single grain sand Fine sand 10YR 7/2  Clear smooth   
E/A4 50-65 Apedal, single grain sand Fine sand 10YR 7/2  Clear smooth  
E1 65-85 Apedal, single grain sand Fine sand 10Y 7/1 Clear smooth   
E2 85-100 Apedal, single grain sand Fine sand 10Y 7/1  Clear smooth   
E3 100-115 Apedal, single grain sand Fine sand 7.5YR 8/1  Clear smooth   
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E4 115-130 Apedal, single grain sand Fine sand 10YR 8/1 Clear smooth   
E5 130-150 Apedal, single grain sand Fine sand 7.5YR 8/1  Clear smooth  non-coherent mottles 
B1 150-170 Apedal, single grain sand Medium sand 7.5YR 8/1; 10YR 7/4 Abrupt smooth  non-coherent mottles 
B1 170-185 Apedal, single grain sand Medium sand 10YR 6/4; 10YR 7/6  Clear smooth  non-coherent mottles 
B2 185-200 Apedal, single grain sand Medium sand 10YR 8/1; 10YR 5/3; 10YR 7/6 Clear smooth  non-coherent mottles 
B2 200-210 Apedal, single grain sand Medium sand 10YR 8/1; 10YR 5/3;10YR 3/2; 

10YR 7/6 
Clear smooth non-coherent mottles 

B2 210-220 Apedal, single grain sand Medium sand 10YR 8/2; 10YR 5/3; 10YR 6/3 Clear smooth non-coherent mottles 
B2 220-235 Apedal, single grain sand Medium sand 10YR 8/1; 10YR 5/3 Clear smooth non-coherent mottles 
B3 235-250 Apedal, single grain sand Medium sand 10YR 4/3; 10YR 5/4 Clear smooth non-coherent distinct 

mottles 
B3 250-265 Apedal, single grain sand Medium sand 10YR 8/1; 10YR 5/2; 10YR 3/1; 

10YR 7/6 
Clear smooth non-coherent distinct 

mottles 
B3 265-280 Apedal, single grain sand Medium sand 10YR 4/3 Clear smooth non-coherent distinct 

mottles 
B3 280-295 Apedal, single grain sand Medium sand 10YR 4/3 Clear smooth non-coherent distinct 

mottles 
B4 295-305 Apedal, single grain sand Medium sand 10YR 5/3 Clear smooth non-coherent mottles 
B4 305-320 Apedal, single grain sand Medium sand 10YR 5/3 Clear smooth non-coherent mottles 
B4 320-335 Apedal, single grain sand Medium sand 10YR 5/4 Clear smooth non-coherent mottles 
B5 335-350 Apedal, single grain sand Medium sand 10YR 5/4 Clear smooth  
B5 350-365 Apedal, single grain sand Medium sand 10YR 5/4; 10YR 6/4 Clear smooth  
B5 365-380 Apedal, single grain sand Medium sand 10YR 4/4 Clear smooth  
B5 380-390 Apedal, single grain sand Medium sand 10YR 4/3 Clear smooth  
B5 390-405 Apedal, single grain sand Medium sand 10YR 5/4 Clear smooth  
B5 405-415 Apedal, single grain sand Medium sand 7.5YR 4/3 Clear smooth  
B5 415-425 Apedal, single grain sand Medium sand 7.5YR 4/3 Clear smooth  
B/C 425-440 Apedal, single grain sand Medium sand 10YR 5/4 Clear smooth Dose rate. 
B/C 440-450 Apedal, single grain sand Medium sand 10YR 5/4 Clear smooth OSL sample. 
B/C 450-470 Apedal, single grain sand Medium sand 10YR 5/4 Clear smooth Dose rate. 
       
Map ID: 17a 
Date: 22/06/2016 
Dune number: 17 
OSL lab number: USU-2390 
Sample name: Fras-062216-7 
Site description: Crest of transverse sand wave. 
GPS coordinates (Latitude, Longitude): -25.04°S, 153.24°E 
Horizon Depth (cm) Structure Texture Colour Boundary Notes/special features 
Oi -2-0 Slightly decomposed Eucalyptus leaf litter at surface 
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Ah1 0-20 Apedal, single grain sand Fine sand 10YR 4/1  Clear smooth  Fine roots throughout 
Ah2 20-40 Apedal, single grain sand Fine sand 10YR 5/2  Clear smooth   
Ah3 40-60 Apedal, single grain sand Fine sand 10YR 8/2  Clear smooth  Substantially lighter than 

Ah1 and Ah2 
E 60-80 Apedal, single grain sand Fine sand 10YR 8/1  Abrupt smooth  Substantially lighter than 

Ah1 and Ah2 
Bs1 80-95 Apedal, single grain sand Fine sand 2.5Y 7/6  Clear smooth   
Bs2 95-110 Apedal, single grain sand Fine sand 2.5Y 6/6  Clear smooth   
Bs3 110-125 Apedal, single grain sand Medium sand 10YR 6/6  Clear smooth  50% darker non-coherent 

mottles, 10YR 4/4 dark 
yellowish brown 

Bs4 125-135 Apedal, single grain sand Medium sand 10YR 5/6  Clear smooth   
Bs5 135-150 Apedal, single grain sand Fine sand 10YR 7/6  Clear smooth   
Bs6 150-165 Apedal, single grain sand Fine sand 10YR 5/6  Clear smooth   
Bs7 165-230 Apedal, single grain sand Fine sand 10YR 7/6  Clear smooth   
Bs8 230-245 Apedal, single grain sand Medium sand 10YR 7/6  Clear smooth   
Bs9 245-275 Apedal, single grain sand Medium sand 10YR 6/6  Clear smooth  5-10% non-coherent 

lighter and darker mottles 
Bs10 275-290 Apedal, single grain sand Medium sand 10YR 5/6  Clear smooth 50% non-coherent lighter 

and darker mottles 
Bs11 290-315 Apedal, single grain sand Medium sand 10YR 5/6  Clear smooth Dose rate. 
Bs12 315-330 Apedal, single grain sand Medium sand 10YR 6/6  Clear smooth OSL sample. 
Bs13 330-345 Apedal, single grain sand Medium sand 10YR 7/6  Clear smooth Dose rate. 
       
Sample site: 17b 
Date: 22/06/2016 
Sample number: 17 
OSL lab number: USU-2389 
Sample name: Fras-062216-6 
Site description: Crest of transverse sand wave  
GPS coordinates (Latitude, Longitude): -25.04°S, 153.25°E 
Horizon Depth (cm) Structure Texture Colour Boundary Notes/special features 
Oi -2-0 Slightly decomposed Banksia and Eucalyptus leaf litter at surface, some Xanthorrhea stems and needles 
Ah1 0-20 <10 % soft very friable fine subangular 

blocky peds 
Fine sand 10YR 4/1  Abrupt smooth  Fine roots throughout 

Ah2 20-40 Apedal, single grain sand Fine sand 10YR 4/2  Abrupt smooth  Some fine roots 
Ah3 40-60 Apedal, single grain sand Medium sand 10YR 6/2  Gradual smooth  Still enough organics for 

Ah3 rather than E horizon 
Bsw 60-80 Apedal, single grain sand Medium sand 10YR 6/4  Clear smooth   
Bs1 80-95 Apedal, single grain sand Medium sand 10YR 6/6  Clear smooth   
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Bs2 95-110 Apedal, single grain sand Medium sand 10YR 7/6  Clear smooth   
Bs3 110-125 Apedal, single grain sand Medium sand 10YR 6/6  Clear smooth   
Bs4 125-140 Apedal, single grain sand Medium sand 10YR 7/6  Clear smooth   
Bs5 140-170 Apedal, single grain sand Medium sand 10YR 7/6  Clear smooth  10% friable distinct 

mottles, darker in colour 
Bs6 170-190 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth  50% non-coherent distinct 

mottles, darker in colour 
Bs7 190-250 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth  
Bs8 250-265 Apedal, single grain sand Medium sand 10YR 8/6  Clear smooth   
Bs9 265-305 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth Dose rate. 
Bs10 305-315 Apedal, single grain sand Medium sand 10YR 7/6  Clear smooth OSL sample. 
Bs11 315-335 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth Dose rate. 
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Table A.4.2: Radioelement chemistry, water content, and grain size information. 

Map ID Sample ID number Lab number In-situ 
H2O (%)† 

Grain size 
(µm) 

K 

(%)‡ Rb (ppm)‡ Th (ppm)‡ U 
(ppm)‡ 

Cosmic 
(Gy/kyr)§ 

4 FRAS131017-13 USU-2742 3.1 180-250 0.06±0.01 2.9±0.1 3.9±0.4 0.5±0.1 0.17±0.02 
5 FRAS131017-14 USU-2743 3.6 180-250 0.06±0.01 2.9±0.1 0.9±0.2 0.2±0.1 0.19±0.02 
6 FRAS-101017-1 USU-2730 1.7 180-250 0.07±0.01 3.3±0.1 1.9±0.2 0.3±0.1 0.15±0.01 

11a EFBR17_190-205 USU-3020 3.8¶ 180-250 0.13±0.01 5.3±0.2 3.1±0.3 0.4±0.1 0.15±0.02 
11a’ EFBR17_388-407 USU-3021 4.8¶ 180-250 0.14±0.01 5.6±0.2 4.0±0.4 0.5±0.1 0.12±0.01 
12 Fras-062416-14 USU-2397 4.7 180-250 0.03±0.01 1.3±0.1 1.0±0.2 0.2±0.1 0.12±0.01 
17a Fras-062216-7 USU-2390 3.9 180-250 0.06±0.01 2.7±0.1 1.1±0.2 0.2±0.1 0.13±0.01 
17b Fras-062216-6 USU-2389 4.3 180-250 0.06±0.01 3.1±0.1 1.4±0.2 0.3±0.1 0.13±0.01 

† Assumed 7.0 ± 2.1% for all samples as moisture content over burial history, unless otherwise noted. 
‡ Radioelemental concentrations determined using ICP-MS and ICP-AES techniques. Dose rate is derived from concentrations by alpha, beta, and gamma conversion factors 
from Guérin et al. (2011). 

§ Contribution of cosmic radiation to the dose rate was calculated by using sample depth, elevation, and longitude/latitude following Prescott and Hutton (1994). 
¶ Assumed 5.0±2.0% for all samples as moisture content over burial history. 
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Table A.4.3: Relationship between surface roughness (σC) and all dated dunes (n=22) at 
varying resolutions to assess optimal and available DEM resolution to utilised the σC–age 
model. (†) on dune resolution size indicates best-fit based on RMSE and r2 values.  

Resolution 
(m) σC-age relationship Root Mean Square 

Error (ka) r2 

1 Dune Age = 10.41 * EXP(-3.96 * σC) 3.16 0.18 
2 Dune Age = 69.45 * EXP(-52.50 * σC) 1.36 0.84 
    
3 Dune Age = 54.82 * EXP(-89.84 * σC) 0.97 0.92 
4 Dune Age = 34.97 * EXP(-97.62 * σC) 0.88 0.93 
5† Dune Age = 32.12 * Exp(-108.9 * σC) 0.84 0.94 
6† Dune Age = 27.02 * EXP(-106.9 * σC) 0.84 0.94 
7 Dune Age =26.57 * EXP(-112.7 * σC) 0.85 0.94 
8 Dune Age =26.57 * EXP(-118.2 * σC) 0.85 0.94 
9 Dune Age =26.82 * EXP(-124.1 * σC) 0.85 0.94 
10 Dune Age =27.04 * EXP(-129.6 * σC) 0.86 0.93 
11 Dune Age =27.45 * EXP(-135.9 * σC) 0.88 0.93 
12 Dune Age =27.92 * EXP(-142.3 * σC) 0.89 0.93 
13 Dune Age =28.06 * EXP(-147.6 * σC) 0.89 0.93 
14 Dune Age =28.58 * EXP(-154.5 * σC) 0.92 0.93 
15 Dune Age =28.83 * EXP(-160.5 * σC) 0.94 0.92 
16 Dune Age =29.18 * EXP(-167.1 * σC) 0.96 0.92 
17 Dune Age =29.58 * EXP(-174.1 * σC) 0.99 0.91 
18 Dune Age =29.65 * EXP(-179.6 * σC) 1.03 0.91 
19 Dune Age =30.01 * EXP(-186.8 * σC) 1.05 0.90 
20 Dune Age =30.55 * EXP(-195.2 * σC) 1.09 0.90 
25 Dune Age =32.19 * EXP(-234.5 * σC) 1.33 0.85 
30 Dune Age =33.36 * EXP(-276.8 * σC) 1.60 0.79 
35 Dune Age =33.53 * EXP(-318.9 * σC) 1.86 0.71 
40 Dune Age =32.27 * EXP(-358.1 * σC) 2.13 0.62 
45 Dune Age =30.93 * EXP(-402.6 * σC) 2.45 0.50 
50 Dune Age =25.43 * EXP(-396.9 * σC) 2.61 0.44 
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A.5 Supplementary Material to Chapter 5 
 

 
 
 
 
 
 
 
 
 

 
Figure A.5.1: Evidence of increased sediment accumulation at the base of dune slipface after 
fire. (a) Episodic sediment transport initiated by the ‘Freshwater Road Fire’ on the 0.5 ka dune 
looking up to dune crest. (b) Close-up image of the 0.1 m deposit with camera lens for 
reference. (c) Charcoal particle obtained at the deposit. 
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Figure A.5.2: Charcoal accumulation rates (CHAR) for size classes 355 μm-2 mm (solid 
line), 250-355 μm (dashed line), and 180-250 μm (dotted line) for the (a) 0.5 ka, (b) 2 ka, (c) 
5 ka, and (d) 10 ka dune depositional sites. The x-axis for the panels differ so that variability 
in CHAR trends with age can be observed. Charcoal layers identified in the profile face are 
indicated with a band of black dots and labelled (CL#) and shaded areas are the inferred 
timing of increased fire activity identified in Figure 5.5. An important note is that trends are 
consistent between size classes and sites. 
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A.6 Chapters 2-4’s original publications 
A.6.1 Chapters 2 – Journal of Maps 
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A.6.2 Chapters 3 – Earth and Planetary Science Letters 
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A.6.3 Chapters 4 – Earth Surface Processes and Landforms 
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