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Abstract 

 

 

Fire has long had a pervasive importance in human lives and actively shapes many landscapes 

on Earth. Fire has a long history of interaction with Australian ecosystems but poses a growing 

risk as fire conditions become increasingly severe, due in part to anthropogenic climate change. 

Tropical savannas cover almost one quarter (1.9 million km2) of the Australian land mass, and 

fire occurs in tropical savannas almost annually. A greater understanding of past fire regimes, 

and their environmental context, is essential for management and planning in an increasingly 

fire-prone landscape. Despite the central importance of fire in savanna ecosystems, the region 

remains understudied in Australian palaeofire research. 

This thesis combines established visual/microscopic and emerging geochemical methods to 

create three new multiproxy palaeofire records for three wetland sites in northern Australian 

savannas. Charcoal from sedimentary records from these sites was separated into three size 

fractions (>250 µm, 250-125 µm and 125-63 µm) and quantified by stereomicroscope, with 

aspect ratios and morphotypes recorded to investigate changes in fuel composition over time. 

Pyrogenic carbon was chemically isolated using hydrogen pyrolysis, with percent carbon 

measured by elemental analysis with the δ13C value of the pyrogenic carbon measured by 

isotope ratio monitoring mass spectrometry to determine changes in fuel composition over 

time. The novel combination of (optical) charcoal and (chemical) pyrogenic carbon measures 

enabled the identification of changes in relative fire intensities in the past, crucial to 

differentiating between anthropogenic and climatic influences within these palaeofire records. 

The palaeofire records were placed in a broader geochemical context using sediment elemental 
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composition (using µXRF) and placed in a temporal context through the development of 210Pb 

and 14C chronologies. 

The three records are from (i) Marura Sinkhole (eastern Arnhem Land, 13.409°S, 135.774°E), 

(ii) Big Willum Swamp (Weipa, Cape York Peninsula, 12.657°S, 141.998°E), and (iii) 

Sanamere Lagoon (Cape York Peninsula, 11.117°S, 142.35°E). 

The palaeofire record for Marura sinkhole covers approximately 4600 cal BP to present, with 

highest fire incidence 4600-2800 cal BP. Vegetation at Marura is of mixed tree-grass 

composition throughout the record, with variability in the fine (<63 µm) fraction. Variable 

relative fire intensities and divergence between local and regional fire and vegetation signals 

suggest increasing human influence on fire at Marura from ~2800 cal BP. Minimal charcoal 

and pyrogenic carbon transport into the site after ~900 cal BP is likely the result of the 

imposition of fine-scale patch mosaic burning. European arrival in Arnhem Land shows a 

delayed effect on fire at Marura, with increased fire incidence after ~1950 CE reaching levels 

not seen in the preceding 900 years. 

The Big Willum Swamp palaeofire record covers ~3900 cal BP to present, with ephemeral 

conditions leading to minimal deposition early in the record prior to deepening of the site at 

~2200 cal BP. Fire incidence at Big Willum Swamp is low until the last century, peaking at 

~1970 CE with high relative fire intensities after the establishment of a bauxite mine around 

the site. Vegetation is a consistent tree-grass mix throughout the record comparable to modern 

vegetation across the Weipa Plateau. 

The palaeofire record for Sanamere Lagoon spans ~8300-5500 cal BP. Fire incidence and 

sedimentation rate are highest from ~8300-8000 cal BP before an abrupt decline, possibly the 

result of deepening of the lagoon. Vegetation throughout the record is almost entirely C3-

derived with irregular pulses of grassy burnt material in the fine fraction, indicating that the 
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dwarf heathland currently present at the site has persisted for over 8000 years. High fire 

intensities that dominate throughout this record are consistent with the modern fire 

characteristics of heathlands. The absence of sediments dating from 160 to ~4000 years ago 

indicates sediment loss from one or more occurrences of scouring, likely triggered by cyclone 

or active monsoon events. 

These records together demonstrate the heterogeneity of fire histories across the savannas of 

northern Australia. However, while Marura shows decreasing fire incidence through time and 

Big Willum Swamp contains minimal charcoal and pyrogenic carbon until the recent period, 

both sites present dramatic increases in fire incidence as a result of European land-use changes. 

The combination of methods in this thesis demonstrates the interpretive power of a multiproxy 

approach, with optical techniques such as charcoal morphology and chemical techniques such 

as the δ13C values providing greater detail than these methods in isolation. The methods 

presented in this thesis for assessing changes in relative fire intensities will benefit future 

palaeofire research. 
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Chapter 1 : Introduction 

 

 

“Every day, somewhere in the world a fire burns.” (Scott 2000, p.281) 

 

1.1 Rationale 

Palaeofire research provides insights into past interactions between fire, climate, humans and 

vegetation over decades to millennia. However, palaeofire data are limited for the tropical 

savannas of northern Australia. Minimal palaeofire records across the region are available, 

making the picture of the long history of fire in these savanna environments incomplete. This 

also affects attempts to model Australian palaeofire, with a small selection of available charcoal 

records assumed to be representative of the greater northern Australian savanna region (e.g. 

Reeves et al. 2013b). This spatial knowledge gap will be addressed in this thesis (see Research 

Objectives below). This study spans the Holocene with particular focus on the late Holocene 

as this period is shares climatic similarities with modern conditions (e.g. Shulmeister & Lees 

1995; Donders et al. 2007, 2008; Reeves et al. 2013a) and includes major environmental and 

cultural changes such as Indigenous population growth and technological innovation (Williams 

2013; Williams et al. 2015b) and sea-level stabilisation at modern levels after a mid-Holocene 

high-stand (Chappell 1983; Yu & Zhao 2010). 

The late Holocene is a period worthy of detailed study as it is most climatically comparable to 

modern conditions (e.g. Shulmeister & Lees 1995; Donders et al. 2007, 2008; Reeves et al. 

2013a) 
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Improving our understanding of palaeofire in Australia and globally requires not only 

additional records but also methodological improvements in how palaeofire data is created. 

Developments in other palaeoecological disciplines including automation (e.g. France et al. 

2000; Maruyama et al. 2018) have outpaced comparable advances in palaeofire techniques. 

Emerging techniques for determining vegetation composition of burnt materials in sedimentary 

records (e.g. Bird & Ascough 2012; Enache and Cumming 2006; Umbanhowar & McGrath 

1998) are promising but underutilised tools applicable to palaeofire research. 

In addition to the identified spatial knowledge gap, existing palaeofire records for northern 

Australia are also methodologically limited. Existing records primarily utilise a single 

palaeofire proxy, commonly microscopic charcoal (e.g. Moss et al. 2015; Prebble et al. 2005; 

Rowe 2005; Shulmeister 1992). The only records in the region utilising multiple proxies are 

those of Big Willum Swamp (Stevenson et al. 2015), Lizard Island (Proske & Haberle 2012) 

and marine core ODP Site 820 (Moss & Kershaw 2000) that combine microscopic and 

macroscopic charcoal analysis. Fuel classification and chemical isolation fire proxies have not 

been conducted on sites in this region; these techniques are key to distinguishing relative fire 

intensities and better understanding connections between fire, vegetation, humans, and climate 

through time by disentangling human and climate influences on fire. This methodological 

knowledge gap will be addressed in this thesis. 

 

1.2 Background 

Fire is a “phenomenon, a problem, and a principle” (Pyne 2016, p.6) that occurs across vastly 

different scales – from local to global, minutes to millennia. Fire is both ancient and immediate; 

it is a chemical reaction, a domestic tool, a source of warmth, a transformer of landscapes (e.g. 

Yates, Edwards & Russell-Smith 2008), a symbol of the home, a power stolen from the gods 
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(Raggio 1958), accidental destruction brought to earth by spirits as falling stars (Norris & 

Hamacher 2009, p.44), and much more. Pyne (2016, p.6) describes fire in nature as “a shape-

shifter, taking its character from its context”; any detailed consideration of fire is therefore 

shaped by context. This chapter establishes the context of this thesis and the fire examined 

therein. 

Fire has existed on Earth since the Silurian (~420 million years ago; Glasspool, Edwards & 

Axe 2004). The earliest evidence of hominin fire use is dated to around one million years ago 

(by Homo erectus; Carbonell, Bermúdez de Castro & Sala 2018, p.111), and fire technology is 

often identified as a “defining trait of humanity” (Bowman et al. 2011, p.2224) with humans 

as the “planet’s keystone species for fire” (Pyne 2016, p.7). However, there is “little 

understanding” of fire-human-environment interactions in the long term despite the 

significance of these relationships (Bowman et al. 2011). 

Humans became an ignition source for fires in Australia over 60,000 years ago (Clarkson et al. 

2017), although the effects of anthropogenic versus climatic influence on overall fire incidence 

in Australia through time is debated (Mooney et al. 2011). Unsurprisingly, across the vast array 

of ecoregions covering the Australian continent there have been, and continue to be, a large 

range of fire regimes, with fire return intervals of anywhere between one year to over 100 years 

(Cremer 2004, p.13). As described by Gammage (2012), the Australian landscapes encountered 

by British invaders in the eighteenth century were carefully managed, following thousands of 

years of fire management by Indigenous Australians for a wide range of purposes (see 

Gammage 2012; Pyne 1991, p.100). European invasion disrupted this ongoing fire 

management through displacement and decimation of Indigenous populations, and the 

introduction of grazing animals (see Horsfall & Morrison 2010, p.10; Ó Foghlú et al. 2016, 

p.2-3; Pyne 1991, p.132). Fire suppression policies and attitudes accompanied European 

colonisation in tropical savanna regions worldwide, including northern Australia (Moura et al. 
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2019). However, as modern fire conditions intensify with anthropogenic climate change, 

landscape fire is becoming an increasingly critical ecological, economic and political issue (e.g. 

Bradstock & Nolan 2019; Cox 2019; Kellett, Visontay & Gair 2019). 

Fire is ever-present in the savannas of northern Australia that cover approximately one quarter 

of the continent (Fox et al. 2001). Of the estimated 50 million hectares that burn across 

Australia each year, 80 % occurs in northern Australian savannas (Commonwealth Scientific 

& Industrial Research Organisation [CSIRO] 2009; Figure 1.1). In the most frequently burned 

areas of this fire-prone region, fires can recur annually (see Northern Australian Fire 

Information [NAFI] 2019). Removal of Indigenous fire management from northern Australia 

has been associated with fires of higher intensities and greater sizes (Burrows et al. 2006). The 

introduction of European pastoral land management in northern Australia was also associated 

with changes in fire regime relating to timing and purpose (see Crowley 1995; Crowley & 

Garnett 2000). Active fire management in the savannas of northern Australia has gained recent 

economic importance with the introduction of international agreements on reductions of 

greenhouse gas emissions (Whitehead et al. 2008). Numerous ongoing prescribed burning 

programs have been established within the savannas of northern Australia, with Aboriginal 

ranger groups and scientists collaborating to control the timing and intensity of fires to reduce 

emissions (see Johnston 2016; Murphy 2013; Russell-Smith et al. 2013; Whitehead et al. 2008). 
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Figure 1.1: Extent of savanna vegetation in northern Australia (dark grey outline, after 

Fox et al. 2001) and years burnt from 2000-2018 (above 20 °S, after NAFI 2019). Base 

outline maps presented in this thesis are derived from the open data of OpenStreetMap 

Contributors (2019). 

 

Palaeofire research is the study of fire in the past, and provides crucial context for 

understanding fire under changing climatic conditions in the present and into the future. Optical 

quantification of sedimentary charcoal particles to reconstruct fire histories began in the 1940s 

(see Iversen 1941) and has been widely applied since then, with later developments in chemical 

isolation techniques for pyrogenic carbon less commonly used (see Masiello 2004). While most 

palaeofire studies are not sufficiently resolved, temporally or spatially, to generate direct 

recommendations for future fire management, a comprehensive understanding of fire in 

Australian environments as climates shift requires data beyond the time-depth of the 

observational record. As described by Victor Steffensen: 

There is a common belief that climate change is to blame for an increase in 

wildfires. However, the climate has always changed and the people adapt the fire 
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to whatever climate we get each year, hot, cold, wet, or dry. This makes the burning 

time different each year and is done by reading country (George et al. 2013, p.11). 

Recent catastrophic fire conditions (e.g. in 2019) as well as high fire dangers occurring earlier 

in the year in eastern Australia have been described as “unprecedented” relative to the 

observational record (e.g. Bowman 2019; RMIT ABC Fact Check 2019) but this does not 

capture previous periods of significant climatic changes. Understanding fire characteristics 

during past shifts in climate provides the necessary context for modern and future fire. 

 

1.3 Research Objectives 

This study has two interrelated research aims: 

1. The creation of new high resolution palaeofire records for northern Australian 

savannas in the late Holocene. 

2. The evaluation of established and emerging palaeofire methods in the northern 

Australian savanna context. 

By achieving these aims, this study intends to answer the following major research questions: 

i) What are the fire histories of Cape York Peninsula and Arnhem Land during the 

late Holocene, and how has the vegetation burned changed (or not) over time? (to 

be addressed in Chapter 9). 

ii) How can anthropogenic activity or influence be distinguished from climate in 

palaeofire records, in the context of existing archaeological and historical data? (to 

be addressed in Chapters 8 and 9). 

iii) Can land use transitions such as European arrival, Indigenous Australian removal 

or displacement and the initiation of pastoral and/or mining activities be identified 
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in palaeofire records? If so, what are the characteristics of these transitions? (to be 

addressed in Chapter 9). 

 

1.4 Thesis Structure 

Chapter 1 introduced the study, its problem setting, rationale and objectives. 

Chapter 2 reviews the existing palaeoenvironmental literature for northern Australia. The 

primary climate drivers in northern Australia are identified and briefly described, followed by 

palaeoclimate and palaeofire reconstructions for the late Holocene divided by region 

(northeastern Australia and central to western northern Australia). 

Chapter 3 describes human activity in northern Australia by first reviewing existing 

archaeological data for the late Holocene by region (Cape York Peninsula and Arnhem Land) 

then discussing European arrival and influence via a historical timeline for each region. This is 

followed by a brief overview of fire dynamics and Indigenous Australian uses of fire recorded 

ethnographically. 

Chapter 4 outlines the methodological approach of this study and critique of existing methods, 

including selection of fire proxies, site selection and sampling, and laboratory procedures. 

Chapters 5, 6 and 7 present background information, site characteristics and results for Marura 

sinkhole (Northern Territory), Big Willum Swamp (Queensland) and Sanamere Lagoon 

(Queensland), respectively. This includes modern climate and vegetation, land use history, 

sediment descriptions and elemental composition, chronology and palaeofire proxy results. As 

Big Willum Swamp is the only site in this study that has been previously researched, Chapter 

6 also presents a comparison of the results of this study to those of Stevenson et al. (2015). 
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Chapter 8 is a discussion and interpretation of results in terms of the palaeofire techniques used 

in this study. This chapter establishes the parameters to be used to interpret the palaeofire 

records of each site in Chapter 9. 

Chapter 9 presents and discusses the palaeofire records for each site in this study, including 

interpretations supported by existing palaeoenvironmental, archaeological, historical and 

ethnographic data, where applicable. 

Chapter 10 summarises the overall thesis including the main findings of this study, and 

proposes areas for future work. 
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Chapter 2 : Palaeoenvironmental Reconstructions of the Late 

Holocene in the Australian Tropics 

 

 

2.1 Introduction 

Palaeoenvironmental research across northern Australia presents a complex picture of climatic 

conditions and change through the mid-to-late Holocene and the late Holocene to the modern 

day. However, achieving a more holistic understanding of past conditions in this region is 

hindered by the scarcity of data relative to more southerly latitudes of Australia, with regions 

either being represented by a small selection of sites (north Queensland) or not represented at 

all (Arnhem Land in the Northern Territory and much of north Western Australia).  

Existing records suggest that expressions of late Holocene climatic variability, including 

wet/dry phases and changes in vegetation communities, may be region-specific. While 

extensive work has been conducted in Australian palaeoenvironmental reconstructions, data 

are still very incomplete for the Australian tropics, and particularly lacking for Arnhem Land. 

Further investigation is required in northern Australia to create a nuanced reconstruction of 

past climate in the region, within the greater context of the continent. 

This chapter reviews existing literature on palaeoenvironmental reconstructions for the late 

Holocene in northern Australia with a focus on the central and eastern tropics. Available 

palaeofire records are included in this review. 
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2.2 Climate Drivers in Northern Australia 

While numerous interconnected climate systems affect the Australian tropics (Figure 2.1), the 

two major systems at play are the Indonesian-Australian Summer Monsoon and the El Niño-

Southern Oscillation (Bureau of Meteorology [BOM] 2010; McRobie, Stemler & Wyrwoll 

2015; Reeves et al. 2013a). Both of these systems greatly influence rainfall over northern 

Australia and have been identified as affecting past climate. 

 

 

 

Figure 2.1: Map visualising the major systems affecting climate in northern Australia 

(adapted from Bureau of Meteorology [BOM] 2010). 

 

2.2.1 Indonesian-Australian Summer Monsoon (IASM) 

Alternatively called the ‘Australian-Indonesian Summer Monsoon’ or ‘Australian summer 

monsoon’, the IASM is a “seasonal reversal of winds” leading to high rainfall seasonality in 

the Australian tropics (BOM 2008). As the Intertropical Convergence Zone (ITCZ) moves 

south, northwesterly winds and a zone of low pressure (the monsoon trough) bring heavy rain 
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to northern Australia, resulting in the majority of rainfall in the region occurring between 

December and March (the wet season) (BOM 2008; Doyle 2019; Steinke et al. 2014; see also 

Bayon et al. 2017). The extent of the wet season is commonly longer (earlier onset and later 

retreat) in the Top End of the Northern Territory than in north Queensland (BOM 2008). 

Wyrwoll and Miller (2001) identify ~14,000 BP as the point after the Last Glacial Maximum 

when the IASM became active, based on data from the Kimberley region. Fluctuations in 

monsoonal activity and strength since this activation have been recorded, including enhanced 

monsoon strength from 5-4 ka in central and eastern north Australia (Shulmeister 1999) and a 

weakening trend in the Australian tropics in the late Holocene (Reeves et al. 2013a). Field et 

al. (2017) report a series of wet/dry phases at Black Springs (WA) between 4700 and 550 BP, 

and Denniston et al. (2013, p.162) note a “weakening of monsoon rainfall” in the Kimberley 

region from 4.2-1.5 ka followed by an arid phase, then a “return to wetter conditions” with 

“smaller-scale variability” through the last millennium. Notaro, Wyrwoll and Chen (2011) 

investigate the possible influence anthropogenic burning may have had in the late Quaternary 

on the IASM, and conclude that humans did not have a major impact on the monsoon in 

northern Australia. However, this is a subject of debate (see Miller et al. 2005). 

Late onset of the IASM and reduced rainfall is associated with El Niño phases of ENSO (BOM 

2008). 

 

2.2.2 El Niño-Southern Oscillation (ENSO) 

The El Niño-Southern Oscillation has been described as “a coherent variation of barometric 

pressures at interannual intervals that is related to weather phenomena on a global scale, 

particularly in the tropics and subtropics” (Enfield 1989, p.161). An increased pressure gradient 

between the high pressure southeast Pacific region and low pressure Indonesian trough 
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strengthens Pacific trade winds during the ENSO “high phase” (La Niña) (Enfield 1989, p.161). 

The reverse occurs during the “low phase” (El Niño), weakening trade winds (Enfield 1989, 

p.61). Stronger trade winds in the La Niña phase are also associated with lower sea surface 

temperatures, while the El Niño phase is associated with higher sea surface temperatures along 

with the northward movement of the ITCZ. Subsequently, during the El Niño phase, a 

“significant decrease in summer precipitation (typically 150-300 mm below seasonal average) 

over much of Queensland” occurs (Turney & Hobbs 2006, p.1744; BOM 2019). While ENSO 

has pronounced effects on rainfall, it can also influence other environmental factors including 

temperature, cyclone activity and likelihood of bushfires (Diaz & Markgraf 1992, p.166).  

ENSO has a strong influence on modern conditions, and is described by Diaz and Markgraf 

(1992, p.436) as having initiated at ~5000 BP and being “fully developed” by 3000 BP. Haug 

et al. (2001) identify the more persistent southerly movement of the Intertropical Convergence 

Zone (ITCZ) during the Holocene as a possible factor influencing increasing ENSO intensity 

in this period, while Field et al. (2017, p.15) and Reeves et al. (2013a) note indications of a 

mid-Holocene northward ITCZ shift. Numerous palaeoclimatic studies suggest the 

establishment of ENSO conditions comparable to modern as the cause of increased climatic 

variability in the mid-to-late Holocene (e.g. Donders et al. 2007; Donders, Wagner-Cremer & 

Visscher 2008; Field et al. 2017; Shulmeister & Lees 1995), as well as changes in fire regime 

(see Fletcher et al. 2015). 

The expression of IASM and ENSO signals in palaeoenvironmental records vary depending on 

the type of proxy used, and their influence may be expressed in a number of ways such as a 

shift in vegetation communities (e.g. Donders et al. 2007), a change in fire activity (e.g. Rowe 

et al. 2019), or in wetland organic productivity (e.g. Field et al. 2017). Palaeoenvironmental 

reconstructions aim to not only pinpoint the timing of past climate events but also to investigate 
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the influence of these events on landscapes and better understand climate-human-environment 

interactions over time.  

 

2.3 Northern Australia in the Late Holocene 

A large body of literature is dedicated to elucidating the magnitude and trajectory of climate 

changes in both recent and deep time, integrating data from various sources; the combination 

of these data allow for the creation of broad climate reconstructions and trajectories of change, 

some continental and others regional. However, not all studies are in agreement on the nature 

of past climatic conditions and the timing of observed changes. 

Reeves et al. (2013a) synthesise marine and terrestrial data obtained from sites across the 

Australian region to characterise changing climate from 35,000 years ago to the present. The 

authors present temperature and precipitation as increasing through the mid-Holocene, with 

“maximum temperature” occurring at different times between 8-5000 BP across the region, 

noting an unspecified “lag” in eastern sites compared to southerly sites (Reeves et al. 2013a, 

p.29). Donders et al. (2007, p.1631) identify differences of up to 1000 years between sites in 

the northern wet tropics for the “moisture maximum” of the mid-Holocene, although the region 

is represented by only four sites in this study (just one of which is in the Northern Territory: 

Four Mile Billabong). Shulmeister (1999, p.87) places the mid-Holocene precipitation 

maximum between 5-3.7 ka for the Northern Territory and north Queensland. 

Reeves et al. (2013a, p.29) describe the late Holocene as increasingly variable and dry, 

supported by an agreement between various data derived from coral, speleothem, dune and 

fluvial proxies. However, sites in the southwest of Australia appear “relatively consistently 

warm and moist” during this period (Reeves et al. 2013a, p.29). Nanson et al. (2008) similarly 

note a period of drying in central Australia in the late Holocene, while Donders et al. (2007) 
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identify increasing aridity and variability in eastern Australian sites across multiple latitudes in 

this period. Quigley et al. (2010, p.1101) state that increasing aridity and variability began at 

~5 ka in the Flinders Ranges, and that similar findings in other studies indicate that this climatic 

shift was “continental in scale”. Diaz and Markgraf (1992, p.446) identify a period of “lowest 

levels of precipitation” in Australia from 3500 to 2500 BP, and note a general trend of 

increasing variability from 5000 BP. 

Of particular relevance to this study are the climatic conditions across northern Australia during 

the comparatively recent past (~4000 BP). Reeves et al. (2013b, p.109) note that increasing 

variability and “localised aridity” characterise the late Holocene in the Australian tropics. 

However, studies across the region provide contradictory indications as to whether the mid-to-

late Holocene can be described as wet/dry, warm/cool or variable at different sites. The 

following section investigates some of these regional patterns in northern Australia. 

 

2.3.1 Northeastern Australia – Queensland 

The mid-Holocene in north Queensland is commonly characterised as wet, relative to earlier 

periods (see Haberle 2005, p.354; Luly, Grindrod & Penny 2006; Reeves et al. 2013b). This 

phase is followed by a shift in the late Holocene to drier and increasingly variable conditions. 

Lees (1992) describes this climatic shift in dune field records in northern Queensland, while 

Kershaw (1983) notes an increase in warmth and seasonality at ~4.5-3 ka at Lynch’s Crater 

(Figure 2.2). Haberle (2005, p.355) identifies “drier conditions and increased rainfall 

seasonality” as a potential explanation for increased rainforest disturbance at Lake Euramoo 

after ~4 ka. Stevenson et al. (2015, pp.26-27) note the end of a “warm and wet period” at ~5 

ka at Big Willum Swamp, Weipa, and identify the period between 1000-400 BP as the period 

of “greatest variability” at the site. Burrows, Fenner and Haberle (2014, p.1716) investigated 
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late Holocene climate variability through the humification of peats at Quincan Crater and 

Bromfield Swamp, and identify a dry event in both records at 4060 BP as a possible indicator 

of “substantial climate change”. Mackenzie et al. (2017) describe variable conditions over the 

last 1250 years in the South Wellesley Islands, including storm events, wet conditions at one 

site around 750 BP and a drying trend beginning in the last 150-50 years across three swamps. 

 

 

Figure 2.2: Map of palaeoenvironmental record sites for northern Queensland. Sites 

with charcoal records are marked in red. 
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In contrast, Kershaw (1971, p.678) refers to an increase in temperature and “possibly also of 

precipitation” from ~3 ka from a pollen record spanning ~7.2 ka from Quincan Crater, with a 

decrease in effective precipitation at ~2 ka marking the partial return of sclerophyll forest. The 

late onset of drier conditions coupled with higher temperatures at Quincan Crater may support 

the increasing variability suggested by other records, but not the decrease in rainfall seen in 

some other sites at the mid-to-late Holocene transition. 

Charcoal data for northeastern Australia includes sites in Torres Strait (Rowe 2005, 2006, 

2007), the Atherton Tablelands (Haberle 2005; Burrows, Fenner & Haberle 2014; Kershaw 

1971, 1983; Kershaw, Bretherton & van der Kaars 2007), Lizard Island (Proske & Haberle 

2012), the South Wellesley Islands (Moss et al. 2015, 2019), Weipa (Stevenson et al. 2015), 

the Whitsundays (Genever, Grindrod & Barker 2003), Garden Creek Swamp northwest of 

Cooktown (Stephens & Head 1995), and an offshore marine core adjacent to Cairns (Moss & 

Kershaw 2000). Many of these include microscopic charcoal counts (<125 µm) undertaken 

alongside pollen analysis, with some of these studies also including a macroscopic count (>125 

µm for Badu 15 in Torres Strait, Big Willum Swamp in Weipa and Lake Euramoo on the 

Atherton Tablelands). The records for Quincan Crater and Bromfield Swamp (Atherton 

Tablelands) presented by Burrows, Fenner and Haberle (2014) are the only sites for which 

there is macroscopic charcoal data in two size classes (>250 µm and 250-125 µm) but no 

microscopic charcoal count, while Proske and Haberle (2012) present two sizes of macroscopic 

charcoal (>250 µm and 250-125 µm) as well as microscopic charcoal for Lizard Island. 

These charcoal records vary significantly in time depth and resolution, with some spanning 

beyond the Holocene into the Pleistocene (>11 ka) (Lake Euramoo, Lynch’s Crater, ODP Site 

820). Microscopic charcoal peaks at ODP Site 820 outside of the Holocene (>43,000 BP) 

(Moss & Kershaw 2000). Peaks are present in three zones of the Holocene Lynch’s Crater core 

(LC2, LC3 and LC5); however, few dates are provided for this core and Kershaw (1983, p.675) 
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notes multiple issues with these dates when attempting to compare the Holocene core to the 

original Lynch’s Crater core (see Kershaw 1976). Macroscopic charcoal at Lake Euramoo 

peaks in the most recent period (~250 BP to present) (Haberle 2005).  

For many of the Torres Strait records (except Talita Kupai and Waruid), charcoal concentration 

peaks in the most recent period, although many of these peaks are not independent of increasing 

pollen concentration and thus may be the result of changing sedimentation rate rather than 

changing fire (Rowe 2005, 2006, 2007). Microscopic charcoal concentration relative to pollen 

concentration at Badu 15 rises gradually from ~3000 BP to the present, with a similar trend in 

macroscopic charcoal (Rowe 2006, p.277). The highest charcoal peak independent of pollen 

accumulation for Big Willum occurs at ~1000 BP in both the micro- and macroscopic charcoal 

records, along with a macroscopic charcoal peak within the last century (Stevenson et al. 2015). 

Increasing microscopic charcoal and fire frequency is noted from ~1500 cal BP on Lizard 

Island by Proske and Haberle (2012, p.5, 10). Microscopic charcoal relative to pollen 

concentration at Whitehaven Swamp in the Whitsundays (Figure 2.2) also peaks within the 

most recent period (WHS1, not dated) (Genever, Grindrod & Barker 2003, p.147). Moss et al. 

(2019, p.518) describe charcoal peaking ~500 years ago, potentially linked to permanent 

occupation of the South Wellesley Islands and “increased burning associated with local 

occupation” of the site Thundiy. Moss et al. (2015, p.143) note that a significant increase in 

charcoal abundance at Marralda Swamp (South Wellesley Islands) coincides with the 

population of Bentinck Island relocating to Mornington Island following a cyclone in 1948. 

Burrows, Fenner and Haberle (2014) identify numerous charcoal peaks for Bromfield Swamp 

and Quincan Crater as part of a high-resolution study of peat humification, although with some 

variations between the two sites. Both sites display a charcoal peak at ~4060 BP, coincident 

with peat initiation and the onset of drier conditions (Burrows, Fenner & Haberle 2014, 
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p.1713). Smaller isolated peaks occur at various times at both sites during both dry and wet 

phases (Burrows, Fenner & Haberle 2014, pp.1713-1714). 

 

2.3.2 Central to Western Northern Australia – Northern Territory and Western Australia 

The majority of climate reconstructions for the central and western regions of northern 

Australia are derived from non-lacustrine sedimentary records (e.g. May et al. 2017 for 

washover fans), dunes (e.g. Wende, Nanson & Price 1997; see Hesse, Magee & van der Kaars 

2004 for a review), and speleothems (e.g. Denniston et al. 2013) as well as sea-level 

reconstructions based on mangrove studies (e.g. Woodroffe, Thom & Chappell 1985). Due to 

the lack of available records as well as the similarities in environments, north Western Australia 

and the Kimberley are often discussed collectively with the Top End of the Northern Territory. 

While a range of palaeoclimatic studies from various data sources are available for the region, 

few include palaeofire data. This section will focus primarily on palaeoenvironmental records 

from sediments for comparability to data for northern Queensland (Figure 2.3). 

 



19 

 

Figure 2.3: Map of palaeoenvironmental record sites for the Northern Territory and 

north Western Australia. Sites with charcoal records are marked in red. 

 

Shulmeister (1992), using pollen data, identifies a precipitation maximum for Groote Eylandt 

at ~4 ka, declining at 3800 BP. Similarly, plunge pool sediment records analysed by Nott, Price 

and Bryant (1996) and Nott and Price (1999) display maximum levels of flooding in the early 

to mid-Holocene, with smaller scale flooding in the late Holocene suggesting decreased 

precipitation. Pollen data from Vanderlin Island suggest that the late Holocene was 

characterised by variable climate, with the appearance of vegetation typically associated with 

disturbed environments from ~3000 BP but charcoal/fire appearing as a “constant influence” 

throughout the Holocene (Prebble et al. 2005, p.368). Head and Fullager (1992, p.29) identify 

“increasing climatic variability” in the last 3000 years from dune instability in the East 

Kimberley. Similarly, McGowan et al. (2012) identify increasingly dry conditions from ~3 ka 

at Black Springs, also in the Kimberley region, with a transition to modern climate conditions 

at ~1300-1100 BP. Additional data provided by Field et al. (2017:14) for Black Springs display 

a series of wet and dry phases between 4.7 and 0.55 ka. Rowe et al. (2019, p.25) note 
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comparable short-lived drying phases at Girraween Lagoon between 3750-3500 cal BP and 

1300-1250 cal BP “consistent with increasing late Holocene climatic variability”. Proske 

(2016) notes a decrease in mangrove diversity at King River at some point after 6.3 ka, likely 

resulting from the “decrease in summer monsoon precipitation and peak dryness” between 4.2 

and 1.5 ka reported by Denniston et al. (2013) in a speleothem record from the Kimberley. 

Shulmeister and Lees (1995, p.12) identify a dry period from ~4000 to 2100 BP followed by a 

“recovery” of effective precipitation from 2000 to 1600 BP at Kapalga South Billabong (based 

on unpublished data by Chappell & Guppy). The same authors note an arid phase at “roughly 

the same period” as Kapalga South Billabong followed by an increase in effective precipitation 

at 1400 BP at Kiina (based on data by Russell-Smith 1985). 

Four of these sites include charcoal records, all microscopic: Black Springs, Groote Eylandt 

(Four Mile Billabong), Girraween Lagoon and Vanderlin Island. The Black Springs record 

covers ~6000 years, with charcoal concentration peaking at ~1300 BP coinciding with a “return 

to wetter conditions” indicated by changes in pollen (McGowan et al. 2012, p.2). The record 

from Groote Eylandt, which begins >9000 BP, features charcoal peaking in the top pollen zone 

(1000 BP to present) (Shulmeister 1992, p.110). As this is coupled with pollen indicative of 

wet conditions, the author suggests that this indicates an “increased frequency of ‘cool’ fires” 

(Shulmeister 1992, p.112). The Girraween Lagoon record, which begins >120,000 cal BP, 

shows peak charcoal abundances at ~3100 cal BP, declining thereafter (Rowe et al. 2019). 

Rowe et al. (2019, p.24) describe fire after this late Holocene peak as “milder burning”, 

incorporating frequent smaller fire events along with an increase in woody cover potentially 

linked to anthropogenic fire regimes. The Vanderlin Island record begins at 10,000 BP with 

charcoal concentrations peaking at 5500 BP (Prebble et al. 2005). High charcoal concentration 

is maintained through to 3000 BP, with the authors noting that fire may have contributed to 

open woodland succession during this period (Prebble et al. 2005, p.367). The authors state 
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that “forest burning increases” in the most recent period from 1000 BP to present, and note that 

further work is needed to decouple climate and anthropogenic influences (Prebble et al. 2005, 

p.367). 

 

2.3.3 Regional Comparison 

Shulmeister (1999, p.82) summarises the Holocene climate in northern Australia as a gradual 

increase in temperature and effective precipitation through the early-to-mid-Holocene, 

followed by increased effective precipitation from ~5-3.7 ka, before a sharp decline in 

precipitation coupled with increasing variability. This general pattern appears to be supported 

at many sites, with the late Holocene commonly being described as a period of variable climate 

(see Denniston et al. 2013; Lees 1992; Prebble et al. 2005; Stevenson et al. 2015). 

Multiple studies suggest the establishment of a climate comparable to modern conditions after 

~3 ka, aligning with the onset of current ENSO conditions noted at this time by Diaz and 

Markgraf (1992, p.436) and Donders, Wagner-Cremer and Visscher (2008, pp.576-577). 

Donders et al. (2007, p.1634) identify the period since ~3 ka as showing conditions becoming 

“slightly drier and more variable (adapted to disturbance)” for most Australian sites. 

The studies presenting a transition to modern climate at this point (~3 ka) include data from 

northeastern Australia (e.g. Shulmeister 1992), north Western Australia (e.g. van der Kaars & 

De Deckker 2002) and northern South Australia (e.g. Quigley et al. 2010), with a possible later 

onset by ~1200 BP in the Kimberley (McGowan et al. 2012). Stevenson et al. (2015, p.27) 

identify this as a broad east-west trend of increasing moisture and permanent water, but note 

exceptions from Witherspoon Swamp (Moss et al. 2012) and Three-Quarter Mile Lake (Luly, 

Grindrod & Penny 2006) with increasing dry conditions from ~2 ka and stable wet conditions 
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from ~5 ka, respectively. The latter contrasts with Shulmeister’s (1999) characterisation of the 

late Holocene in northern Australia as a period of decreasing precipitation. 

Charcoal records for northern Australia provide varying trajectories driven by climate and 

humans for the late Holocene, some of which can be explained by differences in the charcoal 

analysed (i.e. microscopic, macroscopic or both). Late Holocene variability is supported by 

many of the charcoal records, with various wet and dry phases (some coincident with charcoal 

peaks) identified at Bromfield Swamp and Quincan Crater (Burrows, Fenner & Haberle 2014) 

and a gradual increase in charcoal at Badu 15 from ~3000 BP to the present (Rowe 2006, 

p.277). Sites from across the Australian tropics display significant events at ~1000 BP, with a 

“return to wetter conditions” along with a charcoal peak at Black Springs (WA) (McGowan et 

al. 2012, p.2), an increase in the frequency of “cool” fires at Groote Eylandt (NT) (Shulmeister 

1992, p.110), an increase in forest burning at Vanderlin Island (NT) (Prebble et al. 2005, p.367) 

and a charcoal peak in both the microscopic and macroscopic charcoal signals at Big Willum 

Swamp (QLD) (Stevenson et al. 2015). Multiple sites feature an increase in charcoal abundance 

in the most recent/modern period (Genever, Grindrod & Barker 2003; Moss et al. 2015; Rowe 

2006, 2007; Stevenson et al. 2015). Fire is intrinsically linked to available biomass and as such 

these records may capture changes in biomass rather than directly reflect shifts in climate. 

The addition of high-resolution charcoal records including both microscopic and macroscopic 

charcoal for northern Queensland and eastern Arnhem Land will provide valuable insights into 

local and regional fire patterns, along with investigating possible differences across the Gulf of 

Carpentaria. The presence or absence of increasingly variable conditions from ~3 ka and 

increasing fire activity since ~1 ka from these sites will determine whether these events visible 

elsewhere existed in Arnhem Land and Cape York Peninsula.  
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Chapter 3 : Late Holocene Human-Fire-Environment Interactions in 

the Australian Tropics 

 

 

3.1 Introduction 

Palaeoenvironmental, archaeological and historical data must be considered together to better 

understand human-fire-environment interactions. On the one hand, palaeoenvironmental and 

palaeoclimatic records can provide useful climatic and environmental contexts for interpreting 

archaeological data. Sim and Wallis (2008), for example, utilise records of ENSO and past sea 

level change to contextualize occupation phases of an offshore island (Vanderlin Island, Gulf 

of Carpentaria). On the other hand, archaeological and historical records provide a human 

context against which to interpret past environmental change. For example, an increase in fire 

incidence and vegetation thickening on Bentinck Island was dated to the 1940s onwards, when 

the last traditional owners of Bentinck Island were removed (Moss et al. 2015). Similarly, 

ethnographically recorded contact and post-contact period Indigenous Australian fire regimes 

assist investigations of human-fire-environment interactions in the past (e.g. Enright and 

Thomas 2008; Head 1994). 

This study utilises history and archaeology to assist the interpretation of charcoal data, and this 

chapter presents an overview of these data for the Cape York Peninsula and Arnhem Land 

regions. This chapter also serves as an introduction to factors affecting and characterising fire 

regimes and Indigenous Australian uses of landscape fire. 
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3.2 Late Holocene Archaeology of Cape York Peninsula and Arnhem Land 

Relationships between climate and human behaviour and disentangling human-climate-

environment interactions are key themes of current archaeological research in late Holocene 

tropical Australia (e.g. Bourke et al. 2007; Haberle & David 2004; Shiner et al. 2013). 

It is in the late Holocene that large-scale climatic and environmental variability increases likely 

due to the intensification of ENSO cyclicity (see Chapter 2). In an archaeological context, the 

late Holocene encompasses what is broadly referred to as a period of intensification. 

Archaeological signatures associated with intensification include increased site use such as 

higher site densities, rates of deposition, increased number of sites occupied, changes in rock 

art styles and techniques, and changes in resource exploitation including the introduction of 

toxic plants, all taken to indicate population growth (see summary by Lourandos & Ross 1994). 

Shell mounds are a significant example of one of the markers of intensification, and this chapter 

begins with a summary of this site type in the region. 

Shell mounds are widespread across coastal northern Australia (see map in Morrison 2014, p.1 

for example) and dominate the archaeological record of the region (Figure 3.1). These mounds 

have been subject to extensive investigation (see themes below) (e.g. Faulkner 2013; Hiscock 

& Faulkner 2006; Morrison 2014), and past debate on the potential cultural versus non-cultural 

(scrub fowl) origins of the mounds has settled on the former explanation (e.g. Bailey 1993; 

Bailey, Chappell & Cribb 1994; Mitchell 1993; cf. Stone 1989). Anthropogenic Tegillarca 

granosa-dominated shell mounds are predominant features of the mid-to-late Holocene, with 

Faulkner (2013, p.171) identifying 3000-500 BP as the “principal phase of mound formation” 

across northern Australia (Figure 3.2). Earth mounds are also found in this region during the 

late Holocene, with deposition periods similar to shell mounds, but are a less extensive site 

type (see Brockwell 2006). 
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Figure 3.1: Archaeological sites in Cape York Peninsula, Arnhem Land and 

surrounding areas mentioned in the text. Palaeoenvironmental sites in this study are 

indicated in red (Marura, Big Willum Swamp and Sanamere Lagoon). 
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Figure 3.2: Comparison by Faulkner (2013, p.171) of the probability distributions of 

calibrated radiocarbon dates from coastal northern Australian Tegillarca granosa-

dominated mounds. The principal mound formation phase is indicated in grey shading. 

In addition to Figure 3.1, refer to Faulkner (2013, p.171) for site locations and data 

references. 
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Shell mound-building has been linked to late Holocene environmental changes, “alterations in 

economy and land use” by Aboriginal Australians and potentially social and/or ideological 

changes as well (Hiscock & Faulkner 2006, p.213-219). While mound accumulation has 

previously been argued to have terminated by approximately 500 years ago (Hiscock & 

Faulkner 2006, p.211; see Hiscock 1997; Morrison 2013), shell mound-building has been 

demonstrated as continuous until European invasion (Ulm 2011). Of interest to this study is 

the documented change in land use and implied socioeconomic behaviour at the onset of shell 

mound construction. This behavioural shift may have included changes in fire management, 

such as an increase in fire activity, as people began using resources and landscapes differently. 

Similarities are apparent in the late Holocene archaeological record across tropical Australia, 

particularly in shell mound sites. However, inter- and intra-regional variations can be found in 

the timing of broad-scale events as well as the ways in which different groups responded and 

adapted to environmental change. 

 

3.2.1 Cape York Peninsula and Surrounds 

The late Holocene archaeology of Cape York Peninsula and the surrounding region includes 

the occupation of islands in the Torres Strait, the emergence of regionalism in rock art styles 

in the southeast of the Peninsula (Haberle & David 2004), increased site use in rainforest areas, 

the introduction of toxic plants as a food resource (Lourandos & Ross 1994, p.57), and the 

appearance of deposition of Tegillarca granosa-dominated shell mounds. 

Permanent occupation of islands in Torres Strait began between 3500 and 2500 BP, with 

horticulture established in the northern and eastern island groups by ~1200 BP (Barham, 

Rowland & Hitchcock 2004, p.29; Rowe 2005, p.132). While Indigenous communities on Cape 

York Peninsula are known to have had contact with Torres Strait Islanders (e.g. Loos 1982; 



28 

Moore 1979), the Straits area represents a distinct archaeological complex to that of the 

mainland (see Barham, Rowland & Hitchcock 2004; Rowe 2005) and therefore will not be 

discussed in detail here. Similarly, occupation of islands of the Great Barrier Reef east of Cape 

York Peninsula also occurred in the late Holocene, such as Lizard Island from ~4030 cal BP 

(Lentfer et al. 2013; Ulm et al. 2019). While human activity on offshore islands as well as 

rainforest occupation in the southeast contribute to the greater Cape York Peninsula cultural 

complex, they represent different environments and site types to those found in central and 

northern Cape York Peninsula (the focus of this study) and will not be discussed in detail. 

While shell mounds are a common site type in the region, Morrison (2003, p.5) and Holdaway 

et al. (2017) describe variation in the shell mounds of Cape York Peninsula with differences in 

height, shape, location type, and cluster size, across both time and space, as the cumulative 

result of short-term social and environmental dynamics occurring over a long period. Site 

development, particularly of shell mounds, on Cape York Peninsula in the late Holocene peaks 

around ~1000 BP. While chenier (beach ridge) development initiated at ~4000 BP at Princess 

Charlotte Bay, occupation of these cheniers did not begin until 2000 years later, with deposition 

of shell mound material peaking at ~1000 BP (Beaton 1985). Similarly, shell mounds 

accumulated rapidly at Bayley Point in the southern Gulf of Carpentaria between ~1100-850 

BP, followed by slower accumulation of smaller-mean-size Tegillarca granosa shells. The 

appearance of both terrestrial and marine vertebrate fauna followed from 850-400 BP, with 

mound deposition ceasing at ~400 BP (Robins, Stock & Trigger 1998, p.111). Accumulation 

of shell mounds on Mornington Island in the Gulf of Carpentaria had begun by ~2450 cal BP 

(Rosendahl et al. 2014). Deposition of Tegillarca-dominated shell mounds at Princess 

Charlotte Bay ceased between 600-500 BP (Beaton 1985). Stone artefact deposition at Early 

Man Rockshelter in southeast Cape York Peninsula, part of the Laura complex, peaked between 

1700-900 cal BP (Haberle & David 2004, p.171). These trends in site occupation and 
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deposition may indicate a south-north pattern in late Holocene occupational and resource-use 

intensity, with resource use peaking earlier in southerly sites followed later by regions further 

north. 

Extensive archaeological survey and excavation work has been conducted in the Weipa area 

(see Shiner & Morrison 2009 for an overview of survey data). Brockwell et al. (2016, p.5) 

record deposition beginning ~2200 cal BP at the oldest earth mound sites in the Wathayn area, 

with deposition at the majority of earth mound sites at Wathayn beginning around 500 cal BP. 

Deposition of earth mounds at the nearby Diingwulung area also began around 500 cal BP 

(Brockwell et al. 2016, p.5). Morrison (2013) presents a database of 477 shell matrix (scatter, 

midden and mound) sites in the Albatross Bay area, noting basal dates usually less than ~1600 

cal BP for sites with dates available. Holdaway et al. (2017), however, present 212 radiocarbon 

determinations from shell matrix sites in the Wathayn region and note a “large number of 

mounds” with radiocarbon determinations between 2500 and 2000 cal BP, with the oldest 

mounds dating to ~4000 cal BP. 

Unlike sites elsewhere in Cape York Peninsula and Arnhem Land (see next section), shell 

mound deposition at Weipa appears to have continued until the contact period (Shiner & 

Morrison 2009, pp.53-54; Ulm 2011; Table 3.1). 
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Table 3.1: Summary of archaeological data for Cape York Peninsula and surrounds. 

Refer to Figure 3.1 for site locations. 

Approximate 

Age 

Observations Sites/Locations References 

4000 BP Initiation of chenier ridge 

development at Princess 

Charlotte Bay 

Princess Charlotte 

Bay 

Beaton 1985 

4000 BP Accumulation of oldest shell 

mounds at Wathayn beings 

Wathayn region, 

Weipa 

Brockwell et al. 2016 

3500 BP Permanent occupation of 

Torres Strait islands 

Torres Strait Barham, Rowland & 

Hitchcock 2004; 

Rowe 2005 

2200 BP Accumulation of oldest earth 

mound sites at Wathayn 

begins 

Wathayn region, 

Weipa 

Brockwell et al. 2016 

1700 BP Peak deposition phase at 

Early Man Rockshelter begins 

Laura region Haberle & David 

2004 

1600 BP Increased initiation of shell 

mounds at Albatross Bay 

Weipa Morrison 2013 

1200 BP Establishment of horticulture 

in Torres Strait 

Torres Strait Barham, Rowland & 

Hitchcock 2004; 

Rowe 2005 
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1100 BP Rapid accumulation of shell 

mounds at Bayley Point 

Bayley Point, 

southern Gulf of 

Carpentaria 

Robins, Stock & 

Trigger 1998 

1000 BP Peak shell mound deposition, 

including on chenier ridges, at 

Princess Charlotte Bay 

Princess Charlotte 

Bay 

Beaton 1985 

900 BP Peak deposition phase at 

Early Man Rockshelter ends 

Laura region Haberle & David 

2004 

850 BP Slower accumulation phase of 

shell mounds at Bayley Point 

begins, incorporating marine 

and terrestrial fauna 

Bayley Point, 

southern Gulf of 

Carpentaria 

Robins, Stock & 

Trigger 1998 

600 BP Cessation of shell mound 

accumulation at Princess 

Charlotte Bay 

Princess Charlotte 

Bay 

Beaton 1985 

500 BP Accumulation of majority of 

earth mounds at Wathayn 

begins, accumulation of 

oldest earth mounds at 

Diingwulung begins 

Wathayn region 

and Diingwulung 

region, Weipa 

Brockwell et al. 2016 

400 BP Cessation of shell mound 

accumulation at Bayley Point 

Bayley Point, 

southern Gulf of 

Carpentaria 

Robins, Stock & 

Trigger 1998 
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3.2.2 Arnhem Land and Surrounds 

The archaeology of the far north of the Northern Territory (NT) is both spatially and temporally 

extensive, including rock shelters, rock art panels, earth mounds, artefact scatters, shell 

middens and shell mounds (Brockwell et al. 2011, pp.3-4). Brockwell et al. (2009, pp.61-62) 

review archaeological research undertaken in coastal plains of the “Top End” of the Northern 

Territory and provide a cultural chronology for the region. They identify three main 

occupational phases: 

- Transition Phase, ~4000 BP: marked by the shift from favourable mid-Holocene 

climate to “climatic uncertainty and rapidly changing environments with increased 

resource patchiness”. This phase features sites reflecting “flexible, varying and mobile 

foraging strategies”, and an increasing abundance of earth mounds, shell mounds and 

shell middens. 

- Early Freshwater Phase, ~2000 BP: identified as the “main period of Tegillarca-

dominated mound building” and includes earth mounds and rock shelter deposits. 

- Late Freshwater Phase, ~500 BP:  characterised by continued climatic variability and 

“major cultural changes” resulting from Macassan, Chinese and European contact. 

Brockwell et al.’s (2009) Transition Phase is visible in the occupation of new sites in the 

northern region of the NT and the appearance of diverse technology. Initial occupation of 

Vanderlin Island occurred from 4200-2500 BP (Sim & Wallis 2008), and Mari-maramay shell 

mound on Croker Island was deposited between ~3000-2000 BP (Mitchell 1993). The first 

appearance of bifacial points “in abundance” along with a “sudden increase in implement 

diversity” at ~3000 cal BP is reported by Clarkson (2007, pp.129-150) at rock shelter sites in 

Wardaman country, southwest of Katherine. Initial occupation of open coastal sites at Point 
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Blane Peninsula in Blue Mud Bay, eastern Arnhem Land has been dated to ~3000 BP (Faulkner 

& Clarke 2004, p.28). 

The Early Freshwater Phase is evident across numerous shell mound sites in the region, with 

highest occupation intensities at ~1500-1200 BP. “Peak occupational intensity” occurred at a 

rock shelter in Wardaman country from ~1500 cal BP to present (Clarkson 2007, p.162). Peak 

site use at Bindjarran rockshelter, located in what is now Kakadu National Park, occurred 

around 1200 cal BP (Shine et al. 2015). Occupation of wetland sites at Point Blane Peninsula 

spans the last 1800 years and “fades out around 550 BP” (Faulkner & Clarke 2004, p.28). 

Bourke et al. (2007, p.95) notes that most sites in the Blyth River area of Arnhem Land date 

from 1200 cal BP to modern, with the exception of Maganbal midden at ~3400 cal BP. 

Continuous site occupation of Ji-bena earth mound (also in the Blyth River region) began at 

1400 BP, with a “shift in subsistence strategies” at 800 BP as the adjacent Balpilja Swamp 

transitioned from estuarine to freshwater conditions (Brockwell, Meehan & Ngurrabangurraba 

2005, pp.85-87). Tegillarca-dominated mound Bayview Haven 3 in Darwin Harbour formed 

between 1400-850 BP (Hiscock 1997), and shell mound accumulation at Haycock Reach, 

Darwin terminated ~1200-600 cal BP (Hiscock & Hughes 2001). Shell mounds at nearby Hope 

Inlet were deposited from 2000-500 cal BP, including a decrease in Tegillarca granosa 

coincident with an increase in mangrove gastropods at ~700 cal BP in mound HI80 (Bourke 

2004). Vanderlin Island sites were either abandoned or occupied at lower intensities from 2500-

1700 BP, followed by renewed occupation at ~1300 BP with “more intensive island use” than 

to the previous occupation period (Sim & Wallis 2008, p.103). The first phase of site 

occupation at Ingaanjalwurr rockshelter in western Arnhem Land occurred ~1900-1300 cal BP, 

but poor organic preservation makes it unclear if freshwater sources were exploited during this 

period (Shine, Hiscock & Denham 2016). Continuous occupation at Birriwilk rockshelter in 
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western Arnhem Land began at 750 BP, with a focus on freshwater sources for hunting and 

foraging (Shine et al. 2013). 

The Late Freshwater Phase is marked by the termination of shell mound deposition at many 

sites, likely reflecting climatic and subsequent environmental changes (e.g. estuarine to 

freshwater transition at Bapilja Swamp and a general decline in habitats favoured by Tegillarca 

granosa). Sim and Wallis (2008, p.103) note “scant evidence for the use or manufacture of 

flaked stone implements” from ~500 BP at Vanderlin Island, suggesting technological changes 

as well (Table 3.2). The second, “primary” occupation phase at Ingaanjalwurr rockshelter 

commenced ~460 cal BP and was characterised by an emphasis on quartzite point manufacture 

(Shine, Hiscock & Denham 2016, p.73). 

 

Table 3.2: Summary of archaeological data for Arnhem Land and surrounds. Refer to 

Figure 3.1 for site locations. 

Time Observations Sites/Locations References 

4200 BP Initial occupation of 

Vanderlin Island 

Vanderlin Island, Gulf 

of Carpentaria 

Sim & Wallis 2008 

3400 BP Accumulation of Maganbal 

midden begins 

Blyth River region, 

Arnhem Land 

Bourke et al. 2007 

3000 BP Deposition of Mari-maramay 

shell mound begins 

Croker Island 

 

Mitchell 1993 
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First appearance of bifacial 

points in abundance, increase 

in implement diversity in 

Wardaman Country 

Wardaman country, 

central NT 

 

 

Clarkson 2007 

Initial occupation of open 

coastal sites at Point Blane 

Peninsula 

Point Blane Peninsula, 

Blue Mud Bay 

Faulkner & Clarke 

2004 

2500 BP Abandonment, or decreased 

occupational intensity, of sites 

on Vanderlin Island 

Vanderlin Island, Gulf 

of Carpentaria 

Sim & Wallis 2008 

2000 BP Cessation of deposition of 

Mari-maramay shell mound 

Croker Island 

 

Mitchell 1993 

Accumulation of Hope Inlet 

shell mounds begins 

Darwin Bourke 2004 

1900 BP First occupation phase of 

Ingaanjalwurr rockshelter 

begins 

Western Arnhem Land Shine, Hiscock & 

Denham 2016 

1800 BP Occupation of wetland sites 

on Point Blane Peninsula 

begins 

Point Blane Peninsula, 

Blue Mud Bay 

Faulkner & Clarke 

2004 



36 

1500 BP Peak occupational intensity in 

Wardaman country, lasting 

until the present 

Wardaman country Clarkson 2007 

1400 BP Continuous occupation of Ji-

bena earth mound begins 

Blyth River region, 

Arnhem Land 

Brockwell, 

Meehan & 

Ngurrabangurraba 

2005 

Accumulation of Bayview 

Haven 3 shell mound begins 

Darwin Hiscock 1997 

1300 BP Renewed occupation and 

intensified land use at 

Vanderlin Island 

Vanderlin Island, Gulf 

of Carpentaria 

Sim & Wallis 2008 

End of first occupation phase 

of Ingaanjalwurr rockshelter 

Western Arnhem Land Shine, Hiscock & 

Denham 2016 

1200 BP Occupation of majority of 

sites in Blyth River region 

begins 

Blyth River region, 

Arnhem Land 

 

Bourke et al. 2007 

Cessation of deposition of 

Haycock Reach shell mounds 

Darwin Hiscock & Hughes 

2001 

Peak site use at Bindjarran 

rockshelter 

Kakadu National Park Shine et al. 2015 
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800 BP Change in subsistence 

strategies at Ji-bena earth 

mound as nearby swamp 

transitions from estuarine to 

freshwater 

Blyth River region, 

Arnhem Land 

Brockwell, 

Meehan & 

Ngurrabangurraba 

2005 

750 BP Continuous occupation of 

Birriwilk rockshelter begins 

Western Arnhem Land Shine et al. 2013 

700 BP Increase in mangrove 

gastropods in Hope Inlet 

mound HI80, decrease in 

Tegillarca granosa 

Darwin Bourke 2004 

550 BP Occupation of wetland sites 

on Point Blane Peninsula ends 

Point Blane Peninsula, 

Blue Mud Bay 

Faulkner & Clarke 

2004 

500 BP Cessation of deposition of 

Hope Inlet shell mounds 

Darwin Bourke 2004 

Disappearance of evidence of 

stone implement manufacture 

at Vanderlin Island 

Vanderlin Island, Gulf 

of Carpentaria 

Sim & Wallis 2008 

460 BP Second occupation phase of 

Ingaanjalwurr rockshelter 

begins 

Western Arnhem Land Shine, Hiscock & 

Denham 2016 
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The varied shifts in climate and environment identified in palaeoenvironmental records for 

northern Australia in the late Holocene (see Chapter 2) are evident in the archaeological record 

as people interacted with these changes. Major phases of environmental and cultural change 

are apparent across both the Cape York Peninsula and Arnhem Land regions, particularly at 

~1500-1000 BP with intensification of site occupation and the cessation of Tegillarca-

dominated shell mound building by ~500 BP (with the exception of sites in the Weipa area). 

However, links between regional environmental changes and the archaeological record are 

limited by the low number of palaeoenvironmental records for northern Australia. The last 

~400 years also included dramatic changes associated with contact as voyagers reached 

Australia to initiate trade and to colonise the continent. 

 

3.3 Europeans in Northern Australia 

Direct comparison of palaeoenvironmental records to specific historical events is often not 

possible due to differences in chronological resolution. However, the historical record provides 

useful context, particularly focused on human activity, through which to interpret the most 

recent period (~400 years in northern Australia) of palaeoenvironmental records. 

 

3.3.1 Cape York Historical Timeline 

The earliest recorded European presence in Cape York Peninsula was in 1606 when the Dutch 

ship Duyfken sailed along the west coast of the peninsula, believing it to be a continuation of 

mainland New Guinea (Loos 1974, p.3; Palmer 1903, pp.21-22). One of the crew is recorded 

as having been fatally speared at Batavia (now Wenlock) River while onshore during the return 

journey northward (Heeres 1899, p.42; Loos 1974, p.3; Weipa Town Authority 2014). 
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The next Dutch exploration of the region was in 1623 with the ships Pera and Arnhem, again 

sailing along western Cape York Peninsula, and naming the Gulf of Carpentaria after the 

Governor-General of the Dutch East India Company (Australia On the Map 2006). People in 

northern Cape York Peninsula (between 13° and 11°S) were noted by Jan Carstenszoon of the 

Pera as being “acquainted with muskets, of which they would seem to have experienced the 

fatal effect” from the crew of the Duyfken coming ashore in 1606, and subsequently showing 

greater hostility to the crew of the Pera than Aboriginal groups further south (Heeres 1899, 

p.43). 

European presence on the peninsula increased in the 19th century after British colonisation of 

Australia. The bêche-de-mer (trepang) industry in the Torres Strait region began at this time, 

with processing stations in northern Cape York Peninsula documented from 1862 (Horsfall & 

Morrison 2010, p.13). The first “large-scale commercial shipment” of pearl shell from Torres 

Strait occurred in 1869, and the pearling industry expanded rapidly thereafter (Horsfall & 

Morrison 2010, p.13). The first overland expedition across Cape York Peninsula, led by 

Edmund Kennedy, occurred in 1848 (Carron 1849; Palmer 1903, pp.61-62). After the 

separation of the Colony of Queensland from New South Wales in 1859, a government 

settlement was established at Somerset at the tip of Cape York Peninsula in 1864 (Queensland 

Government 2015c). The path of the Cape York Overland Telegraph Line was surveyed in 

1883, and the line was completed in 1886, connecting Somerset with Laura (Horsfall & 

Morrison 2010, p.9). During this period, “Aboriginal people were often hunted and shot on 

sight” (Horsfall & Morrison 2010, p.10). The establishment of missions in Cape York 

Peninsula began with a short-lived Anglican mission at Somerset (1867-1870), followed by 

Mapoon (originally Batavia River) Mission on the Wenlock (Batavia) River in 1891 and Weipa 

(Embley River) Mission on the Embley River in 1896 (Horsfall & Morrison 2010, p.34; 

Queensland Government 2015b, 2017a; Weipa Town Authority 2014). 
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Crowley and Garnett (2000, pp.14-15) note that observations from Cape York Peninsula made 

in journals of European explorers prior to 1881 recorded fires primarily in the “mid-dry season 

(June to September)”, and mention witnessing Aboriginal people burning grass. Fires in the 

subsequent pastoral period (post-1881) were typically lit between May and August by 

pastoralists to create firebreaks and encourage new growth for grazing (green-pick) (Crowley 

& Garnett 2000, pp.21-22; see Fire Dynamics and Indigenous Australian Uses of Fire sections 

below). Jardine and Jardine (1867) mention a scarcity of grass due to Indigenous burning in 

September and October during their overland journey through Cape York Peninsula. 

Queensland’s Indigenous population had decreased by over 90 % by the 20th century (Ó Foghlú 

et al. 2016, p.2). In 1897 the Aboriginals Protection and Restriction of the Sale of Opium Act 

(Queensland) was introduced, allowing for Indigenous inhabitants to be removed from their 

homes and relocated to missions and reserves (Ó Foghlú et al. 2016, p.3). By 1939, almost 

7,000 people had been removed under the Act (Blake 1998, p.51).  

Economic bauxite deposits were discovered near Weipa in 1955, and the first commercial 

bauxite shipments by Comalco commenced in 1963 with Weipa township officially opened in 

1967 (Weipa Town Authority 2014). The Aboriginal reserves of Bamaga, Cowal Creek 

(Injinoo), Mapoon, New Mapoon, Seisia and Weipa South (Napranum) held by the Queensland 

government were transferred to the trusteeship of their respective councils under Deeds of 

Grant in Trust between 1986 and 1989 (Queensland Government 2015a, 2015b, 2015c, 2016, 

2017b). 

 

3.3.2 Arnhem Land Historical Timeline 

While Macassan bêche-de-mer (trepang) fishers from Sulawesi are known to have visited the 

Arnhem Land coast since the seventeenth century (Taçon et al. 2010; see also Horsfall & 
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Morrison 2010, p.13), the earliest recorded European sighting of Arnhem Land was in 1623 by 

its namesake ship, the Dutch Arnhem, sailing westward after separating from its sister ship, the 

Pera (see Cape York Historical Timeline; Duyfken 1606 Replica Foundation 2016). Journals 

and charts from the expedition of the Arnhem have not survived (Heeres 1899, p.viii). In 1644 

Abel Tasman sailed along the western coast of Cape York Peninsula and around the Gulf of 

Carpentaria, mistaking Mornington Island and Maria Island as parts of the mainland (Heeres 

1899, p.vii). Tasman is recorded as having sailed between Groote Eylandt and the mainland 

(Arnhem Land) (Heeres 1899, p.vii). 

Similarly to Cape York Peninsula, European exploration of Arnhem Land increased in the 19th 

century after British colonisation of Australia. Matthew Flinders reached, and named, 

Bickerton Island in January 1803, and proceeded to name numerous features including islands 

and capes, such as Blue Mud Bay after its sediment and Morgan Island after a crewmember 

killed by traditional owners of the island, during his voyage on the HMS Investigator (Figure 

3.3; Flinders 1966). 

 



42 

 

Figure 3.3: Locations mentioned in the text, as well as modern communities that began 

as missions (original mission names in brackets). Approximate boundary of Arnhem 

Land indicated in blue. Palaeoenvironmental site in this study (Marura) indicated in 

red. 

 

Fort Dundas on Melville Island was the first of four failed European settlement attempts 

between 1824 and 1867 (South Australian History 2018). Water buffalo were introduced 

between 1825 and 1843 on Melville Island and the Cobourg Peninsula as a meat source for 

settlers; buffalo populations expanded after these settlements were abandoned and caused 

extensive damage to wetland ecosystems in the Top End over the next century (Department of 

Sustainability, Environment, Water, Population & Communities 2011). The first pastoral leases 

in the Northern Territory were granted in 1872 (National Archives of Australia 2018a), and in 
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1883 David Lindsay was commissioned by the South Australian government to explore central 

and eastern Arnhem Land “with a view to settlement” (State Library of South Australia 2007; 

Sydney Morning Herald 2004). The remote township of Borroloola was established in 1885 

(South Australian Register 1885), and a mission was founded at Roper River (later relocated 

to Ngukurr) in 1908 – the first of six missions established in the region between 1908 and 1958 

(Sydney Morning Herald 2004). In the late 19th and early 20th century, Arnhem Land was under 

pastoral lease; the Eastern and African Cold Storage Company held a lease covering ~50,000 

km2 in 1903 and: 

…the Company employed gangs of people to hunt out and shoot up the ‘blacks’ on sight. 

As the country of the Nunggubuyu clans lay within this leasehold a number of the 

ancestors of those living in Numbulwar today were killed in this way (Cole 1982, p.14). 

Attempts at pastoralism were later abandoned (McMillan 2008, p.105), and Groote Eylandt 

and Arnhem Land were declared Aboriginal Reserves in 1920 and 1931, respectively (National 

Museum of Australia 2018; Barrier Miner 1931; Sydney Morning Herald 2004). A series of 

killings near Caledon Bay and Blue Mud Bay known as the Caledon Bay Crisis occurred from 

1932-3, beginning with the deaths of five Japanese trepang fishermen killed by Yolngu men; 

to resolve the situation, anthropologist Donald Thomson was sent to eastern Arnhem Land and 

“facilitated the establishment of peaceful relations between the Yolngu people and the 

Commonwealth government” (Australian Dictionary of Biography 2018; National Archives of 

Australia 2018b). 

Open-cut mining began on Groote Eylandt in 1964, and a Special Mineral Lease (SML 11) and 

Special Purpose Leases were granted to the Gove Joint Venture Participants in 1969 

(Anindilyakwa Land Council 2016; Nhulunbuy Corporation n.d.). Bälma, near Blue Mud Bay, 
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was settled by Djarrwark people in 1970 (Laynhapuy Homelands Aboriginal Corporation 

2017a). 

Dhimurru (north-east Arnhem Land), Laynhapuy (east Arnhem Land) and Anindilyakwa 

(Groote Eylandt, surrounding islands and marine environment), and South East Arnhem Land 

Indigenous Protected Areas were declared in 2000, 2006, and 2016, respectively (Department 

of the Environment & Energy 2013; Laynhapuy Homelands Aboriginal Corporation 2017a; 

Anindilyakwa Land Council 2016; Northern Land Council 2019). 

As with the archaeological record, historical events across Cape York Peninsula and Arnhem 

Land feature numerous similarities. Both regions were affected by European invasion later than 

areas to the south, and were initially explored for pastoral and later for mining uses. However, 

while pastoralism was short-lived Arnhem Land and officially ended by the 1931 declaration 

of the Arnhem Land Aboriginal Reserve, pastoralism is ongoing on Cape York Peninsula (e.g. 

Hardy, Nelson & Holmes 1995). Both regions experienced Indigenous depopulation of lands 

after permanent European settlement. Causes of depopulation included deaths from introduced 

diseases as well as massacres (e.g. Cole 1982, p.14; Ó Foghlú et al. 2016, pp.2-4), and the 

removal of Aboriginal people to reserves and missions (e.g. Blake 1998, p.51). The removal of 

people from these areas also removed the land management systems they maintained, including 

landscape fire management (e.g. Head 1994). 

 

3.4 Fire Dynamics 

Numerous interconnected factors characterise and control fires from the level of individual 

fires (e.g. ignition source, heat) through to long-term regional fire regimes (e.g. vegetation 

communities, large scale climate variability) (Figure 3.4). Palaeofire reconstructions, including 

this study, primarily focus on the fire regime to super fire regime scales due to the coarse 
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resolution of sedimentary records. However, understanding fire behaviour at any point along 

this spectrum requires acknowledgement of the interrelated nature of fire controls at different 

spatial and temporal scales. This section describes features at the flame and fire event scales 

that combine to form the fire regimes discussed later in this study. 

 

 

Figure 3.4: Diagrammatic representation of fire controls over space and time (from 

Whitlock et al. 2010, p.7). 

 

Fires during the early dry season (April to July) in northern Australia are associated with 

smaller fuel loads, lower air temperatures, higher moisture content, burn smaller areas and may 

leave unburnt patches (Crowley 1995, p.6; Evans & Russell-Smith 2019, p.3), and are usually 
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targeted as part of prescribed burning programs (e.g. Russell-Smith et al. 2013). Late dry 

season fires, occurring between August and the onset of the wet season October-November, 

are typically high intensity, destructive to both woody and non-woody biomass, and burn large 

areas (Evans & Russell-Smith 2019, p.3). Natural lightning-triggered fires typically occur late 

in the dry season, when fuel loads are high and moisture content low, as lightning strikes 

increase at the onset of the wet season (Andersen, Cook & Williams 2003, p.3; Bureau of 

Meteorology [BOM] 2016a; Figure 3.5). 

 

 

Figure 3.5: Average annual lightning cloud-to-ground flash density map for Australia 

(from BOM 2016a). 
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European “management” fires in Cape York Peninsula and the Top End of the NT typically 

occur in the early dry season and at the onset of the wet season (Crowley 1995, p.50; Crowley 

& Garnett 2000, p.18). Pastoral reasons for burning, both in the past and present, include the 

creation of fresh feed for cattle, assistance in cattle control, improvement of visibility and 

access, weed control, and control of cattle ticks (Crowley 1995, p.45; Crowley & Garnett 2000, 

p.18). Some of these uses of fire are shared by managers of National Parks, which include fires 

lit for “fuel reduction, infrastructure protection, habitat manipulation, feral animal control, 

weed control and boundary definition” (Crowley 1995, p.48). 

Prescribed burning programs, such as the West Arnhem Land Fire Abatement Project 

(WALFA), aim to reduce large-scale high intensity late dry season fires, and thereby reduce 

carbon emissions, through the application of controlled early dry season burns (see Evans & 

Russell-Smith 2019; Fitzsimons et al. 2012; Russell-Smith et al. 2013). These programs 

manage fire by controlling the combination of fire frequency, intensity and timing (see also 

Andersen, Cook & Williams 2003, p.12). Prescribed burning has also been investigated as a 

tool for faunal and floral biodiversity conservation; the heterogeneous (patchy, mosaic) burning 

pattern created by small-scale early dry season controlled burns has been associated with 

increased biodiversity (Crowley 1995, p.21; see Bliege Bird et al. 2013; Fitzsimons et al. 2012; 

cf. Parr & Andersen 2006). The West Arnhem Fire Abatement Project, as well as other 

prescribed burning programs, aims to “re-establish customary Indigenous fire management 

regimes” (Fitzsimons et al. 2012, p.52). 

 

3.5 Indigenous Australian Uses of Fire 

Extensive ethnographic work in the contact and post-contact periods has recorded Aboriginal 

Australian applications of small- to large-scale landscape fire (e.g. Bird, Bliege Bird & Parker 
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2004; Bliege Bird et al. 2008; Burrows et al. 2006; Russell-Smith 2001; Yibarbuk et al. 2001). 

Uses of landscape fire in the past and present include hunting small animals fleeing the flames 

(Yanyuwa of the Northern Territory, Baker 1988, p.139), dazing animals with smoke and other 

“specialised forms of hunting with smoke” (groups of the Western Desert (Walpiri, Winanpa 

and Pintupi), Kimber 1988, p.123; Tiwi of the Northern Territory, Hart & Pilling 1960, p.42), 

enabling tracking of lizards through post-fire ash (Yanyuwa of the Northern Territory, Baker 

1988, p.139), clearing “heavy growth” of vegetation and encouraging “certain vegetable 

growth” (groups of the Western Desert, Kimber 1988, pp.122-123) and attracting kangaroos 

and other animals with regrowth after fire (groups of the Western Desert, Kimber 1988, p.123; 

Yanyuwa of the Northern Territory, Baker 1988, p.139; groups of northern Cape York 

Peninsula, Moore 1979, p.127). 

Indigenous seasonal calendars demonstrate land management similarities and differences 

across different regions and environments. The seasonal calendar of the Yolngu of eastern 

Arnhem Land features “bushfires lit in the dry grass” during May-August 

(Dharratharra/Wadut) as “Yolngu set bushfires (worrk) to burn off the undergrowth” to more 

easily locate animal holes (Faulkner 2013, p.38), while the Kunwinjku, of western Arnhem 

Land, calendar describes August to mid-November as the period for “kawurluwurlhme kunak 

(floodplain burning)” to clear grass (CSIRO 2016). The seasonal calendar of the Yirrganydji 

of southeast Cape York Peninsula includes “burn-offs” early in the dry season, beginning in 

May (BOM 2016b). 

Indigenous fire regimes in northern Australia have a discontinuous history over the last ~200 

years. Indigenous land management was disrupted by European invasion and settlement as 

regions were depopulated (see Gammage 2012 and Europeans in Northern Australia section 

above). Historical records, primarily in the form of journals of explorers or pastoralists, provide 

insight into Aboriginal fire regimes in tropical Australia during the contact period. Crowley 
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and Garnett (2000, p.16) note journal records of frequent late dry season fires on Cape York 

Peninsula in the 19th century, and Preece (2002) describes fires lit throughout the full length of 

the dry season across the Northern Territory in explorers’ journals. 

The establishment of Indigenous Protected Areas and ranger programs has reintroduced 

Indigenous fire management in some northern regions (e.g. Groote Eylandt, Anindilyakwa 

Land Council 2016; north-east Arnhem Land, Department of the Environment, Water, Heritage 

& the Arts 2008). Baker (1988, p.139) describes the Yanyuwa of the Borroloola region using 

fire for land management in the post-contact period: 

After the end of the wet season great attention is paid to when the tall, wet season grasses 

will burn. Once there is even the most remote chance some will burn, trips out bush 

become slow, stop-start affairs, during which literally hundreds of lighted matches are 

thrown out of the car windows (and hasty departures are made if the grass catches alight). 

As most of the grass is still too wet to burn, these early dry season burns produce the 

mosaic pattern of burning that other authors (Latz and Griffin 1978; Latz 1982) have 

commented on. This pattern of burnt and unburnt areas means that fires lit later in the 

dry season have fire breaks of already burnt ground around them (Baker 1988, p.139). 

Bliege Bird, Bird and Codding (2016) demonstrate that both lightning-dominated and 

anthropogenic fire regimes are coupled to climate. Compared to a lightning-dominated regime 

of infrequent large-scale fires concentrated late in the year, Aboriginal Australian landscape 

burning features a higher number of small-scale fires spread throughout the year (Bliege Bird 

et al. 2008; Bliege Bird, Bird & Codding 2016; Table 3.3). 
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Table 3.3: Summary of general fire regimes in the Australian tropics explained in the 

text. 

Fire Regime Style of Fire Outcomes/Impact 

Indigenous Australian Throughout dry season, may 

include wet season when possible 

Weak fire weather (fires not lit 

when aridity is high and winds 

are strong) 

Varied fuel loads 

Controlled burns 

Small, low intensity fires 

Small areas burned 

Patchy, heterogeneous 

pattern of areas at different 

post-fire intervals 

European pastoral Early to mid-dry season 

Weak fire weather (aridity lower 

in the early dry season, fires not 

lit when winds are strong) 

Low fuel loads 

Controlled burns 

Small-to-medium areas 

burned 

Creation of fire-breaks 

Lightning-triggered Late dry season, early wet season 

Strong fire weather (high aridity, 

strong winds) 

Large, dry fuel loads 

Increased lightning with onset of 

wet season 

Uncontrolled burns 

Intense/severe fires 

Large areas burned 

Potential vegetation damage 

due to fire severity (e.g. 

canopy fires,  combustion of 

woody biomass) 
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3.6 Conclusion 

The late Holocene was a period of significant changes across Australia, including widespread 

intensification of site occupation and diversification of resource use. The Cape York Peninsula 

and Arnhem Land regions share a broadly similar human past through this period, including 

shell mounding as an adaptation to late Holocene climatic variability, Indigenous depopulation 

of lands in the 19th and early 20th centuries through massacres by European colonists and 

relocations to missions and reserves, and the introduction of pastoralism followed by mining. 

The impact of pastoralism was more pronounced in Cape York Peninsula and continues today, 

while pastoralism in Arnhem Land was abandoned before 1920. Therefore, while all sites in 

this study are expected to show evidence of changed fire regimes with Indigenous depopulation 

of the region, only sites on Cape York Peninsula would be expected to reflect the introduction 

and maintenance of a new prescribed burning pattern (European pastoral). 

Differences such as the late construction period of shell mounds in the Weipa area highlight 

variation in human behaviour and demonstrate that not all broad trends identified for this region 

are accurate at smaller scales; this is an important consideration for palaeoecological 

interpretations. The combination of archaeological data, the historical record and ethnographic 

observations provides a strong starting point for interpreting human-fire-environment 

interactions in the palaeoenvironmental record. With the greater palaeoenvironmental and 

archaeological context of the region established in Chapters 2 and 3, the next step is to detail 

and critique the methodologies to be used in this study (Chapter 4). 
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Chapter 4 : Methodological Approach and Critique 

 

 

4.1 Introduction 

A range of techniques can be used to reconstruct fire histories, including optical or chemical 

analysis of charcoal, differentiating between local and regional fire signals, and distinguishing 

fuel types; however, many studies disagree on what thresholds to use (e.g. for 

microscopic/macroscopic charcoal; Stevenson & Haberle 2005; Mooney & Tinner 2011; for 

length-width ratios of grass; Umbanhowar & McGrath 1998; Jensen et al. 2007; Aleman et al. 

2013; Crawford & Belcher 2014), few studies combine or compare these various methods, and 

many techniques have been developed using samples from the temperate northern hemisphere 

(e.g. Enache & Cumming 2006; Jensen et al. 2007; Courtney Mustaphi & Pisaric 2014). This 

study will utilise a range of existing methods to create fire records for Australian tropical 

savanna sites to test their applicability to this environmental context and investigate the 

potential interpretive power of a multiproxy approach. 

The first part of this chapter will present a brief background and critique of existing methods 

for reconstructing fire abundance, local versus extra-local or regional fire signals, and fuel 

types. The later sections of this chapter outline the methodological approach of this study 

including site selection, sample collection in the field, subsampling and pretreatment in the 

laboratory, and laboratory analyses. Multiple techniques have been utilized not only to create 

a more robust record but also to compare, contrast and critique these methods and their 

usefulness in palaeofire research. Examples of this include charcoal abundance against 

pyrogenic carbon content isolated using hydrogen pyrolysis to determine fire abundance, and 
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charcoal length-width ratios against charcoal morphotypes against δ13C values of pyrogenic 

carbon (isolated using hydrogen pyrolysis) to determine grass versus non-grass content. 

 

4.2 Fossil Charcoal as a Fire Proxy 

Charcoal is a powerful tool for reconstructing chronologies of fire and subsequently 

investigating factors that may have influenced fire abundance to change through time (e.g. 

rainfall, anthropogenic activity). Measures of charcoal developed from particle counts, such as 

accumulation and flux, are used as proxies for fire activity. Stated simply, higher amounts of 

charcoal are considered indicative of greater fire abundance. Unlike some palaeoenvironmental 

proxies such as pollen, charcoal is not produced and deposited continuously in the environment 

but appears as “discrete events” as fires occur (Clark 1983, p.34). Optical charcoal analysis has 

been applied to a vast number of sites worldwide (e.g. Aleman et al. 2013; Black & Mooney 

2006; Black, Mooney & Haberle 2007; Breman, Gillson & Willis 2011; Buckman et al. 2009; 

Ekblom & Gillson 2010; Genever, Grindrod & Barker 2003; Haberle, Hope & van der Kaars 

2001; Haberle et al. 2010; Higuera, Sprugel & Brubaker 2005; Laird & Campbell 2000; Luly, 

Grindrod & Penny 2006; MacDonald et al. 1991; Mooney et al. 2011; Rowe 2005, 2006, 2007; 

van der Kaars & De Deckker 2002; Williams et al. 2015a). The spatial and temporal coverage 

of fossil charcoal assemblages are determined by the characteristics of the depositional site 

(e.g. wetland) including watershed features and the date of site formation. Various methods 

(discussed below) have been proposed to obtain more data from charcoal analysis than a single 

measure of accumulation or flux. 

The analytical tool CharAnalysis (Higuera et al. 2009) has been widely used in sedimentary 

charcoal studies for peak detection within continuously sampled records. However, this 

program and similar signal-to-noise index methods (e.g. Finsinger et al. 2014) were designed 



54 

for temperate and boreal environments where fire return intervals are long, such as forests (S. 

Mooney pers. comm.; e.g. Courtney Mustaphi & Pisaric 2013; Fletcher et al. 2015; Hawthorne 

& Mitchell 2016; Moos & Cumming 2012). Such methods are not widely applicable to 

environments where fire recurs frequently such as the tropical savannas of northern Australia, 

and therefore will not be applied in this study. 

 

4.2.1 Local versus Extra-Local: Particle Size 

Microscopic (<125 µm) charcoal (Mooney & Tinner 2011) is commonly presented as 

representative of regional or extra-local (outside the watershed being investigated) fire signals 

while macroscopic (>125 µm) charcoal represents local (within the watershed) fire signals, as 

models of charcoal dispersal illustrate that smaller particles are able to cover greater distances 

than large particles before deposition (see Clark 1988; Peters & Higuera 2007). This allows for 

the construction of a more nuanced fire history beyond identifying the presence or absence of 

fire, with both spatial and temporal analysis. The distance from a site and total area represented 

in the local (macroscopic) and extra-local (microscopic) signals differ for every site due to 

factors such as watershed size, topography and wind. This is why the terms “local” and “extra-

local” are used, as these are subjective measures relative to a given site rather than representing 

a measurable distance.  

 

4.2.2 Fuel Type: Particle Morphology and Aspect Ratio 

Morphological analysis of charcoal particles provides more information about palaeofire and 

palaeoenvironments; numerous studies have investigated the possibility of identifying the fuel 

type (e.g. grass, leaves, wood or a specific plant species) of a particle using charcoal 

morphotypes (Figure 4.1; Courtney Mustaphi & Pisaric 2014; Enache & Cumming 2006) or 



55 

measurements such as length-width ratios (Jensen et al. 2007; Umbanhowar & McGrath 1998). 

This study will investigate the applicability of these systems to Australian tropical savanna 

contexts. 

 

 

Figure 4.1: Charcoal morphotypes identified by Courtney Mustaphi and Pisaric (2014, 

p.744) for use in charcoal analysis. 25 of 27 morphotypes list, within the text, an 

associated fuel type. 

 

Morphotype classifications can be based on laboratory-created reference collections linking 

identifiable physical characteristics of a particle, such as the presence of elliptical voids or a 

glassy surface, to a fuel type known to generate that morphology when burned (e.g. Courtney 

Mustaphi & Pisaric 2014). Alternatively, Enache and Cumming (2006) present a seven-type 

classification system generated from samples from a fossil charcoal record. The limitation of 

the former, laboratory-based, method is that the morphotypes are generated under laboratory 
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conditions and have not been affected by the depositional processes that fossil charcoal 

particles experience. The limitation of the latter, field-based, method is that the morphotypes 

cannot be definitively linked to known fuel types, as the fuel type of the fossil charcoal particles 

sampled is unknown. Both classification systems have not yet been applied to and tested in the 

southern hemisphere. 

Aspect ratio has been proposed as a more simplistic system for classifying the fuel source of 

charcoal particles. Particles with a length-width ratio greater than or equal to a predetermined 

threshold are identified as elongate and therefore grass-derived. However, studies disagree on 

which ratio identifies each type. While in agreement that grass particles have an L:W ratio of 

approximately 3.6-3.7, Umbanhowar and McGrath (1998) identify a ratio of 1.97 as being a 

wood source and 2.23 a leaf source. Crawford and Belcher (2014) reverse this, labelling a ratio 

of approximately 1.91 as a leaf source and approximately 2.13 as wood. Aleman et al. (2013) 

use a different approach by analysing W:L ratios, with values closer to zero representing more 

elongate particles and a ratio of 1 indicating a perfect square, and identifying a ratio of <0.5 as 

representative of grass (equivalent to a L:W ratio of >2). Leys et al. (2017, p.9) also analyse 

particles using W:L ratios and identify a ratio of ≤0.5 as representative of vegetation 

“composed at least 40 % by grassland cover”.  No experimental studies to date have explored 

whether the relationship between L:W ratios and fuel types exist in microscopic charcoal 

particles. 

It is possible that the morphotype classification of elongate particles is less accurate when 

determining the contribution of grass to the charcoal record than the use of length-width ratios. 

This is due to the distinction between an elongate type (e.g. D3, elongate with curved voids, 

see Figure 4.2) and its corresponding non-elongate type (e.g. B4, geometric with curved voids) 

being at the discretion of the analyst which can result in particles classified as grass-derived 

using length-width ratios being recorded as a non-elongate morphotype. However, the 
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correlation between length-width ratio and fuel type has only been demonstrated for 

macroscopic particles (>125 µm). Subsequently, morphotypes are a method applicable to all 

size classes to collect fuel source data.  

Benefits of the length-width method over the morphotype system include the minimisation of 

user error (whether a particle is classified elongate is not user-determined but calculated) and 

simplicity for training and implementation. While many studies proposing this method use case 

studies and samples from the northern hemisphere (Aleman et al. 2013; Jensen et al. 2007; 

Umbanhowar & McGrath 1998), this technique is theoretically applicable globally and less 

dependent on species-specific morphologies than morphotype classifications developed in the 

temperate northern hemisphere (e.g. Enache & Cumming 2006; Courtney Mustaphi & Pisaric 

2014). The combination of both length-width ratios and morphotype classifications may allow 

for the determination of the contribution of grass and non-grass vegetation to a record in all 

sizes with additional verification in the macroscopic sizes. 

 

4.2.3 Fuel Type: Carbon Isotopic Value 

Stable isotopes are a currently underutilized proxy in charcoal records and palaeofire 

chronologies (see Bird & Cali 1996) and have not been widely applied in Australia. The 

analysis of carbon isotopes (C3 photosynthesis from trees leads to δ13C values of ~-25‰ while 

C4 photosynthesis from tropical grasses leads to distinctly different δ13C values of ~-14‰) can 

allow for the proportion of wood- versus grass-derived burned material to be identified for 

savanna ecosystems (O’Leary 1988; Wurster et al. 2012; Saiz et al. 2018). 

Pyrogenic carbon (carbon derived from combustion) can be chemically quantified (Wurster et 

al. 2012). This provides a useful complement to charcoal count data as chemical quantification 
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can be applied to the smallest size fractions (<63µm), which cannot be optically quantified, 

thereby alleviating some of the issues of particle fragmentation encountered in optical counts. 

 

4.3 Site Selection 

Potential coring sites were identified as freshwater bodies (wetlands) isolated from creeks or 

rivers with a high percentage of water permanence located in far northern Australia. Additional 

selection criteria included physical accessibility and permission to access the site. 

Two sites in Cape York Peninsula, Queensland (Big Willum Swamp and Sanamere Lagoon) 

and one in Arnhem Land, Northern Territory (Marura) were selected for this study (Figure 4.2). 

While these sites are climatically similar (AW – Tropical/Equatorial Savannah with dry winter 

under the global Köppen-Geiger Climate Classification; Peel, Finlayson & McMahon 2007; 

Kottek et al. 2006), they diverge in vegetation, land-use histories and physical characteristics 

including wetland size, water depth and catchment area. 
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Figure 4.2: Location of study sites (after Google Earth 2018d). 

 

4.4 Core Collection 

Fieldwork was conducted in the Northern Territory in 2015 by other members of the research 

group prior to the commencement of this project. Cape York fieldwork was undertaken in April 

and June 2016 and July 2017. 

One metre full cores and semi-circular (D-section) cores were collected using a raft-mounted 

Eijkelcamp percussion corer and by hand, respectively (Figure 4.3, Figure 4.4, Figure 4.5). 
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Figure 4.3: Representation of MAR2 cores collected from Marura. 
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Figure 4.4: Representation of cores collected from Big Willum Swamp. 

 

 

Figure 4.5: Representation of cores collected from Sanamere Lagoon. Core numbers 

indicate the order of collection and are not related to coring location. 
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4.5 Modern Sample Collection 

Samples representative of modern conditions were collected via two methods: sediment grab 

samples and airborne charcoal traps. The sediment grab sampler consists of a metal container 

with hinged doors which are closed remotely after the sampler has been lowered underwater to 

the sediment surface. Grab samples provide a high volume sample of the uppermost sediment. 

Multiple grab samples were collected from Sanamere, including ten surface samples every ~50 

metres along a transect from the central coring position to the shoreline. Grab sampling was 

not possible at Big Willum due to a large volume of aquatic plants preventing the sampler from 

reaching sediment, and not possible at Marura due to the water depth exceeding equipment 

reach. 

Charcoal traps were deployed to collect modern airborne charcoal (Figure 4.6). Three charcoal 

traps were constructed, consisting of a funnel (~30 cm diameter) and bucket for maximum 

collection diameter, a pipe for sample collection, and an overflow valve containing two layers 

of mesh (125 µm and 63 µm) to prevent loss of accumulated particles. Charcoal traps were 

installed at three locations across Cape York during 2016 fieldwork: Sanamere, Kendall River 

and Coen (Figure 4.7). These locations cover various vegetation communities (dwarf heathland 

and open woodland) and current land use (Aboriginal Freehold land tenure, cattle farming and 

township, respectively). Charcoal traps remained on site for one year to capture cross-seasonal 

fire and eliminate seasonal bias. Charcoal trap samples were rinsed through a 2 mm and a 63 

µm sieve, with the fraction between 2 mm and 63 µm processed for optical charcoal 

quantification. The 2 mm sieve was required to remove large organics including uncharred 

leaves and twigs. Unlike the fossil charcoal method, the <63 µm size fraction was not collected 

as this was potentially lost in the field through the overflow valve. 
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Figure 4.6: Kendall River charcoal trap on site after installation (2016). 
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Figure 4.7: Location of installed Cape York charcoal traps (from Google Earth 2018b). 

 

4.6 Core Subsampling 

All full (non-D-section) cores were measured for magnetic susceptibility using a Bartington 

MS2C Core Logging Sensor at 0.5 cm (Sanamere and Big Willum) or 1 cm (Marura) intervals 

prior to subsampling. Magnetic susceptibility has been identified as a possible fire signal as 
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burning may trigger increased soil erosion or create the magnetic mineral maghemite 

(Millspaugh & Whitlock 1995; Mullins 1977). The presence or absence of a magnetic 

susceptibility peak coincident with a charcoal peak may also differentiate a local from an 

“extralocal” fire signal (matching signals for local, lack of magnetic susceptibility peak for 

extralocal; Millspaugh & Whitlock 1995). 

D-section sediment cores were subsampled on site. Full cores were frozen in-tact in the field 

for storage before subsampling in the laboratory. Sediment descriptions were recorded during 

sampling, including Munsell colour classifications and any observable stratigraphy or 

compositional/textural changes. 

 

4.7 Charcoal Analysis Preparation 

4.7.1 Sample Preparation and Size Fractions 

Sediment core, modern charcoal trap and modern surface samples were prepared for optical 

charcoal quantification following Stevenson and Haberle (2005). Sediments were found to be 

sufficiently disaggregated so the use of KOH for sample dispersal was not required. Samples 

were placed in approximately 10 mL of mid-strength bleach (~5 % concentration) to lighten 

organic matter. Preliminary tests determined that organics were sufficiently bleached when left 

in bleach for approximately 72 hours. 

Bleached samples were rinsed using distilled water through three nested sieves of 250 µm, 125 

µm and 63 µm mesh. Sieve contents were stored as >250 µm, 250-125 µm and 125-63 µm size 

fractions, respectively. Water and sediment that passed through the 63 µm sieve was retained, 

with approximately 5 mL 37 % HCl added to remove particles from suspension and excess 

liquid poured off; the remaining sediment was stored as the <63 µm size fraction for chemical 

quantification (hydrogen pyrolysis, see subsection later in this chapter). 
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Particles in size fractions >250 µm, 250-125 µm and 125-63 µm were optically quantified and 

categorised while suspended in water. Samples were placed in a petri dish and photographed 

on a lightbox to remove shadows before being placed under a dissecting microscope (x20 

magnification). 

 

4.7.2 Charcoal Measurements and Morphology 

Length and width measurements were taken during optical charcoal counting using a 

microscope eyepiece scale. Measurements were recorded for the macroscopic size fractions 

(>250 µm and 250-125 µm). Length-width ratios greater than 3.6 were designated as elongate 

particles during analysis. Application of this measurement technique contrasted with the use of 

morphotypes (see below) to determine fuel types was undertaken to assess the analytical power 

of each method and determine if they produce comparable results. 

Two morphotype classification systems were selected for use in this project: a basic system of 

seven categories outlined by Enache and Cumming (2006), and a comprehensive system of 27 

categories described by Courtney Mustaphi and Pisaric (2014) as an extension of the simpler 

Enache and Cumming (2006) classification (Figure 4.8). The selection of two classification 

systems enabled the maximum amount of available data to be recorded (using the 27 type 

system) while also allowing for accurate classification when high levels of detail were not 

available (using the 7 type system). The simpler classification system was applied to the 

smallest size fraction to be counted manually (125-63 µm). The more complex system was 

applied to the two larger size fractions (250-125 µm and >250 µm), with the option of changing 

to the 7 type system if preservation degraded with increasing age/depth. 
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Figure 4.8: Morphotype classification systems of Enache and Cumming (2006) (left) and 

Courtney Mustaphi and Pisaric (2014) (right) displaying how the 27 types of the more 

detailed system are categorised under the 7 type system. 

 

The application of these morphotype classification systems enabled the identification of 

fuel/vegetation source for each particle, with the minimum identification as either grass or tree 

derived. The use of both the simplified and complex systems allowed for comparison of the 

fuel type data generated to determine whether the additional detail from the Courtney Mustaphi 

and Pisaric (2014) classification system enabled more precise identification of fuel types in a 

charcoal sample than that provided by the Enache and Cumming (2006) system. 

 

4.8 Hydrogen Pyrolysis and Elemental Analysis 

Hydrogen pyrolysis (hypy) was used on bulk samples matched to those used for charcoal 

analysis, along with the <63 µm size fraction produced during charcoal preparation, following 
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the procedure outlined by Wurster et al. (2012). <63 µm samples were centrifuged and excess 

water poured off. All samples were freeze-dried, ground and weighed. Approximately 10 % 

sediment weight of molybdenum (Mo) catalyst was added to a weighed aliquot of sample. 

Methanol was added before samples were placed in a sonicator bath for 15 minutes then 

transferred to a hot plate at 75 °C to dry overnight. 

Catalyst-loaded samples were then transferred to glass hypy inserts between filters, with 

sample weight and total insert weight recorded. Inserts were loaded into the hydrogen pyrolysis 

rig (approximately five samples per run) in the Advanced Analytical Centre at James Cook 

University Cairns, and the rig was set up following the JCU Hydrogen Pyrolysis Rig Standard 

Operating Procedures. Samples were heated to 550 °C over 40 minutes under 150 barG 

hydrogen flow, and held at this temperature for two minutes. 

Sample carbon content and carbon isotope composition (δ13C) before and after hydrogen 

pyrolysis were measured using a Costech Elemental Analyser. Isotopic composition of the 

pyrogenic (black) carbon, of both the bulk and <63µm fraction, was calculated in RStudio 

using the equation given in Wurster et al. (2012, p.2692). 

 

4.9 ItraxTM XRF Scanning 

X-ray fluorescence (XRF) scanning of sediment cores is a non-destructive technique that 

provides high resolution semi-quantitative data on elemental composition which assists in 

identifying changes in sedimentation and landscape processes (for a review of applications of 

XRF scanning to lake sediments, see Davies, Lamb & Roberts 2015). 

Sediment core segments were scanned using the ItraxTM core scanning facility at the Australian 

Nuclear Science and Technology Organisation (ANSTO) Lucas Heights facility. A thin slice 

of sediment (approximately one quarter of the full core) was removed from each core using a 



69 

lapidary saw and plastic-wrapped before being placed in a 50 cm PVC half-pipe surrounded by 

kinetic sand to support the core during transport and scanning. Core slices were transported to 

ANSTO Lucas Heights while frozen. Sediment core segments were scanned through the 

ItraxTM core scanner at 1000 µm intervals with 10 second exposure, using a molybdenum tube. 

Optical and radiographic images were also taken of each core using the ItraxTM, prior to XRF 

scanning. Processing of ItraxTM data was completed by ANSTO ItraxTM Facility Officer 

Patricia Gadd. ItraxTM elemental counts were normalized using the procedure outlined by 

Weltje et al. (2015); elements of interest were isolated after selection from interpreted elements 

listed by Davies, Lamb and Roberts (2015) and counts were divided by the incoherent scatter 

for that depth. As described by Woodward and Gadd (2019), Mo ratio (Mo inc/Mo coh) can be 

used to represent organic content and Mo ratio is interpreted as such in this study. 

 

4.10 Lead-210 (210Pb) Dating 

Sample dating using lead-210 (210Pb) was undertaken to create a high resolution chronology 

for the previous approximately 160 years at each site. Sample preparation and analysis for 210Pb 

dating were undertaken at the ANSTO Lucas Heights facility. Due to the large sediment 

volume required, only Sanamere samples were analysed for 210Pb using gamma spectrometry, 

taken from a wide-diameter core (SAN FC) collected specifically for this purpose. Samples 

from all sites were analysed for 210Pb using alpha spectrometry, including SANFC samples 

previously analysed by gamma spectrometry due to poor results (see Chapter 5). Prior to 

analysis, all sediment samples were ground either using a mill or mortar and pestle to achieve 

homogeneity. 
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4.10.1 Gamma Spectrometry 

Samples were packed into 3 mL glass vials, sealed and then left for three weeks to collect 

emitted radon gas before being measured in a High Purity Geranium Well-detector gamma 

spectrometry system for at least two days. Gamma spectrometry analysis was completed by 

ANSTO staff member Jay Chellappa and a data report was compiled by ANSTO radiochemist 

Atun Zawadzki. 

 

4.10.2 Alpha Spectrometry 

Samples were prepared for analysis by alpha spectrometry in October 2017 and May 2018 

following the ANSTO Environmental Radioactivity Measurement Centre (ERMC) Lead-210 

dating sample preparation method (see also Eakins and Morrison 1978), ERMC Polonium 

chemical isolation method (see also De Oliceria Goday 1983) and ERMC Radium chemical 

isolation method (see also Golding 1961; Lim & Dave 1981; Lim, Dave & Cloutier 1989) 

(Figures 4.9, 4.10, 4.11, 4.12; see also Appendix 1).  
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Figure 4.9: Flowchart of the 210Pb analysis by alpha spectrometry sample preparation 

method, part one: digestion. 
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Figure 4.10: Flowchart of the 210Pb analysis by alpha spectrometry sample preparation 

method, part two: polonium isolation. 
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Figure 4.11: Flowchart of the 210Pb analysis by alpha spectrometry sample preparation 

method, part three: radium isolation. 
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Figure 4.12: Figure 4.16: Flowchart of the 210Pb analysis by alpha spectrometry sample 

preparation method, part four: final stages of radium isolation. 

 

Alpha spectrometry analysis was undertaken by Sabika Maizma and data processing of alpha 

spectrometry results was completed by ANSTO radiochemist Atun Zawadzki, including 

application of CIC (Constant Initial Concentration) and CRS (Constant Rate of Supply) age 

models. 
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4.11 Carbon-14 (14C) Dating 

Sample dating using 14C analysis by accelerator mass spectrometry allows for the construction 

of chronologies spanning thousands of years, and complements the application of 210Pb dating 

(see previous). 

Processing of samples for 14C dating was undertaken in the ANSTO Centre for Accelerator 

Science in November 2017 and June 2018 (Figure 4.13, see also Appendix 2). Bulk sediments 

were freeze-dried and ground prior to pretreatment, while hydrogen pyrolysis residue was 

already homogenous as part of the hypy analytical process. 
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Figure 4.13: Flowchart of the 14C analysis by AMS bulk sample pretreatment method. 
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Dried samples (not already in combustion tubes) were transferred to vials and weighed. 

Samples were then transferred to pre-cleaned, quartz combustion tubes (desired weights 

calculated prior based on approximate carbon content) along with cupric oxide, silver wire and 

copper wire. The pretreated samples were combusted at 900 °C in evacuated, sealed quartz 

tubes to convert the organic carbon to CO2 (Vandeputte, Moens & Dams 1996). The CO2 

produced was dried and collected, the yield determined, and then it was converted to graphite 

by reduction with excess hydrogen over iron catalyst at 600 °C, to produce targets for AMS 

measurements (Hua et al. 2001). 14C accelerator mass spectrometry (AMS) measurements were 

performed on the ANTARES 10 MV and STAR 2 MV particle accelerators at ANSTO Lucas 

Heights. Separate sub-samples of each fraction were combusted in a coupled elemental 

analyser-isotope ratio mass spectrometer system for measurement of δ13C, which were used to 

correct for fractionation during the results calculation (Fink et al. 2004). 
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Chapter 5 : Marura Sinkhole 

 

 

5.1 Introduction 

This chapter provides an overview of the land use history, geology, vegetation and current fire 

regime surrounding Marura, eastern Arnhem Land, Northern Territory. An overview of the 

methods applied is presented, followed by results for sedimentary analyses, chronology and 

fire proxies. Objectives of analysis for this site, linked to the overall research aims of this study 

presented in Chapter 1, are as follows: 

1) The creation of a new high resolution late Holocene palaeofire record for Arnhem Land 

2) Characterisation of vegetation burned in the Marura record, and how it has or has not 

changed through time 

3) Investigation of potential European influence, through Indigenous depopulation and 

pastoral land use, on fire in the Marura record 

Marura was selected for analysis as it is a perennially wet sinkhole in a region (Arnhem Land) 

that currently has no published palaeoenvironmental records. 

 

5.2 Site Description 

Marura (13.409°S, 135.774°E) is a sinkhole located approximately 9.5 km inland from Blue 

Mud Bay in eastern Arnhem Land, Northern Territory (Figure 5.1, Figure 5.2). The sinkhole is 

approximately 230 m wide north to south by 210 m east to west at its widest points. 
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Figure 5.1: Location of Marura, with blue line representing the approximate boundary 

of Arnhem Land (inset after Google Earth 2018f). 
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Figure 5.2: Marura inverted resistivity section. 

 

Marura is at 50 m a.s.l., with a recorded maximum water depth of 11 m during fieldwork in 

September 2015. Marura is perennially wet (Figure 5.3) and has the smallest catchment area of 

the three sites in this study, of approximately 0.2 km2 (Figure 5.4). 
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Figure 5.3: Marura water permanence derived from LANDSAT imagery for the period 

1970-2018 (after Geoscience Australia 2018; Department of the Prime Minister & 

Cabinet 2019). Dark blue indicates >90 % water permanence over the observation 

period. 

 



82 

 

Figure 5.4: Digital elevation map of Marura and surrounds, with the approximate 

catchment area marked in orange (after Geoscience Australia 2015). 

 

Data loggers placed at Marura recorded total water depth, water conductivity, air and water 

temperature and air pressure (Figure 5.5). Recorded water depth varied less than 1 metre (range 

of 11-11.9 m), demonstrating annual water permanence (see also Figure 5.3) and a maximum 

water depth of 11.9 m before water overflows the sinkhole via the north-eastern sill. 
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Figure 5.5: Logger data for Marura recorded October 2014 to September 2015. 

 

Marura is a freshwater body, with a conductivity range of 0.15 to 0.24 mS/cm (well within the 

0-1 mS/cm range expected for freshwater; Prajapati 2017). Variability within conductivity 

measurements independent of depth variations demonstrates the connection of a shallow 

aquifer to Marura, providing pulses of higher salinity groundwater which are diluted over time. 

Recorded air temperatures varied between ~11 and ~50 °C and reflect diurnal cycles, while 

water temperatures ranged from ~25 to ~33 °C. 
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Minimum air pressure during the recording period occurred on 20 February 2015, caused by 

Tropical Cyclone Lam (Department of Science, Information Technology & Innovation 2015). 

Water depth also peaked at this time, resulting from increased rainfall accompanying Tropical 

Cyclone Lam. 

 

5.2.1 Land Use History 

Historical aerial photographs of Marura from 1952 and 1982, and satellite imagery from 2006, 

show no visible changes to the sinkhole (Figure 5.6). The surrounding terrain is also unchanged 

with the exception of a road to the north, first visible faintly in the 1982 image. Due to the 

image resolution, it is unclear whether the 1982 photograph includes the track which branches 

from this road and runs to Marura’s north-eastern edge, as seen in the 2006 satellite image. A 

southerly branch from the northern road was added between 1982 and 2006 passing 

approximately 300 m from Marura. 
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Figure 5.6: Aerial images of Marura (after Google Earth 2018f; National Library of 

Australia 1950-1952; Northern Territory Government 1982). 

 

The closest small settlement to Marura is Markalawa Outstation (Laynhapuy Homelands 

Aboriginal Corporation 2017b). The nearest town to Marura is Numbulwar (~95 km to the 

south), with the largest population centre over 300 km away at Borroloola on the coast of the 

Gulf of Carpentaria. 
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5.2.2 Environment 

5.2.2.1 Climate 

The climate of Marura is classified as AW – Tropical/Equatorial Savanna with dry winter under 

the global Köppen-Geiger Climate Classification (Peel, Finlayson & McMahon 2007; Kottek 

et al. 2006). Mean annual rainfall is 1314.8 mm measured from the nearest weather station 

(Groote Eylandt Airport, approximately 98 km southeast of Marura), with rainfall primarily 

(~90 %) occurring between November and April (BOM 2018b). Winds are predominantly from 

the west-northwest and southeast in January and July, respectively (BOM 2018b) (Figure 5.7). 

Average minimum and maximum daily temperature ranges from 15.1 °C to 34.5 °C, in August 

and November respectively (BOM 2018b). Mean relative humidity measured at 9 am varies 

between 61 % (September-October) and 79 % (March) (BOM 2018b). 

 

 

Figure 5.7: Average wind direction and speed 1999-2010, measured at 9 am in January 

(left) and July (right), from Groote Eylandt Airport (after BOM 2018b). 
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In the period 1969-2016, 14 cyclones passed within 50 km of Marura, and 22 within 100 km 

(BOM 2018a). Eastern Arnhem Land has an average annual lightning (cloud-to-ground) flash 

density of 2-3 flash/km2/year, primarily occurring between November and April (see also 

Chapter 3; BOM 2016a; Dowdy & Kuleshov 2014). 

 

5.2.2.2 Geology and Vegetation 

Marura is within the Bath Range formation of the Balma Group comprised of “dolomitic 

siltstone, sandstone, dolarenite, certified evaporitic-stromatolitic dolostone” (Haines et al. 

1999), an area of which dissolved to form Marura sinkhole. This is partly overlain by Cenozoic 

to Holocene unconsolidated sediments and laterite duricrust (Haines et al. 1999). Marura is 

located on the eastern edge of the Gulf Fall, a “dissected hilly” landscape with “moderate to 

strong relief” drained by streams into the Gulf of Carpentaria (Plumb & Roberts 1967, p.4); 

soils include shallow stony sands (Uc4.1, Uc1.4, Uc4.2) associated with slopes and plains of 

yellow earthy sands and soils (Uc5.22, Uc5.21, Gn2.1, Gn2.2, Gn2.6) (Northcote et al. 1960-

1968). 

Marura’s small catchment area is due to the sinkhole’s semi-encircled formation within the 

landscape. The terrain visibly slopes towards the sinkhole around the southern edge of the site, 

with an average elevation of ~43 m a.s.l. on the eastern side up to ~63 m a.s.l. on the southern 

side (Figure 5.8, see Figure 5.4 above). This slope, and its direct drop into the sinkhole pool, 

has meant Melaleuca fringes and/or swampy-sedge wetland edges (such as at Big Willum 

Swamp, see Chapter 6) are absent at Marura. Aquatics, including submerged floating plants, 

are also absent, likely due to water depth. 
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Figure 5.8: Slope on the south to southwest edge of Marura (left) and the southeast edge 

looking northwest (right). 

 

Vegetation surrounding Marura is open eucalypt woodland, characterised by dominant 

Eucalyptus tetrodonta and E. miniata, with species of Acacia, Calytrix and Callitris 

intratropica in the subcanopy (Figure 5.9; Department of the Environment & Energy 2017). 

Canopy cover varies between 20 and 50 % in the upper tree layer (Department of the 

Environment & Energy 2017). Ground cover is dominated by grasses; these are variable in 

their distribution, and thinner to patchy to the north where soils are shallow. This same 

woodland extends downslope to the waterline at Marura, incorporating higher tree density and 

a more obvious shrub layer with species such as Livistona humilis. 
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Figure 5.9: Vegetation on the northeast edge (left) and southern side (right) of Marura. 

 

5.2.2.3 Fire 

In the 18 year period spanning 2000-2018 the area surrounding Marura burned on average 

every 2 to 4 years (every year at its most frequent, including area directly surrounding Marura 

between 2008 and 2010) (Figure 5.10; NAFI 2019). Fires in the period 2000-2018 were 

primarily between July and October, with three fire scars in November (2001, 2003, 2018) and 

one in December (2006) (NAFI 2019). No recent burning was evident at Marura during 

fieldwork, and the presence of Callitris intratropica also suggests a low-intensity fire regime 

and/or unburnt patches in the area as C. intratropica is known for its sensitivity to fire (see 

Bowman & Panton 1993; Trauernicht et al. 2015). 
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Figure 5.10: Number of years that the area surrounding Marura burned from 2000-

2018 (after NAFI 2019). 

 

5.3 Methods 

5.3.1 Sample Collection 

Samples were collected from Marura during 2015 fieldwork. Cores were collected from a 

single coring location using a raft-mounted hydraulic corer modified from Eijkelkamp 

equipment to a depth of 5.85 m. 
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5.3.2 Laboratory Analyses 

As per Chapter 4, the core was divided for optical charcoal analysis (>250 µm, 250-125 µm 

and 125-63 µm; Courtney Mustaphi & Pisaric 2014; Enache & Cumming 2006; Stevenson & 

Haberle 2005) and chemical analysis (freeze-dried bulk and <63 µm samples; Wurster et al. 

2012). Sediment slices from all MAR2 cores were analysed in an ItraxTM Elemental Core 

Scanner at the Australian Nuclear Science and Technology Organisation (ANSTO) Lucas 

Heights campus, as detailed in Chapter 4 (see Weltje et al. 2015 for elemental count 

normalisation procedure). 210Pb sample preparation and analysis by alpha spectrometry and 14C 

sample preparation and analysis by accelerator mass spectrometry were undertaken at ANSTO 

Lucas Heights on bulk sediment samples from MAR2 as per the procedures outlined in Chapter 

4 (see also De Oliceria Goday 1983; Eakins & Morrison 1978; Golding 1961; Lim & Dave 

1981; Lim, Dave & Cloutier 1989). 

 

5.4 Results 

5.4.1 Sediment Descriptions 

Munsell colour descriptions were determined using slices after ItraxTM scanning and 

subsequently may have been affected by thawing, refreezing and drying. The top of MAR2 has 

a high moisture content, particularly from 0-12.5 cm, and is 7.5YR – 2.5/1 Black (Figure 5.11). 

 

 

Figure 5.11: MAR2 0-0.5m slice optical image captured by ItraxTM showing dark, 

moisture-rich sediment characteristic of the top 2.9 m of MAR2 (top on left, bottom on 

right). 
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7.5YR – 2.5/1 Black continues with no visible stratigraphy for the remainder of the depth 

analysed here (2.9 m) with the exception of sediments from 1-1.45 m that are 2.5Y – 4/2 Dark 

greyish brown (Figure 5.12). 

 

 

Figure 5.12: MAR2 1-1.45 m slice optical image captured by ItraxTM showing lighter 

sediments than all other slices in the top 2.9 m of MAR2 (top on left, bottom on right). 

 

Moisture content is high in the uppermost sections of MAR2, decreasing gradually with depth 

and measured as weight loss of a sample after drying as a percentage of wet sediment weight 

(Figure 5.13). The low moisture content of the topmost sample is a measurement error. 
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Figure 5.13: Moisture content for MAR2 0-2.9 m. Gaps indicate samples that were not 

accurately measured resulting in values >100 %, omitted in this figure. 

 

5.4.2 Chronology 

5.4.2.1 Lead-210 (210Pb) Dating 

Samples analysed by alpha spectrometry displayed a decreasing profile with depth of 

unsupported 210Pb between 10 and 20 cm, with sediments above 10 cm displaying mixing and 

the sample below 20 cm (25-26 cm) reaching background 210Pb levels (Figure 5.14, Table 5.1). 

Samples above 10 cm depth are therefore considered modern. The monotonically decreasing 

decay profile dictated the use of the CIC model (see Binford 1990). 
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Figure 5.14: Unsupported 210Pb activity for MAR2. 
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Table 5.1: 210Pb by alpha spectrometry results for MAR2 samples; columns highlighted in red are mentioned in the text. Dates are 

presented as years prior to the collection date (2015). 

 

ANSTO Depth Dry Bulk Cumulative Count Total Supported Uncorrected Unsupported 210Pb Calculated

ID Density  Dry Mass Date 210Pb 210Pb Unsupported Decay corrected CIC Ages
210Pb to 03-Oct-17

(cm) (g/cm3) (g/cm2) (Bq/kg) (Bq/kg) (Bq/kg) (Bq/kg) (years)

U526 0 - 1 1.00 0.5 ± 0.5 02-May-18 64 ± 4 39 ± 6 24 ± 7 25 ± 7
U527 2 - 3 1.00 2.5 ± 0.5 02-May-18 72 ± 3 42 ± 4 30 ± 5 31 ± 5

U528 6 - 7 1.00 6.5 ± 0.5 02-May-18 69 ± 3 38 ± 3 31 ± 5 31 ± 5

U087 10 - 11 1.00 10.5 ± 0.5 05-Oct-17 73 ± 4 38 ± 3 35 ± 5 35 ± 5 47 ± 14

U088 15 - 16 1.00 15.5 ± 0.5 05-Oct-17 64 ± 3 39 ± 3 25 ± 4 25 ± 4 69 ± 21

U089 20 - 21 1.00 20.5 ± 0.5 05-Oct-17 51 ± 3 42 ± 4 9 ± 5 9 ± 5 91 ± 28

U529 25 - 26 1.00 25.5 ± 0.5 02-May-18 45 ± 2 45 ± 4 Not detected 0 ± 5
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5.4.2.2 Carbon-14 (14C) Dating 

Samples analysed by accelerator mass spectrometry for 14C dating display increasing age with 

depth, ranging from 1,105 ± 30 years BP at 44-45 cm to 4,155 ± 50 years BP at 279-280 cm 

depth with no reversals in age (uncalibrated radiocarbon ages; Table 5.2). 

 

Table 5.2: 14C by accelerator mass spectrometry dates for MAR2 samples. 

ANSTO 
Code 

Sample 
Type 

ID Average 
Depth 

δ(13C) ‰ % modern 
carbon 

Conventional 
radiocarbon age 

pM C   1σ 
error 

yrs BP 

OZW494 Bulk 
sediment 

MAR2 0-
1m 44-
45cm 

44-45 cm -23.7 ± 0.1 87.13 ± 0.31 1,105 ± 30 

OZW495 Bulk 
sediment 

MAR2 0-
1m 72-
73cm 

72-73 cm -21.0 ± 0.1 84.42 ± 0.36 1,360 ± 35 

OZW496 Bulk 
sediment 

MAR2 1-
1.95m 
44-45cm 

120-121 cm -24.0 ± 0.2 77.41 ± 0.30 2,055 ± 35 

OZW497 Bulk 
sediment 

MAR2 1-
1.95m 
84-85cm 

160-161 cm -24.1 ± 0.1 72.77 ± 0.36 2,555 ± 40 

OZW498 Bulk 
sediment 

MAR2 
1.95-
2.9m 44-
45cm 

208-209 cm -25.2 ± 0.1 64.40 ± 0.26 3,535 ± 35 

OZW499 Bulk 
sediment 

MAR2 
1.95-
2.9m 84-
85cm 

248-249 cm -25.8 ± 0.3 59.63 ± 0.36 4,155 ± 50 
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210Pb dates (converted to years BP) and 14C dates were combined to form a Bayesian age-depth 

model for MAR2 using the Bacon package within R (see Blaauw et al. 2019; R Development 

Core Team 2013) and using the Southern Hemisphere calibration curve SHCal13 (Hogg et al. 

2013). Figure 5.15 shows a relatively steady sediment accumulation rate throughout the record. 

While samples above 10 cm depth (0-1, 4-5 and 8-9 cm) are assigned ages (-50, -35 and -20 

cal BP, respectively) within the age-depth model, 210Pb analysis suggests mixing across these 

depths with all three samples representing conditions since ~1950 CE. 

 

 

Figure 5.15: Age-depth model for MAR2 combining 210Pb (green) and 14C (blue) dates. 
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5.4.3 ItraxTM XRF Scanning 

Sediment slices for all segments of MAR2 were analysed using an ItraxTM Elemental Core 

Scanner at ANSTO. Elemental counts were normalized by dividing each element count by the 

incoherent scattering (Mo inc) count for that depth (see Davies, Lamb & Roberts 2015, p.192) 

(Figure 5.16). Unlike cores BWIL2 (Chapter 6) and SANFC (Chapter 7), the MAR2 record 

presented in this chapter contains 3 metres of sediment, split into 6 segments for ItraxTM 

analysis, presented in Figure 5.17. The full record (0-5.85 m) for Marura contains 12 segments 

for ItraxTM analysis (Figure 5.16). The lower 5 cm of measurements for each core segment 

were removed from the elemental data prior to analysis to remove errors such as low total 

counts associated with transitions between segments. As stated in Chapter 4, elements of 

interest were selected from the list of interpreted elements by Davies, Lamb and Roberts 

(2015). Elements with consistently fewer than 100,000 counts per second were removed (P. 

Gadd pers. comm.).
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Figure 5.16: Selected ItraxTM normalized elemental and magnetic susceptibility (MS) 

data for MAR2 0-5.85 m: a) stratigraphic plot, and b) principal components analysis. 

Data are plotted by depth, and coloured numbers (sample depths) in plot b correspond 

to coloured depth zones identified by clustering in plot a. 
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The full 5.85 m record of Marura shows a distinct detrital phase in the lowermost core, 

transitioning to a dominant organic signal represented by Mo inc/Mo coh (Mo ratio; Woodward 

and Gadd 2019) at ~4 m depth. This organic signal is maintained for much of the record, except 

for a detrital phase between ~75 cm and 110 cm depth. This can be seen clearly in Figure 5.17 

showing only 0-2.9 m, the depth covered for charcoal and pyrogenic carbon analysis. 

Magnetic susceptibility (MS) shows a strong positive relationship with phosphorus (r² = 0.87) 

and positive correlations to all other elements except for Mo ratio. The remaining elements are 

all strongly positively correlated, aside from weak correlations between manganese (Mn) and 

all elements except iron (Fe) (r² = 0.84). The x axis in Figure 5.16 plot b represents detrital 

versus organic signals, and this principal component explains ~8 % of variance. 
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Figure 5.17: Selected ItraxTM normalized elemental data, magnetic susceptibility (MS) 

data and charcoal flux (particles/cm²/y divided into size fractions) for MAR2 0-2.9 m: a) 

stratigraphic plot, and b) principal components analysis. Data are plotted by depth, and 

coloured numbers (sample depths) in plot b correspond to coloured depth zones 

identified by clustering in plot a. 
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Strong positive correlations are present in MAR2 0-2.9 m between magnetic susceptibility 

(MS) and P (r² > 0.95), with weaker positive correlations between MS (r² < 0.55) and other 

elements, and P (r² < 0.55) and other elements. Strong positive correlations (r² > 0.75, except 

for correlations with Mn where r² > 0.55) are present between all other elements. 

Despite weak (r² < 0.55) relationships between MS, P and these detrital elements, MS and P 

cluster with these elements along the x axis in Figure 5.17 plot b. This axis represents principal 

component 1 that explains ~54.1 % of variance and represents organic input (Mo ratio) versus 

detrital input (MS and all other elements). Visible linear clustering of samples in this plot is 

likely the result of resolution differences between charcoal flux values (every 4 th centimetre) 

and ItraxTM measurements (every millimetre). 

Strong positive correlations (r² > 0.86) are present between the three charcoal flux size 

fractions, with weak correlations to all other variables (r² < 0.2). The charcoal flux measures 

cluster in the lower right quadrant of Figure 5.17 plot b, and are separated from all other 

variables along the y axis that represents principal component 2 (~19.7 % of variance). 

Charcoal flux variables are therefore influenced by factors beyond detrital versus organic input. 

 

5.4.4 Sediment Core (MAR2) Charcoal 

5.4.4.1 Charcoal Flux 

Charcoal counts in all size fractions show a decreasing trend towards the top of the record 

(Figure 5.18). Smaller particles are consistently more abundant than larger particles throughout 

the record.  
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Figure 5.18: Charcoal particles by volume for MAR2, by depth. 

 

Due to the relatively consistent mass accumulation rate throughout the record, charcoal flux 

for MAR2 is almost identical to charcoal particle counts by volume (Figure 5.19). Highest 

charcoal flux values occur between the earliest part of the record (~4600 cal BP) and ~2800 

cal BP. The lowest charcoal flux values in the record occur in the most recent period, from 

~800 cal BP to the present, with a slight increase in flux in the last century. 
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Figure 5.19: Charcoal flux for MAR2, by age. 

 

5.4.4.2 Charcoal L:W Ratios 

Elongate particles as determined from length-width ratios are present throughout the record, 

with high percentages of elongate particles in samples in the lower half of the record before 

increasing in variability in the upper half of the record into the present (Figure 5.20). This 

increasing variability (primarily visible as sharp peaks and troughs) coincides with decreasing 

total charcoal abundance and is therefore likely the result of low sample sizes. 
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Figure 5.20: Percent elongate particles for MAR2, determined from length-width ratios, 

by depth. 

 

The highest variability in percent elongate particles occurs in the >250 µm size fraction due to 

low particle counts, including reaching 100 % at 48-49 cm and dropping to 0 % in the next 

sample (44-45 cm, containing only one charcoal particle). Extreme values (0 or 100 %) of 

percent elongate particles in the 250 µm size fraction occur in samples with low (≤ 3) particle 

counts (excepting 48-49 cm, 11 particles measuring 100 % elongate). 

 

5.4.4.3 Charcoal Morphotypes 

Morphotypes in the 125-63 µm size fraction show a decrease in elongate types D and F through 

the MAR2 record (Figure 5.21). This coincides with an increase in geometric types C and S, 

and polygon types M and P. 
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Figure 5.21: MAR2 125-63 µm morphotypes, by depth. 

 

The complexity of morphotype data from the Courtney Mustaphi and Pisaric (2014) 27-type 

system for the macroscopic size classes was not useful for interpretation or analysis; full 

morphotype data is presented in Appendix 3. When simplified to the 7-type Enache and 

Cumming (2006) system, morphotypes in the 250-125 µm size fraction show similar trends to 

the microscopic fraction with decreasing type F and increasing types M, P and S (Figure 5.22). 
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Figure 5.22: MAR2 250-125 µm morphotypes, by depth. 

 

Limited trends are visible in morphotypes of the >250 µm size fraction, aside from potentially 

a decrease in type F through the record (Figure 5.23). 
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Figure 5.23: MAR2 >250 µm morphotypes, by depth. No particles of Type B were 

present in this size fraction. 

 

The four uppermost samples (0-1, 4-5, 8-9 and 12-13 cm) in MAR2 represent recent conditions 

at the site since ~1950 CE. Morphotypes in this recent period in the 125-63 µm fraction contain 

similar contributions of all types except types B (partially burnt geometric with structure) and 

D (elongate with ramifications). The 250-125 µm is dominated in this period by types showing 

visible structure (M and S) although sample sizes are small, with one sample (8-9 cm) 

containing no charcoal in this size fraction (Figure 5.24). Only one charcoal particle in the >250 

µm fraction is present within the three uppermost samples, of type S. 
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Figure 5.24: Morphotypes since ~1950 CE for MAR2, by size fraction. The >250 µm 

fraction contains a single charcoal particle (type S) in this period, not shown. 

 

When simplified to elongate versus non-elongate morphotypes, percent elongate morphotypes 

display a decreasing trend from the oldest part of the record to the present (Figure 5.25). Percent 

elongate morphotypes for size fractions 250-125 µm and 125-63 µm show similar trends 

throughout the record, while >250 µm particles often deviate due to low particle counts. 
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Figure 5.25: Percent elongate morphotypes for all charcoal size fractions for MAR2, by 

depth. 

 

Percent elongate particles determined from length-width ratios and morphotypes show similar 

trends throughout the record (Figure 5.26, Figure 5.27). Elongate morphotypes consistently 

present slightly lower values than those given by length-width ratio determinations. 
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Figure 5.26: Percent elongate particles as determined by length-width ratios and 

morphotypes for MAR2 250-125 µm size fraction, by depth. 
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Figure 5.27: Elongate particles for MAR2 250-125 µm measured by length-width ratios 

and morphotypes. 

 

5.4.5 Hydrogen Pyrolysis and Elemental Analysis 

5.4.5.1 Pyrogenic Carbon Flux 

Bulk and <63 µm total organic carbon and percent pyrogenic carbon show broadly similar 

trends but demonstrate that organic carbon content is not a major driver of pyrogenic carbon 

content (Figures 5.28 and 5.29). A decrease in total organic carbon in the bulk fraction between 

~116 and 76 cm corresponds to a detrital phase identified via XRF (see 5.4.3 ItraxTM XRF 

Scanning). 
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Figure 5.28: MAR2 bulk total organic carbon (%TOC) and percent pyrogenic carbon 

(large PyC peak at 68 cm removed), by depth. 
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Figure 5.29: MAR2 <63 µm total organic carbon (%TOC) and percent pyrogenic 

carbon, by depth. 

 

Pyrogenic carbon (PyC) flux (g/cm²/y) for bulk and <63 µm samples display similar patterns 

to charcoal flux, with a decreasing trend into the present (Figure 5.30). 
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Figure 5.30: Bulk and <63 µm pyrogenic carbon (PyC) flux for MAR2, by age. 

 

PyC flux for both size fractions displays similar trends to total charcoal flux (Figure 5.31). 
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Figure 5.31: Pyrogenic carbon (PyC) flux and total charcoal flux for MAR2, by age. 

 

PyC flux corresponds most closely to charcoal flux between the <63 µm PyC and 125-63 µm 

charcoal size fractions (Figure 5.32, Table 5.3). 
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Figure 5.32: 125-63 µm charcoal flux and <63 µm pyrogenic carbon (PyC) flux for 

MAR2, by age. 

 

Table 5.3: Charcoal and PyC flux variable r² values for MAR2. 

 >250 µm 250-125 µm 125-63 µm <63 µm PyC 

Bulk PyC 0.0583 0.0782 0.1001 0.0945 

>250 µm  0.8137 0.7381 0.5542 

250-125 µm   0.737 0.5466 

125-63 µm    0.7138 
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5.4.5.2 Pyrogenic Carbon δ13C 

For both bulk and <63 µm size fractions, δ13C values for total organics (pre-hydrogen 

pyrolysis) are more 13C-depleted than δ13C values for pyrogenic carbon (Figures 5.33 and 5.34). 

All stable carbon isotope results are reported relative to Vienna Peedee belemnite (VPDB), and 

precision (SD) with internal standards was better than ±0.1‰. 

 

 

Figure 5.33: MAR2 δ13C for bulk samples before (total organic carbon) and after (PyC) 

hydrogen pyrolysis, by depth. 
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Figure 5.34: MAR2 δ13C for <63 µm samples before (total organic carbon) and after 

(PyC) hydrogen pyrolysis, by depth. 

 

MAR2 δ13C values for pyrogenic carbon in the bulk fraction vary between -18 and -24 ‰, 

while values in the <63 µm size fraction vary between -17 and -25 ‰ (Figure 5.35). These 

values display a mix of those expected for C4 (>-14 ‰) and C3 (<-25 ‰) plants (O’Leary 1988, 

pp.330-331), reflecting the mixed woody and grassy vegetation surrounding Marura, although 

skewed in favour of C3 biomass. 
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Figure 5.35: Bulk and <63 µm pyrogenic carbon (PyC) δ13C for MAR2, by age. 

 

While no overall trend is apparent for bulk PyC δ13C values, trends may be present in the <63 

µm size fraction. This is seen clearly when plotted as a 3 point running mean (Figure 5.36). 

Values are consistently higher (less 13C-depleted) from ~2600-1500 cal BP, with periods of 

lower δ13C values before and after this, excepting a brief increase from ~3900-3600 cal BP. 
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Figure 5.36: 3 point running mean of <63 µm PyC δ13C for MAR2, by age. 
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in the sediment of this segment and mottling is apparent in the radiograph of U111 coincident 

with the increased detrital signal (Figure 5.37). 

 

 

Figure 5.37: Radiographic scans of Marura core segments U109 (0-0.5 m) to U114 

(2.425-2.9 m), recorded using ItraxTM. Core depths are from measurements collected in 

the field and may vary from ItraxTM scan lengths. Mottling is visible in core U111 (1-

1.45 m), indicated by a dashed box. 
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The detrital signal for Marura is comprised primarily of elements typically associated with 

detritus, increased run-off and erosion (see Davies, Lamb & Roberts 2015, pp.194-197); these 

elements are Si, K, Ca, Ti, Mn, Fe, Rb and Sr. While magnetic susceptibility (MS) and P are 

strongly positively correlated to each other in the top 3 m of the record (r² = 0.98) and cluster 

with the detrital elements in the principal components analysis (see Figure 5.18, plot b), both 

display weak positive correlations to the other detrital elements (maximum r² value of between 

0.52 and 0.53 with Sr). This suggests that while increased magnetic susceptibility and P content 

occur during the identified detrital phase, these variables are not closely connected to the 

primary suite of detrital elements. 

The primary detrital elements in this record are well documented as indicators of detrital input. 

K, Ti, Rb and Fe are associated with clays and detritus (Croudace et al. 2006; Davies, Lamb & 

Roberts 2015; Kylander et al. 2011; Mackenzie et al. 2017). Sr and Ca are indicative of silicate 

and carbonate weathering or authigenic precipitation (Cohen 2003; Lobb 2015; Mackenzie et 

al. 2017), and Ca/Ti and Sr/Ti are used to separate detrital Ca and Sr from biogenic/authigenic 

processes (Figure 5.39; Davies, Lamb & Roberts 2015; Fletcher et al. 2015; Kylander et al. 

2011; Liu et al. 2013; Mackenzie et al. 2017). Similarly, Si may be detrital or the result of 

biogenic/authigenic processes and Si/Ti is commonly used to isolate the authigenic component 

(Cohen 2003; Croudace et al. 2006; Davies, Lamb & Roberts 2015; Liu et al. 2013; Mackenzie 

et al. 2017; Moreno et al. 2008; Sáez et al. 2009); analysis of this ratio is unnecessary in the 

Marura record as Si levels are negligible throughout the core excepting the detrital period at 

~75-110 cm, indicating a detrital source of Si. Ca also appears primarily detrital during the 

~75-110 cm section of the core, with biogenic/authigenic Ca elsewhere in the core and peaking 

in the upper ~75 cm (see Figure 5.38). Sr is predominantly biogenic/authigenic, with additional 

detrital Sr during the detrital phase. 
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Figure 5.38: Selected normalized element counts and element ratios mentioned in the 

text from ItraxTM elemental data for MAR2 0-2.9 m, by depth. 

 

Mn is commonly interpreted as an indicator of oxygenation of bottom waters, redox conditions 

and overall lake levels (Burn & Palmer 2014; Davies, Lamb & Roberts 2015; Kylander et al. 

2011; Martin, Mooney & Goff 2014), but has also been used as an indicator of redox-sensitive 

detritus (Moreno et al. 2008) and wetland productivity (Mackenzie et al. 2017). Mn is identified 

by Plumb and Roberts (1967, p.18) as present in the soils of Blue Mud Bay, first recorded in 

1803 by Matthew Flinders on Groote Eylandt. Mn appears in this record to be primarily derived 

from a detrital source, with strong positive correlations to many other detrital elements 

(maximum r² = 0.757 with Ca). 
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In summary, phases in the MAR2 record dominated by an organic signal occurred between 

~4000 and ~2600 cal BP, concurrent with high charcoal flux, and from ~1000 cal BP to the 

present. Detrital input at Marura peaked between ~1900 and ~1300 cal BP. 

 

5.5.2 Charcoal and Pyrogenic Carbon 

Charcoal and PyC flux in all size fractions are highest in the earlier part of the MAR2 record 

(~4600 to ~1900 cal BP), decreasing progressively to 1000 cal BP followed by minimal flux 

until the last century. Trends are similar between the size fractions, particularly between the 

charcoal sizes (>250 µm, 250-125 µm and 125-63 µm) as well as between 125-63 µm charcoal 

flux and <63 µm PyC flux (see Figure 5.32). In detail, PyC flux values do not correspond 

closely with the equivalent charcoal flux values, with variation in the timing of peaks and 

troughs displaying an almost inverse relationship in some parts of the record. This is the result 

of different fire intensities as the proportion of pyrogenic carbon to charcoal increases with 

increasing intensity. This is supported by charcoal area measurements for the largest size 

fraction (>250 µm), which would correlate strongly with bulk PyC flux if these PyC peaks 

were the product of large charcoal pieces (Figure 5.39). These measures show similar trends 

between ~3700 and 2600 cal BP (shown in Figure 5.39 by a dashed grey bounding box) but 

display inverse trends for the rest of the record. 
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Figure 5.39: >250 µm charcoal area measurements and bulk PyC flux for MAR2, by 

age. Similar trends occur from ~3700-2600 cal BP, indicated by a dashed grey bounding 

box. 

 

Marura has been less directly and extensively affected by European colonisation or land use 

than sites such as Big Willum Swamp (see Chapter 6) but has been influenced indirectly. 

Arnhem Land was under pastoral lease in the late 19th century, and this combined with missions 

established in the early 20th century reduced Indigenous populations in the region via genocide, 

displacement and relocations (see Chapter 3; Cole 1982). Therefore, it is expected that the 

MAR2 charcoal and PyC record reflects changes caused by European arrival, most likely in 

the form of Indigenous fire management practices being removed over the last century. This 

appears as a peak in charcoal and PyC fluxes from ~1950 CE. 
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5.5.2.1 Vegetation Burned 

δ13C depletion of PyC in “fine particle size fractions” is expected in grass-dominated 

environments as a result of the Stable Isotope Disequilibrium Effect (Saiz et al. 2015, p.1859); 

however, <63 µm PyC δ13C is not consistently more or less 13C-depleted than values for the 

bulk PyC fraction, therefore the Stable Isotope Disequilibrium Effect (SIDE) is not discernible 

in this record. The range of δ13C values for both sizes (-17 to -25 ‰ for both, with bulk 

primarily falling between -20 and -23 ‰) reflect mixed C3/C4 vegetation signals (see O’Leary 

1988). The variable relationship between values for the bulk and <63 µm fractions suggests 

changes to the type of vegetation burned through the record; however, the mechanisms behind 

this variation are unclear. 

Elongate particle percentages from length-width ratios and morphotypes can help elucidate 

vegetation changes, but these measures are likely affected by sample sizes when charcoal 

abundance is low. The contribution of elongate particles to charcoal samples is higher at the 

bottom of the record, decreasing in quantity and increasing in variability through time. It is 

unclear if this reflects a decrease in grass/elongate vegetation over time or is an artefact of 

decreasing sample sizes, as charcoal flux similarly decreases towards the top of MAR2. 

While all measures agree that mixed grass/wood (C3/C4) contribution is present throughout the 

record, elongate particle percentages from both measures show little correlation with PyC δ13C 

values (r² values all below 0.1). This likely results from methodological differences, as different 

size fractions are being measured, a charcoal particle from a C3 plant may break into elongate 

pieces, and the δ13C value of a sample may be dominated by the largest (volume) particle in 

contains. Sudden changes in bulk PyC δ13C values could therefore be the result of one or more 

large charcoal particles in the sample, such as a large piece of burned wood skewing a sample 

towards a lower value. However, for Marura, area measurements for >250 µm charcoal show 

no peaks in area corresponding with decreases in bulk PyC δ13C (Figure 5.40). 
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Figure 5.40: MAR2 >250 µm charcoal area and bulk PyC δ13C, by age. 

 

5.6 Conclusion 

Charcoal, PyC and elemental composition data for Marura (MAR2) presented in this chapter 

represent a late Holocene palaeofire record with mixed C3/C4 vegetation and decreasing 

charcoal flux over time. The highest values of charcoal flux and pyrogenic carbon occur 

between ~4600 and ~2800 cal BP, decreasing thereafter. A slight increase in charcoal and PyC 

flux values occurs after ~55 cal BP, potentially corresponding to European arrival and 

Indigenous depopulation in the region; however, this cannot be interpreted with confidence due 

to the likelihood of sediment mixing in the uppermost 10 cm. 
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Chapter 6 : Big Willum Swamp 

 

 

6.1 Introduction 

This chapter presents an overview of the land use history, geology, vegetation and current fire 

regime surrounding Big Willum Swamp, Weipa, Queensland. A methodological overview is 

provided, followed by results for sedimentary analyses, chronology and fire proxies. Objectives 

of analysis for this site, linked to the overall research aims of this study presented in Chapter 

1, are as follows: 

1) The creation of a high resolution multiproxy late Holocene palaeofire record for Big 

Willum Swamp 

2) Characterisation of vegetation burned in the Big Willum Swamp record, and how it has 

or has not changed through time 

3) Investigation of potential European influence, through Indigenous depopulation and 

establishment of a bauxite mine, on fire in the Big Willum Swamp record 

Big Willum Swamp was selected for analysis as it is a perennially wet water body in a region 

(northern Cape York Peninsula) lacking in palaeoenvironmental records. Big Willum Swamp 

is the only site presented in this thesis that has previously been studied and thus may 

demonstrate the interpretive power and insights gained by a multiproxy approach compared 

directly to the existing record that utilises charcoal counts only. 
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6.2 Site Description 

Big Willum Swamp (12.657°S, 141.998°E) (also known as Willem Swamp or Waandriipayn; 

Stevenson et al. 2015) is located within the active Rio Tinto bauxite mine in East Weipa, 

western Cape York Peninsula (Figure 6.1). The swamp is approximately 250 metres west-

southwest to east-northeast by 600 metres north-northwest to south-southeast, and is classified 

as a palustrine system (Department of Environment & Science 2018a). The geophysics team 

was not present during fieldwork at this site, therefore resistivity data is not available for Big 

Willum Swamp. 

 

 

Figure 6.1: Location of Big Willum Swamp (inset after Google Earth 2018a). 
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Big Willum Swamp is the only site in this study that has been previously researched; Stevenson 

et al. (2015) present a palaeoenvironmental record for the site comprising pollen and charcoal 

(macro- and microscopic) data along with a radiocarbon chronology (Figure 6.2) while Proske 

et al. (2017) present a diatom record. 

 

 

Figure 6.2: Charcoal and pollen diagram for Big Willum Swamp cores BW01 and 

BW03 from Stevenson et al. (2015). 

 

Big Willum Swamp is at 28 m elevation, with a recorded maximum water depth of 3.5 m during 

fieldwork in July 2017. Most of the swamp is perennially wet (Figure 6.3). 
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Figure 6.3: Big Willum Swamp water permanence derived from LANDSAT imagery for 

the period 1970-2018 (after Geoscience Australia 2018; Department of the Prime 

Minister & Cabinet 2019). Dark blue indicates >90 % water permanence over the 

observation period. 

 

The swamp is surrounded by terrain with limited (~10 m) elevation changes and therefore the 

swamp has a small approximate catchment area of 0.75 km2 (Figure 6.4). 
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Figure 6.4: Digital elevation map of Big Willum Swamp and surrounds, with the 

approximate catchment area of the swamp marked in orange (after Geoscience 

Australia 2015). 

 

6.2.1 Land Use History 

The Traditional Owners of the area including Big Willum Swamp are the Peppan people 

(Stevenson et al. 2015). Archaeological surveys and studies have identified stone surface 

scatters, earth mounds, scarred trees and shell mounds in the Weipa area and dating of these 

features suggests Indigenous occupation to have begun by ~2700 cal BP with intensification 

after ~1000 cal BP (Morrison 2014; Shiner & Morrison 2009; see Chapter 3). The archaeology 

includes “hundreds of archaeological and culturally important sites” surrounding the Wathayn 
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Outstation (Shiner et al. 2013, p.69) approximately four kilometres south of Big Willum 

Swamp. These sites incorporate numerous shell mounds, and a group of five identified earth 

mounds (Shiner et al. 2013; Shiner & Morrison 2009, p.53). The establishment of earth mounds 

near freshwater sources suggests “diversification of the economy away from the coast” 

beginning ~2200 cal BP (Brockwell et al. 2016, p.6), while the Tegillarca shell mounds 

represent episodic, seasonal gatherings of large groups of people during this period (Morrison 

2003, pp.4-5). The varying height, shape, cluster size and location type of these shell mounds 

indicates that “significant variation existed in the nature of the Tegillarca gatherings over a 

long period” (Morrison 2003, p.5). 

The European settlement of Weipa began with a Presbyterian mission on the Embley River, 

established in 1898 and officially named Weipa Mission in 1899 (Queensland Government 

2017a; Weipa Town Authority 2014). Bauxite mining at Weipa began with the establishment 

of “Top Camp” at Munding in 1956 after the discovery of economic bauxite deposits the year 

prior (Weipa Town Authority 2014). Construction of the mining township of Weipa (known 

as Weipa North) was begun by Comalco (Commonwealth Aluminium Corporation) in 1964, 

with the township officially declared in 1967 (Weipa Town Authority 2014). The former Weipa 

Mission community, renamed Weipa South (1965) and later Napranum (1990), was transferred 

to the trusteeship of the Weipa South Aboriginal Council under a Deed of Grant in Trust in 

1988 (Queensland Government 2017a). The Western Cape Communities Co-existence 

Agreement was signed in 2001 by Comalco, the communities of Aurukun, Mapoon, Napranum 

and New Mapoon, the Cape York Land Council, the Queensland Government and eleven 

Traditional Owner groups (Weipa Town Authority 2014). Comalco was renamed Rio Tinto 

Aluminium in 2006 (Weipa Town Authority 2014). Mining leases in the Weipa area span 3860 

km², which includes currently active mining areas and land in various stages of rehabilitation 

(Rio Tinto 2017). 
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Aerial photographs combined with satellite imagery show minor changes to the overall size 

and shape of Big Willum Swamp since 1969, including a contraction of the swamp in 2005 to 

approximately 200 metres by 530 metres and subsequent re-expansion by 2013 (Figure 6.5). 

These images demonstrate that drying and shrinkage of the edges of Big Willum have occurred 

previously, while the centre of the swamp has remained perennially wet. This is demonstrated 

by water observations from space (see Figure 6.3 above). 
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Figure 6.5: Aerial and satellite images of Big Willum Swamp (after Google Earth 2018a; 

Queensland Government 2019). 
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Aerial and satellite imagery also record the development of mining operations near Big 

Willum, beginning with small linear tracks across the 1969 image and proceeding to the 

creation of a road visible in the 1979 photograph, approximately 330 metres south of the 

water’s edge (currently known as the Peninsula Developmental Road). Additional roads are 

visible in the 1989 image, and cleared vegetation associated with the active bauxite mine 

appears in the 2005 image. Vegetation clearing related to mining activities significantly 

expands in the 2013 and 2018 images. 

 

6.2.2 Environment 

6.2.2.1 Climate 

The climate of Big Willum Swamp is classified as AW – Tropical/Equatorial Savanna with dry 

winter under the global Köppen-Geiger Climate Classification (Peel, Finlayson & McMahon 

2007; Kottek et al. 2006). Mean annual rainfall is 1784.9 mm measured from the nearest 

weather station (Weipa Eastern Ave, approximately 13 km away), primarily (~95 %) occurring 

between November and April (BOM 2018d). Winds are low speed and multi-directional in 

January and predominantly from the southeast in July (BOM 2018d) (Figure 6.6). Average 

minimum and maximum daily temperature ranges from 18.8 °C and 34.8 °C, in August and 

October respectively (BOM 2018d). Mean relative humidity measured at 9 am varies between 

66 % (October) and 87 % (February) (BOM 2018d). 
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Figure 6.6: Average wind direction and speed 1959-1994, measured at 9am in January 

(left) and July (right), from Weipa Eastern Ave (after BOM 2018d). 

 

In the period 1969-2016, 14 cyclones passed within 50 km of Big Willum and 22 passed within 

100 km (BOM 2018a). Lightning cloud-to-ground flash density in Weipa and surrounds is 

between 2 to 3 flash/km2/year, primarily occurring between November and April (BOM 

2016a). 

 

6.2.2.2 Geology and Vegetation 

The Weipa region is comprised of three major physiographic units; from the ocean to inland 

these are the Mapoon Plain, the Weipa Plateau and the Merluna Plain (Cameron & Cogger 

1992, p.5). Big Willum Swamp is located on the Weipa Plateau, which is overlain by 

“Quaternary and Tertiary aluminous laterite, including bauxite and the ‘ironstone’ below it” 
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(Bureau of Mineral Resources, Geology & Geophysics 1976). Biggs and Phillip (1995, p.14) 

identify this laterite as eroded remnants of the Bulimba sandstones, overlying the Rolling 

Downs Group. Big Willum Swamp in its current state was formed from the collapse of this 

underlying laterite karst (see Grimes & Spate 2008). Dominant soils in the surrounding area 

are “deep loamy yellowish red earths that are pisolitic (bauxitic)”, with “neutral soils” as well 

as “acid forms” present (Mu17: Gn2.15, Gn2.14) (Northcote et al. 1960-1968). 

The principal habitat on the Weipa Plateau is open woodland, occurring on “deep well-drained 

loamy or sandy soils” (Cameron & Cogger 1992, p.6). The vegetation surrounding Big Willum 

Swamp is clearly representative of this broader habitat type. The site is surrounded by open 

Eucalyptus woodland, dominated by Eucalyptus tetrodonta with Corymbia nesophila 

codominant, and low trees of Grevillea glauca, G. parallela and Erythrophleum chlorostachys 

(Figure 6.7; Neldner et al. 2017:108-9). There is a sparse, poorly developed shrub layer 

including Coelospermum and Persoonia (Cameron & Cogger 1992, p.6; Neldner et al. 2017, 

p.109), and a “mid-dense” ground layer of grasses dominated by Heteropogon, Sarga and 

Alloteropsis (Neldner et al. 2017, p.109; see also Figure 6.7). 
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Figure 6.7: Eucalyptus woodland vegetation at Big Willum Swamp. Left image from 

near the waterline of Big Willum Swamp (southern edge, looking west), showing the 

high water mark from the last wet season. Right image shows the grassy understorey on 

the southern side of Big Willum Swamp, beyond the most recent high water mark 

(photos taken July 2017). 

 

Melaleuca (paperbark) woodland is present as a fringing community, dominated by Melaleuca 

species (e.g. M. viridiflora) with an undergrowth of sedges and grasses, merging landward into 

bare ground “covered by a layer of black-stained leaf litter” (Figure 6.8; Cameron & Cogger 

1992, p.7). 

Aquatic vegetation of Big Willum Swamp includes Eleocharis sedges and Nymphaea water 

lilies (see Figure 6.8). Submerged aquatic algae (unidentified) forms a thick covering of 

vegetation over the sediment (see Sample Collection below). 
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Figure 6.8: Melaleuca woodland at the southern waterline of Big Willum Swamp (left) 

and aquatic vegetation (right) of Big Willum Swamp (looking towards the southern 

shore). 

 

6.2.2.3 Fire 

In the 18 year period spanning 2000-2018 the area surrounding Big Willum burned on average 

every 2 to 6 years (every year at its most frequent) (Figure 6.9; NAFI 2019). However, some 

areas beyond the catchment of Big Willum were not burned at all during this period, likely due 

to mining activities and mining-related land clearance. Fires in the period 2000-2018 were 

primarily between July and October, with the earliest scar occurring in June 2016 on the 

southern margin of the swamp (NAFI 2019; see also Figure 6.7). Winds during these months 

are predominantly from the east to southeast; charcoal transported to Big Willum Swamp 

during these months would derive from land extensively modified by and cleared of vegetation 

for mining activities between 2005 and 2012 (as visible in satellite imagery). 
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Figure 6.9: Number of years that areas around Big Willum Swamp burned 2000-2018 

(after NAFI 2019). 

 

6.3 Methods 

6.3.1 Sample Collection 

Samples were collected from Big Willum Swamp during fieldwork in July 2017. Sediment 

cores were collected using a raft-mounted hydraulic corer modified using Eijkelkamp 

equipment. Two cores were collected: BWIL1, a test core from 0-1 m, and BWIL2 covering 

0-3 m. Surface samples were unable to be collected via grab sampler due to dense aquatic algae 

covering the water-sediment interface. 
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6.3.2 Laboratory Analyses 

Laboratory methods and justification for the choice of methods are described in detail in 

Methods (Chapter 4). For Big Willum, core BWIL2 was selected for study as BWIL1 was a 

test core that covered only the top metre of sediment. As per Chapter 4, the core was divided 

for optical charcoal analysis (Courtney Mustaphi & Pisaric 2014; Enache & Cumming 2006; 

Stevenson and Haberle 2005) and chemical analysis (freeze-dried bulk and <63 µm samples; 

Wurster et al. 2012). 

Sediment slices from the top metre of BWIL2 were analysed in an ItraxTM Elemental Core 

Scanner at the Australian Nuclear Science and Technology Organisation (ANSTO) Lucas 

Heights campus, as also detailed in Chapter 4. It was not possible to successfully remove slices 

of the 1-2 m or 2-3 m segments of BWIL2 for analysis by ItraxTM due to the dense, clay-rich 

texture of the sediment that crumbled during attempted sampling. 

210Pb sample preparation and analysis by alpha spectrometry and 14C sample preparation and 

analysis by accelerator mass spectrometry were undertaken at ANSTO Lucas Heights on 

samples from BWIL2 as per the procedures outlined in Chapter 4. 

 

6.4 Results 

6.4.1 Sediment Descriptions 

Munsell colour descriptions were determined using slices after ITRAX scanning and 

subsequently may have been affected by thawing, refreezing and drying. The top 7.5 cm was 

identified during core slicing and sampling to be composed primarily of moisture with minimal 

sediment, and subsequently sampling began at 7.5 cm (referred to thereafter as 0). BWIL2 0-

0.5 m is 7.5YR – 3/1 Very dark grey with no discernible stratigraphy, before transitioning 
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abruptly in 0.5-1 m to 10YR – 5/2 Greyish brown (Figure 6.10). There is a second transition at 

~0.585 m to 10YR – 7/1 Light grey denser, clay-rich sediment. 

 

 

 

Figure 6.10: BWIL2 0-0.5 m (top) and 0.5-1 m (bottom) slice optical images captured by 

ItraxTM (top of cores on left, bottom on right). 

 

BWIL2 sediments have the lowest moisture content of the three sites (Figure 6.11), measured 

as weight loss of a sample after drying as a percentage of wet sediment weight. Moisture 

content was only recorded for the top 13 cm of the core, corresponding with sampling for 

charcoal and hydrogen pyrolysis analysis. Moisture content decreases sharply at 12.5-13 cm 

where the sediment transitions to paler dense clay. 
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Figure 6.11: Moisture content for the top of BWIL2 (0-0.13 m). 

 

6.4.2 Chronology 

6.4.2.1 Lead-210 (210Pb) Dating 

Samples analysed by alpha spectrometry displayed a decreasing profile with depth of 

unsupported 210Pb between 0 and 7 cm before reaching background levels (Table 6.1, Figure 

6.12). Constant Initial Concentration (CIC) and Constant Rate of Supply (CRS) models are in 

close agreement, with sediment at 6.5-7 cm dated to 142 ± 11 or 164 ± 42 years.
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Table 6.1: 210Pb by alpha spectrometry results for BWIL2 samples; columns highlighted in red are mentioned in the text. Dates are 

presented as years prior to the collection date (2017) 

 

.

ANSTO Depth Dry Bulk Cumulative Count Total Supported Unsupported 210Pb Calculated Calculated CRS model

ID Density  Dry Mass Date 210Pb 210Pb Decay corrected CIC Ages CRS Ages Mass Accumulation 

to 03-Oct-17 Rates

(cm) (g/cm3) (g/cm2) (Bq/kg) (Bq/kg) (Bq/kg) (years) (years) (g/cm2/year)

U090 0.0 - 0.5 1.21 0.3 ± 0.3 06-Oct-17 193 ± 16 29 ± 6 164 ± 17 5 ± 5 4 ± 2 0.068 ± 0.005

U093 1.5 - 2.0 1.25 2.1 ± 0.3 06-Oct-17 99 ± 5 26 ± 3 73 ± 6 35 ± 6 32 ± 3 0.065 ± 0.007

U094 2.0 - 2.5 1.26 2.8 ± 0.3 06-Oct-17 83 ± 4 24 ± 3 59 ± 5 46 ± 6 42 ± 3 0.058 ± 0.007

U095 2.5 - 3.0 1.27 3.4 ± 0.3 06-Oct-17 91 ± 4 30 ± 4 61 ± 6 56 ± 6 56 ± 3 0.037 ± 0.005

U096 3.0 - 3.5 1.29 4.0 ± 0.3 06-Oct-17 42 ± 2 20 ± 2 22 ± 3 67 ± 7 69 ± 5 0.068 ± 0.012

U097 3.5 - 4.0 1.29 4.7 ± 0.3 06-Oct-17 39 ± 2 18 ± 2 21 ± 3 77 ± 7 80 ± 4 0.050 ± 0.009

U098 4.0 - 4.5 1.27 5.3 ± 0.3 06-Oct-17 51 ± 3 35 ± 4 16 ± 5 88 ± 8 93 ± 10 0.044 ± 0.013

U099 4.5 - 5.0 1.30 6.0 ± 0.3 06-Oct-17 44 ± 2 36 ± 4 8 ± 4 99 ± 9 106 ± 18 0.062 ± 0.029

U530 5.0 - 5.5 1.30 6.6 ± 0.3 02-May-18 42 ± 2 36 ± 3 6 ± 4 109 ± 9 116 ± 24 0.062 ± 0.021

U534 6.5 - 7.0 1.30 8.6 ± 0.3 10-May-18 41 ± 2 37 ± 4 3 ± 4 142 ± 11 164 ± 42 0.023 ± 0.015

U532 5.5 - 6.0 1.30 7.3 ± 0.3 10-May-18 41 ± 3 43 ± 4 Not detected

U533 6.0 - 6.5 1.30 7.9 ± 0.3 10-May-18 43 ± 2 54 ± 5 Not detected

U531 7.0 - 7.5 1.30 9.2 ± 0.3 02-May-18 40 ± 2 23 ± 2 17 ± 3

U100 7.5 - 8.0 1.33 9.9 ± 0.3 06-Oct-17 34 ± 2 23 ± 2 11 ± 3

U101 9.5 - 10.0 1.39 12.6 ± 0.3 06-Oct-17 33 ± 1 30 ± 3 4 ± 3
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Figure 6.12: Unsupported 210Pb activity by depth for BWIL2. 

 

6.4.2.2 Carbon-14 (14C) Dating 

Samples analysed by accelerator mass spectrometry for 14C dating display increasing age with 

depth, ranging from 760 ± 20 years BP at 5-5.5 cm to 3495 ± 30 years BP at 12-12.5 cm depth 

(uncalibrated radiocarbon ages) (Table 6.2). 
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Table 6.2: 14C by accelerator mass spectrometry dates for BWIL2 samples. 

ANSTO 
Code 

Sample 
Type 

ID δ(13C) ‰ % modern 
carbon 

Conventional 
radiocarbon age 

pM C   1σ error yrs BP 

OZX211 Bulk 
sediment 

BWIL2 5-5.5cm -18.9 ± 0.1 90.95 ± 0.22 760 ± 20 

OZW504 Bulk 
sediment 

BWIL2 8-8.5cm -20.5 ± 0.2 84.52 ± 0.21 1,350 ± 20 

OZW505 Bulk 
sediment  

BWIL2 9-9.5cm -18.9 ± 0.1 82.30 ± 0.33 1,565 ± 35 

OZW506 Bulk 
sediment 

BWIL2 10-10.5cm -18.6 ± 0.1 80.10 ± 0.28 1,780 ± 30 

OZW507 Bulk 
sediment 

BWIL2 11-11.5cm -18.0 ± 0.1 67.33 ± 0.30 3,175 ± 40 

OZW508 Bulk 
sediment 

BWIL2 12-12.5cm -18.8 ± 0.1 64.71 ± 0.24 3,495 ± 30 

 

210Pb dates (converted to years BP) and 14C dates were combined to form a Bayesian age-depth 

model for BWIL2 using the Bacon package within R (see Blaauw et al. 2019; R Development 

Core Team 2013) and using the Southern Hemisphere calibration curve SHCal13 (Hogg et al. 

2013). Figure 6.13 shows a period of low sediment accumulation between ~12 and 10 cm, 

covering approximately 2000 years. Low accumulation between 5.5 and 5 cm may be an 

artefact of the combination of (and transition between) 210Pb and 14C dates. 
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Figure 6.13: Age-depth model for BWIL2 combining 210Pb (green) and 14C (blue) dates. 

 

6.4.3 ItraxTM XRF Scanning 

Sediment slices from 0-1 m of BWIL2 were analysed using an ItraxTM Elemental Core Scanner. 

Elemental counts were normalized by dividing each element count by the incoherent scattering 

(Mo inc) count for that depth (see Davies, Lamb & Roberts 2015, p.192) (Figure 6.14). As 

stated in Chapter 4, elements of interest were selected from the list of interpreted elements by 

Davies, Lamb and Roberts (2015). Elements with consistently fewer than 100,000 counts per 

second were removed (P. Gadd pers. comm.). 
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Figure 6.14: Selected ItraxTM normalized elemental and magnetic susceptibility (MS) 

data for BWIL2 0-1 m: a) stratigraphic plot, and b) principal components analysis. 

Data are plotted by depth. 
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The top metre of BWIL2 shows a dominant detrital signal, indicated by high magnetic 

susceptibility paired with high Al, Si, K, Ti, Fe and Sr, transitioning to an organic-rich phase 

in the top 20 cm, marked by a sharp increase in Mo inc/coh and high S (Figure 6.14 plot a). 

These two primary signals are identified by principal component 1 (detrital versus organics) 

that explains 81.66 % of variation. This is visible in Figure 6.14 (plot b) as the grouping of 

magnetic susceptibility and these detrital elements in the upper right quadrant, with Mo ratio 

in the upper left. Elements Ca and Mn fall within the detrital signal (the right side of the x axis) 

while S falls within the organic signal (left side of the x axis) but these elements are also 

influenced by other factors (identified here as principal component 2, on the y axis) beyond the 

primary organic and detrital signals. 

ItraxTM data for the uppermost 13 cm of BWIL2 were combined with charcoal data to compare 

elemental and charcoal variations (Figure 6.15). 
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Figure 6.15: Selected ItraxTM normalized elemental and magnetic susceptibility (MS) 

data and charcoal flux (particles/cm²/y divided into size fractions) for BWIL2 0-0.13 m: 

a) stratigraphic plot, and b) principal components analysis. Data are plotted by depth. 
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Similar to the full 0-1 m of BWIL2, principal component 1 of the top 13 cm represents detrital 

versus organic input (explaining ~53 % of variation), represented in Figure 6.15 (plot b) by the 

x axis. 

All charcoal size fractions, organic content (Mo ratio) and magnetic susceptibility (MS) are 

also influenced by principal component 2 (~22 % of variation), represented by the y axis. 

Unlike in the full top metre of BWIL2, elements Ca and Mn are grouped closely with the other 

detrital elements and both have strong positive correlations with Ti and Fe (r² > 0.8). 

 

6.4.4 Sediment Core (BWIL2) Charcoal 

The data presented in this section are described and plotted by a combination of depth (cm) 

and age (years cal BP). Flux values (units per cm² per year) are most suitably presented by age 

as these variables are rates of accumulation over time. However, the varied sediment 

accumulation rate of BWIL2 results in the majority of data points clustering closely together 

when plotted by age. Therefore, data are also presented by depth where appropriate and 

necessary to show variability and trends in the data. 

 

6.4.4.1 Charcoal Flux 

Charcoal counts in the macroscopic size fractions are low throughout the record, particularly 

in the >250 µm size fraction (12 of 26 samples contain no charcoal particles in this size) (Figure 

6.16). Trends are consistent between the three size fractions where charcoal is present. 
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Figure 6.16: Charcoal particles by volume for BWIL2, by depth. 

 

Charcoal in all size fractions in the BWIL2 record predominantly accumulated between ~1500 

cal BP and the present, peaking after 304 cal BP (Figure 6.17, plot a). Peaks in charcoal flux 

occur around the year 1900 AD in the 250-125 µm and 125-63 µm fractions (4.5 cm depth), 

with no charcoal particles recorded in the >250 µm fraction (Figure 6.17, plot b). Peaks occur 

in the >250 µm and 125-63 µm fractions around 1970 AD, but this peak occurs earlier (~1947 

AD) in the 250-125 µm fraction. 
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Figure 6.17: Charcoal flux for BWIL2, by age: a) all size fractions, and b) macroscopic 

size fractions only. 
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6.4.4.2 Charcoal L:W Ratios 

Elongate particles as determined from length-width ratios are highly variable throughout the 

record due to many samples containing few (<13 particles per cubic cm) or no particles (Figure 

6.18). Measurements for elongate particles vary between 0 and 100 % in both size fractions, 

with values between 20 and 85 % in the 250-125 µm fraction in samples with higher charcoal 

counts (2-3 cm and 4-7.5 cm). 

 

 

Figure 6.18: Percent elongate particles determined from length-width ratios and 

particle counts for BWIL2 macroscopic charcoal, by depth. 

 

6.4.4.3 Charcoal Morphotypes 
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and charcoal abundance is apparent, nor are there clear trends in morphotype composition over 

time. 

 

 

Figure 6.19: BWIL2 125-63 µm morphotypes, by depth. 

 

When simplified to the 7-type Enache and Cumming (2006) system, morphotypes in the 250-

125 µm size fraction are similarly dominated by type F, with declining type S over time into 

the present (Figure 6.20). 
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Figure 6.20: BWIL2 250-125 µm morphotypes, by depth. 

 

Due to overall low charcoal counts, the >250 µm size fraction shows many sharp peaks with 

morphotypes comprising 50 to 100 % of each sample (Figure 6.21). 
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Figure 6.21: BWIL2 >250 µm morphotypes, by depth. 

 

Morphotypes in the most recent period (since ~1950 CE) show varied composition across size 

fractions (Figure 6.22). While the 125-63 µm size fraction is dominated by type F (elongate), 

no clear patterns occur in the macroscopic sizes, potentially due to low particle counts. 
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Figure 6.22: Morphotypes since ~1950 CE for BWIL2, by size fraction. 

 

No consistent trends between the size classes are present in elongate morphotypes (Figure 

6.23). Elongate morphotypes are consistently present in at least one size fraction throughout 

the record. 
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Figure 6.23: Percent elongate morphotypes for all charcoal size fractions, and total 

particle count, for BWIL2, by depth. 

 

Percent elongate particles calculated from length-width ratios and morphotypes display similar 

trends throughout the record (Figure 6.24). Both measures estimate between 20 and 60 % 

elongate particles in the 250-125 µm and 125-63 µm size fractions in the period of highest 

charcoal counts (4 to 8 cm). 
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Figure 6.24: Percent elongate particles as determined by length-width ratios and 

morphotypes for BWIL2 by size fraction, by depth. 

 

6.4.5 Hydrogen Pyrolysis and Elemental Analysis 

6.4.5.1 Pyrogenic Carbon Flux 

Total organic carbon and percent pyrogenic carbon show broadly similar trends in both bulk 

and <63 µm size fractions (Figures 6.25 and 6.26). Generally increasing total organic carbon 

content towards the uppermost core corresponds to a dominant organic signal at these depths 

identified via XRF (see ItraxTM XRF Scanning above). 
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Figure 6.25: BWIL2 bulk total organic carbon (%TOC) and percent pyrogenic carbon, 

by depth. 
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Figure 6.26: BWIL2 <63 µm total organic carbon (%TOC) and percent pyrogenic 

carbon, by depth. 

 

Pyrogenic carbon (PyC) flux (g/cm²/y) for bulk and <63 µm samples of BWIL2 show similar 

trends to charcoal flux values, with values increasing at ~1630 cal BP and peak flux occurring 

in the most recent period (since ~1900 AD, Figure 6.27). 
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Figure 6.27: Bulk and <63 µm pyrogenic carbon (PyC) flux for BWIL2, by age. 

 

Bulk PyC flux follows total charcoal flux closely, with the exception of very low charcoal 

counts from 0.5-1 cm (Figure 6.28).  
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Figure 6.28: Bulk and <63 µm pyrogenic carbon (PyC) flux and total charcoal flux for 

BWIL2, by depth. 

 

PyC for the <63 µm fraction is low throughout the record and corresponds well to charcoal flux 

for the 125-63 µm size fraction (Table 6.3), although a peak is present in <63 µm PyC flux at 
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0.0

0.5

1.0

1.5

2.0

2.5

0.E+00

4.E-05

8.E-05

1.E-04

2.E-04

0 2 4 6 8 10 12

Fl
ux

 (p
ar

tic
le

s/
cm

²/y
)

Fl
ux

 (g
/c

m
²/y

)

Depth (cm)

BWIL2 PyC flux and total charcoal flux

PyC flux Bulk PyC flux <63µm Total particle flux



167 
 

Table 6.3: Charcoal and PyC flux variable r² values for BWIL2. 

 >250 µm 250-125 µm 125-63 µm <63 µm PyC 

Bulk PyC 0.2714 0.3949 0.3525 0.4483 

>250 µm  0.5045 0.5682 0.4363 

250-125 µm   0.7863 0.4799 

125-63 µm    0.5323 

 

 

Figure 6.29: <63 µm pyrogenic carbon (PyC) flux and 125-63 µm charcoal flux for 

BWIL2, by depth. 
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6.4.5.2 Pyrogenic Carbon δ13C 

Bulk δ13C values for total organics (pre-hydrogen pyrolysis) are consistently more 13C-

depleted than δ13C values for pyrogenic carbon, while no clear relationship is present between 

total organic carbon and pyrogenic carbon δ13C values in the <63 µm size fraction (Figures 

6.30 and 6.31). 

 

 

Figure 6.30: BWIL2 δ13C for bulk samples before (total organic carbon) and after 

(PyC) hydrogen pyrolysis, by depth. 

 

-24
-23
-22
-21
-20
-19
-18
-17
-16
-15

0 2 4 6 8 10 12

‰
 V

PD
B

Depth (cm)

BWIL2 Bulk pre- and post-hypy δ13C

δ13C PyC BULK Prehypy d13C bulk



169 
 

 

Figure 6.31: BWIL2 δ13C for <63 µm samples before (total organic carbon) and after 

(PyC) hydrogen pyrolysis, by depth. 

 

BWIL2 δ13C values for pyrogenic carbon are consistent throughout the record, with some 

variation in the <63 µm fraction (Figure 6.32). Values for bulk samples fall between -16 and -

20 ‰ and reflect the mixed C3/C4 vegetation surrounding the swamp, as values above -14‰ 

indicate C4 plants and values below -25 ‰ C3 plants (O’Leary 1988:330-1). 
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Figure 6.32: Bulk and <63 µm pyrogenic carbon (PyC) δ13C for BWIL2, by depth. 

 

Values for the <63 µm fraction are consistently more 13C depleted than their associated bulk 

sample, reaching as low as -27 ‰ (1 cm) and no higher than -20 ‰ (12.5 cm). 
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wash (overland) detrital signal in the Big Willum record (see also Davies, Lamb & Roberts 

2015, pp.193-199; Mackenzie et al. 2017). 

Ca is typically interpreted as marine influence and not correlated to detrital elements (e.g. 

Croudace et al. 2006; Kylander et al. 2011; see also Chapter 7). While Ca and Mn show positive 

correlations with these detrital elements, particularly in the uppermost 13 cm of the Big Willum 

record (0.5 < r2 < 0.95), they represent the airborne component of the detrital signal as neither 

Ca nor Mn are present in the soils at Big Willum Swamp (Eggleton et al. 2018). 

A transition from this detrital signal, which dominates the majority of the top metre of BWIL2, 

to an organic signal begins at ~12 cm (~3600 cal BP) with all detrital elements reducing until 

~9 cm depth (~1400 cal BP). This coincides with an increase in water content and visible 

decrease in clay content and sediment density (see Sediment Descriptions above). This 

transition may indicate that Big Willum Swamp became a permanent water body at this time 

after the collapse of the underlying porous bauxite laterite (see Grimes & Spate 2008; Twidale 

1987; cf. Stevenson et al. 2015 who place the transition later, see Comparison to Stevenson et 

al. (2015) below). 

 

6.5.1.2 Charcoal and Magnetic Susceptibility  

The presence of charcoal occurs in the organic segment (12-0 cm, ~3600 cal BP to the present) 

and magnetic susceptibility greatly decreases after the detrital-to-organic transition. However, 

both charcoal and magnetic susceptibility display variation not captured within the detrital 

versus organic signal, identified in the Principal Components Analysis as principal component 

2 (~22 % of variation). This indicates that these variables are affected by additional factors 

beyond detrital or organic input. 
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6.5.2 Charcoal and Pyrogenic Carbon 

Charcoal flux in all size fractions and PyC flux (bulk and <63 µm) peak in the most recent 

period, between ~54 cal BP and the present, and this coincides broadly with an increase in 

sediment accumulation (Figure 6.33). However, this is not coupled with a detrital signal in 

sediment elemental composition and therefore does not indicate that increased charcoal 

abundance and sediment accumulation is the product of erosion. 

 

 

Figure 6.33: Sediment accumulation rate and total charcoal flux for BWIL2, by depth. 
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missions in the area and the creation of the currently active bauxite mine (Weipa Town 

Authority 2014; see Chapter 3). 

Trends are similar between the size fractions for most of the record, with the exception of some 

peaks in the 250-125 µm size fraction and many samples containing no charcoal in the >250 

µm fraction. General consistency between macroscopic charcoal flux, microscopic charcoal 

flux, bulk PyC flux and <63 µm PyC flux suggests that either a) the BWIL2 record represents 

a local fire signal or b) there is no distinction between local and regional fire events (any 

regional fire events also occur at a local scale) and the BWIL2 record represents a combined 

local-regional fire signal. 

 

6.5.2.1 Vegetation Burned 

Length-width measurements and morphotype data suggest mixed woody/grass contribution to 

charcoal throughout the record. This is supported by δ13C values for bulk pyrogenic carbon 

which show combined C3 (δ13C < 25 ‰) and C4 (δ13C > 14 ‰) plant content (O’Leary 1988, 

pp.330-331). This suggests that while sedges may contribute to elongate particle counts (see 

Chapter 7), grasses are present in this record. Extreme values for elongate charcoal particles 

(e.g. 0 or 100 %) are likely the result of small sample sizes (low charcoal counts). 

Pyrogenic carbon in the <63 µm fraction displays δ13C values consistently lower than those of 

the bulk fraction. The Stable Isotope Disequilibrium Effect predicts δ13C depletion of PyC in 

fine size fractions in grass-dominated environments (Saiz et al. 2015, p.1859); consistently 

lower δ13C values for the <63 µm fraction than the bulk samples of BWIL2 indicate a constant 

contribution of grass throughout the record. 

It is not possible to determine whether this charcoal record represents a local or combined local 

and regional signal using vegetation data, as open woodland with a grassy understorey is 
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present in both the local and regional environment (see Figure 6.5 and 6.2.2.2 Geology and 

Vegetation). However, this also allows for the Big Willum Swamp record to be considered 

representative of the broader landscape, and may reflect a landscape that behaves in a uniform 

way (cf. mosaic environments in the Jardine River region covered in Chapter 7). The 

consistently low volume of macroscopic charcoal throughout the record may indicate minimal 

local burning and a primarily regional signal. 

 

6.5.3 Comparison to Stevenson et al. (2015) 

Direct comparison to the results presented by Stevenson et al. (2015) for core BW01 is possible 

as both BW01 and BWIL2 from this study were collected centrally and contain late Holocene 

sediments (Figure 6.34). Stevenson et al. (2015) optically quantified charcoal in macroscopic 

(>125 µm) and microscopic (125-10 µm) size fractions, but were unable to produce a 210Pb 

decay curve for BW01. 
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Figure 6.34: Comparison of charcoal and <63 µm PyC concentrations from BWIL2 

(this study, outlined in blue) and BW01 (Stevenson et al. 2015). 

 

Differences are apparent between the cores in the macroscopic size fraction. Concentrations 

are similar in the most recent period (since ~1940 AD) and at ~960 cal BP but diverge 

elsewhere. The large peak in BW01 at ~1300 cal BP is minor in BWIL2, and high 

concentrations from ~830 to 50 cal BP in BWIL2 are not reflected in BW01. The range of 

values is similar in magnitude between the two cores (maximum of 16 particles/cm³ in BW01 

and ~12.5 in BWIL2). 

Greater similarity is apparent between the microscopic size fractions of BW01 and BWIL2. 

Charcoal concentrations for the microscopic fraction of BW01 show similar trends to <63 µm 
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PyC concentration for BWIL2; this likely reflects the preparation method, as microscopic 

charcoal from BW01 was quantified on pollen slides which may have resulted in destruction 

of larger particles or preferential inclusion of smaller particles (C. Rowe pers. comm.). The 

significantly lower values for BWIL2 125-63 µm concentrations (maximum ~165 

particles/cm³) compared to the BW01 microscopic (125-10 µm) fraction (maximum ~8 million 

particles/cm³) suggests the vast majority of particles within the BW01 microscopic fraction fall 

between 63 and 10 µm. The highest charcoal flux values in the 125-63 µm fraction of this study 

occur within the uppermost core which may not be present in BW01; this is demonstrated by 

the successful creation of a 210Pb decay curve and subsequent chronology for BWIL2 that was 

not possible for BW01. 

ItraxTM elemental data in this study, combined with water content and visual changes in 

sediment texture and colour, suggest a shift from a predominantly detrital signal to more 

organic conditions at ~3600 cal BP. Stevenson et al. (2015) also identify a detrital-to-organic 

transition as Big Willum Swamp shifted from swamp conditions to a permanent deep water 

body, but place this transition at ~2200 cal BP in core BW01. However, elemental data is not 

available for BW01 making direct comparison difficult, and the detrital-to-organic elemental 

change identified in BWIL2 at ~3600 cal BP may represent only the beginning of a transition 

phase that later affected other proxies (e.g. pollen). 

Pollen data from Stevenson et al. (2015) can also be broadly compared to vegetation data for 

this study. Stevenson et al. (2015:23) identify a “complete lack of any grass pollen” in BW01 

at ~1100 cal BP (see Figure 6.2 earlier in this chapter). This does not correspond to elongate 

particles in BWIL2, which are present in all size fractions at ~1113 cal BP (7.5 cm depth). 

Little change is visible in δ13C value for bulk PyC at this depth in BWIL2, although a slight 

increase is visible in the δ13C value for <63 µm PyC (-22.14 ‰). Stevenson et al. (2015:24) 

also note a “greater representation of grass over other herbaceous taxa” in the zone spanning 
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400-100 cal BP. This is difficult to detect in the BWIL2 record, corresponding to ~304-54 cal 

BP (5-4.5 cm), with no elongate particles in the >250 µm size fraction, variable elongate 

particle percentages in the 250-125 µm size fraction, and little change in the 125-63 µm size 

fraction (to 63 % elongate particles). 

The results of this study correspond broadly to those presented in Stevenson et al. (2015), 

including a period of low sedimentation before ~2200 cal BP, minimal or absent grass at ~1100 

cal BP and an increase in burning over the last approximately 150 years. Interpretations of 

vegetation compositions vary, but comparisons are limited due to data in this study being 

constrained to grass versus non-grass content. Absence of large charcoal concentration peaks 

in the uppermost section of BW01 may be a result of the core not containing the most recent 

sediments and in this regard the results of this study are the more reliable. The comparability 

of results between this study and Stevenson et al. (2015) allows for interpretation of the Big 

Willum Swamp record in the context of both cores BWIL2 and BW01. 

 

6.6 Conclusion 

Charcoal, PyC and elemental composition data for Big Willum (BWIL2) presented in this 

chapter represent a late Holocene palaeofire record displaying contributions from mixed C3/C4 

vegetation and increasing charcoal (and by implication fire) into the most recent period. 

Minimal charcoal is present prior to ~1700 cal BP, with the highest charcoal flux in all size 

fractions occurring after ~50 cal BP. This charcoal abundance coincides with intensified 

European activity in the Weipa region, including the establishment of Weipa Mission (1898 

AD) and the creation (1956 AD) and ongoing operation of the currently active Weipa bauxite 

mine (Weipa Town Authority 2014).  
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Chapter 7 : Sanamere Lagoon 

 

 

7.1 Introduction 

This chapter provides an overview of the land use history, geology, vegetation and current fire 

regime surrounding Sanamere Lagoon, Cape York Peninsula, Queensland. An overview of the 

methods applied is provided, including details specific to Sanamere, followed by results for 

modern charcoal traps, sedimentary analyses, chronology, and fire proxies. Objectives of 

analysis for this site, linked to the overall research aims of this study presented in Chapter 1, 

are as follows: 

1) The creation of a modern charcoal dataset from Cape York Peninsula for comparison 

to the sedimentary record of Sanamere Lagoon to investigate the efficacy of charcoal 

analysis methods for reconstructing fire incidence and fuel types 

2) The creation of a new high resolution multiproxy Holocene palaeofire record for Cape 

York Peninsula 

3) Characterisation of vegetation burned in the Sanamere Lagoon record, and how it has 

or has not changed through time 

Sanamere Lagoon was selected for analysis as it is a perennially wet water body in a region 

(northern Cape York Peninsula) lacking in palaeoenvironmental records. This site was also 

selected for a modern comparison with open woodland locations elsewhere in Cape York 

Peninsula as the modern vegetation community immediately surrounding Sanamere Lagoon 

consists of dwarf heathland with an absence of grasses. 
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7.2 Site Description 

Sanamere Lagoon (11.117°S, 142.35°E) is located approximately 20 kilometres south of 

Bamaga, close to the northern tip of Cape York Peninsula, far north Queensland (Figure 7.1, 

Figure 7.2). The lagoon is approximately 1.5 km north-south and 2km east-west and is part of 

the Jardine River Wetlands Aggregation in the Directory of Important Wetlands in Australia 

(Department of Environment & Science 2018a). Sanamere is classified as a palustrine system, 

also referred to as a “sub-coastal wet heath swamp” and is of value as a “wilderness wetland 

area” containing “wilderness heathland” as part of the Jardine River system (Department of 

Environment & Science 2018a; Abrahams et al. 1995, p.134). Palustrine systems are non-

channel wetlands with “more than 30% emergent vegetation” (Department of Environment & 

Science 2018b). 
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Figure 7.1: Location of Sanamere Lagoon and places mentioned in the text (inset after 

Google Earth 2018g). 

 

 

Figure 7.2: Sanamere Lagoon inverted resistivity section. 
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Sanamere Lagoon is at 15 m a.s.l. elevation, and maximum water depth measured in April 2016 

was 1.25 m. The majority of the lagoon is perennially wet (Figure 7.3). 

 

 

Figure 7.3: Sanamere Lagoon (and adjacent Jardine River) water permanence derived 

from LANDSAT imagery for the period 1970-2018 (after Geoscience Australia 2018; 

Department of the Prime Minister & Cabinet 2019). Dark blue indicates >90 % water 

permanence over the observation period. 

 

Sanamere is an enclosed basin surrounded by higher elevation land, with the highest point (57 

m a.s.l.) to the north-northeast of the lagoon, close to the current Bamaga Road (Department 
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of the Prime Minister & Cabinet 2019; Geoscience Australia 2015). Based on topography, 

Sanamere Lagoon has an approximate catchment area of 9 km2, with the lowest point at ~17 m 

a.s.l. to the west of the lagoon (Figure 7.4). The original Northern Bypass of the Bamaga Road 

(described in Land Use History) as well as the Old Telegraph Track bisect the eastern side of 

the Sanamere catchment; at the time of fieldwork (2016-2017), the Old Telegraph Track, as 

the road was known, was becoming overgrown. 

 

 

Figure 7.4: Digital elevation map of Sanamere Lagoon and surrounds, with the 

approximate catchment area of the lagoon marked in orange and western low point 

(outlet) circled in black. Darker green indicates higher elevation (after Geoscience 

Australia 2015). 
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7.2.1 Land Use History 

Aerial photographs show minimal changes to the lagoon itself and immediate catchment since 

1969, and also confirm that large areas of the lagoon are perennially wet (Figure 7.5). 

 

 

Figure 7.5: Aerial and satellite images of Sanamere Lagoon (after Google Earth 2018g; 

Queensland Government 2019). OTT: Old Telegraph Track, NB: Northern Bypass, BR: 

current Bamaga Road. 
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The Old Telegraph Track, completed in 1887 and operational until 1987 (Horsfall & Morrison 

2010; Department of Environment & Science 2019a), is clearly visible in all aerial photographs 

running across the southeast edge of the lagoon (labelled OTT in the 1969 image, Figure 7.5). 

The largest settlement north of the Jardine River, Bamaga, was established between 1949 and 

1952 and initially accessible from the south only via the Old Telegraph Track (Queensland 

Government 2015a, see Chapter 3). This track is located partly within the Sanamere catchment; 

however, based on direct field observations, it is the opinion of the author that this track had 

little impact in terms of erosion and vegetation disturbance. However, increased traffic near the 

site including use of the neighbouring Jardine River National Park may have affected recent 

fire regimes (see Fire section below). 

The 2002 satellite image shows the addition of the Northern Bypass segment (labelled NB) of 

Bamaga Road, which diverts further east of Sanamere Lagoon than the Old Telegraph Track. 

The bypass uses the newer Jardine River crossing west of the former crossing used by the Old 

Telegraph Track. A subsequent addition to the Northern Bypass/Bamaga Road (labelled BR) 

is visible in the 2012 satellite image, diverting the majority of traffic to the west and north of 

Sanamere before recombining with the Old Telegraph Track. This recent diversion is the 

current main road north of the Jardine River, with the previous bypass referred to as Old 

Peninsular Development Road by the Australian Government National Map (Department of 

the Prime Minister & Cabinet 2019). Gravel quarrying for use on the main road is visible in 

the 2012 satellite image and enlarged in the 2017 image, as was observed at the time of 

fieldwork (see Department of National Parks, Sport & Racing 2013, p.6). 

Sanamere Lagoon is located immediately west to the Jardine River National Park. This park 

was gazetted in 1977 and is used recreationally for camping, four-wheel driving, fishing, nature 
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walks and observing wildlife (Queensland National Parks & Wildlife Service 1996; 

Department of Environment & Science 2019a; Department of National Parks, Sport & Racing 

2013). The Anggamudi (also known as Angkamuthi), Wuthahti (alternatively Wuthathi) and 

Yadhaigana (alternatively Yadhaykenu) people are the traditional owners of the Jardine River 

catchment (Wilderness Society 2018; Australian Institute of Aboriginal & Torres Strait 

Islander Studies [AIATSIS] 2014). Sanamere Lagoon is part of the Apudthama Land Trust 

Area, classified as Aboriginal Freehold land and managed under the Northern Peninsula Area 

Regional Council (Apudthama Land Trust 2018). 

 

7.2.2 Environment 

7.2.2.1 Climate 

The climate of Sanamere Lagoon, as well as the majority of Cape York Peninsula, is classified 

as AW – Tropical/Equatorial Savanna with dry winter under the global Köppen-Geiger Climate 

Classification (Peel, Finlayson & McMahon 2007; Kottek et al. 2006). Mean annual rainfall is 

1800 mm measured from the nearest weather station (Horn Island, approximately 55 km north 

of Sanamere), with rainfall primarily (~90 %) occurring between December and April (BOM 

2018c). Winds are predominantly from the north-northwest and southeast in January and July, 

respectively (BOM 2018c) (Figure 7.6). Average minimum and maximum daily temperature 

ranges from 23 °C to 32 °C, in August and November-December respectively (Horn Island 

weather station, BOM 2018c). Mean relative humidity measured at 9 am varies between 69 % 

(October) and 83 % (February) (BOM 2018c). 
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Figure 7.6: Average wind direction and speed 1995-2017, measured at 9 am in January 

(left) and July (right), from Horn Island weather station (BOM 2018c). 

 

In the period 1969-2016, four cyclones passed within 50 km of Sanamere Lagoon, and 10 

within 100 km (BOM 2018a). The far northern Cape York Peninsula region has an average 

annual lightning (cloud-to-ground) flash density of 1 flash/km2/year, primarily occurring 

between November and April (BOM 2016a; Dowdy & Kuleshov 2014). 

 

7.2.2.2 Geology and Vegetation 

Sanamere Lagoon is underlain by Pleistocene sand with minor silt and clay, and is bordered by 

deeply weathered Middle Jurassic to Early Cretaceous quartzose sandstone and micaceous 

carbonaceous siltstone (Helby Beds; Bureau of Mineral Resources, Geology & Geophysics 
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1977). Dominant soils in the area are “deep bleached sands” (Ca43: Uc2.21) and “deep sandy 

mottled yellowish red earths” (Mt9: Gn2.64) (Northcote et al. 1960-1968). 

The Jardine River is the largest perennial river system in Queensland, and the Jardine River 

Wetlands Aggregation crosses from the western coast of Cape York into the National Park in 

the east (Figure 7.7, Department of National Parks, Sport & Racing 2013:2). Both the Jardine-

Heathlands Aggregation, adjacent to Sanamere Lagoon, and the Jardine River Wetlands 

Aggregation, containing Sanamere, have been identified as areas of high conservation and 

“wilderness value”, recognised for diverse vegetation and faunal assemblages (Department of 

Environment & Science 2019a, 2019b; Abrahams et al. 1995). The Jardine-Heathlands 

Aggregation protects 35 plant and animal species of conservation significance, while the 

Jardine River Wetlands Aggregation has been identified as an “essentially undisturbed 

catchment” (Department of National Parks, Sport & Racing 2013, p.3). The wetland 

communities of Cape York Peninsula are “amongst the largest, richest and most diverse in 

Australia” and contain a high species richness of rare and threatened plant taxa (Abrahams et 

al. 1995, pp.33-97). The Jardine River and associated wetlands have also been identified as an 

important habitat of the vulnerable Estuarine Crocodile (Crocodylus porosus), with the 

combined adult populations of the Jardine River and Jacky Jacky Creek systems being 

identified as “represent[ing] the largest breeding populations known in Queensland” 

(Abrahams et al. 1995, p.116). 
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Figure 7.7: Map of the Jardine River National Park, Jardine River Resources Reserve 

and Heathland Resources Reserve, with Sanamere indicated in red and the Jardine 

River Wetlands Aggregation shaded blue (after Department of National Parks, Sport & 

Racing 2018). 
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Closed sedgeland with scattered Pandanus are found at the edge of Sanamere Lagoon (Figure 

7.8), with sedges extending in bands into the water (structurally visible in satellite images, see 

Figure 7.5; also observed by Brass 1953, p.180). Waterlilies and other aquatic plants are absent 

with algae and sedges dominating in the water; sedges include dominant Eleocharis with 

Schoenus present. Also found on these wet sandy soils, predominantly close to the waterline, 

are insectivorous plants of Nepenthes (Pitcher Plants), adapted to source nutrients from insects 

due to the low nutrient content of the soil (Beasley 2009, p.178, 228). 

 

 

Figure 7.8: Vegetation at the Sanamere Lagoon waterline, comprised of sedges and 

scattered Pandanus. 
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This sedgeland community transitions sharply to open heathland which dominates Sanamere 

Lagoon’s broader catchment (Figure 7.9); heathland is commonly found on nutrient-poor “deep 

bleached sands” (Ca43: Uc2.21 mentioned previously, Northcote et al. 1960-1968; see Beasley 

2009, p.178; Neldner et al. 2017, p.191). The heath forms a shrubland, dominated by 

Neofabricia, Asteromytus, Baeckea, Jacksonia, Hibbertia, Thryptomene, Allocasuarina and 

Grevillea (Department of Environment & Science 2019b; Neldner & Clarkson 1995, p.72). 

Trees are few, and when present, comprise Grevillea pteridifolia and Banksia dentata. Grasses 

are minor and ground cover consists of clumped sedges (Schoenus), notable across wetter soil 

areas and drainage lines. Bare sandy soils are visible and leaf litter is minimal. Open heathland 

vegetation extends approximately 300 metres from the water edge before transitioning into 

Eucalyptus woodlands. 

 

 

Figure 7.9: Open heathland vegetation 50 metres from the waterline. 
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Beyond 300 metres from the waterline, vegetation changes in structure (particularly height) 

and composition (Figure 7.10). Eucalyptus woodlands occur, dominated by Eucalyptus 

tetrodonta with Corymbia nesophila codominant (Neldner & Clarkson 1995, p.116; Neldner 

et al. 2017, pp.108-109). Smaller sub-canopy trees are common and include Acacia, Grevillea 

glauca and Grevillea pteridifolia as well as Livisonia palm, with Lomandra and Asteromyrtus 

present as shrubs. Casuarina occurs in patches, and in wetter, low-lying areas Banksia is 

present. Grasses dominate ground cover in this area (Poaceae) and leaf litter is greater than 

that found in the heathland. Termite mounds were recorded in the field (2017) within the 

transition from heathland to woodland, along with indications of recent burning such as 

charcoal pieces and scorched woody debris. 

 

   

Figure 7.10: Heathland to woodland transition at 300m (left) and Eucalyptus woodland 

at 400 m (right) from the waterline. 
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7.2.2.3 Fire 

In the 18 year period spanning 2000-2018 the area immediately surrounding Sanamere Lagoon 

(both within the catchment and beyond) burned on average every 3 to 7 years (every year at its 

most frequent) (NAFI 2019). However, fire scars were recorded in this period over the surface 

of the lagoon (Figure 7.11) that are likely a result of error in the determination of fire scars (P. 

Jacklyn pers. comm.). Fire scars that extend substantially beyond the water surface may be 

assumed to represent real scars. 

 

 

Figure 7.11: Number of years that areas around Sanamere Lagoon burned from 2000-

2018 (NAFI 2019). 
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Fires in the period 2000-2018 were primarily between August and December. There was one 

July fire scar in 2003 including land surrounding and south of the lagoon as well as to the south-

east extending into the Jardine River National Park (NAFI 2019). Fires occurring in May to 

July are frequently defined as “early dry season” fires (see Chapter 3 for a detailed discussion), 

while fires from August onwards (NAFI 2019; Russell-Smith et al. 1997; Russell-Smith & 

Edwards 2006) or from September to either October or November (Andersen, Cook & 

Williams 2003; Andersen et al. 2005) are defined as “late dry season” fires. The 2003 July fire 

scar at Sanamere is the only early dry season fire recorded in the period 2000-2018, with the 

remainder occurring during the late dry season or early wet season. Lightning-driven fire 

regimes have been associated with burns occurring in the late dry/early wet season (Veenendaal 

et al. 2018, p.9). 

During the main burning months (August to December) recorded from 2000-2018 around 

Sanamere Lagoon, winds are predominantly from the east to southeast. Charcoal transported 

to the lagoon under these conditions is therefore most likely derived from the region that is 

now the Jardine River National Park. The Jardine-Heathlands Aggregation Management 

Statement released by the Department of National Parks, Sport and Racing (2013, pp.3-5) 

identifies “late season, hot fires” in the Jardine-Heathlands Aggregation as a result of a lack of 

fire management, and as typically originating from roadways including the Southern Bypass 

and the Old Telegraph Track. The document mentions that a lack of fire “may threaten” inland 

heath in the area (Department of National Parks, Sport & Racing 2013, p.3). 
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7.3 Methods 

7.3.1 Sample Collection 

Samples were collected from Sanamere Lagoon during two 2016 fieldwork trips (April and 

June) and one in July 2017. Sediment cores were collected by hand using a D-section corer 

from a boat and using a raft-mounted hydraulic corer modified from Eijkelkamp equipment 

(Figure 7.12). 

 

 

Figure 7.12: D-section SAN1 on site prior to sampling. 

 

Multiple sediment cores were collected, with D-section core (SAN1) and a 15 cm diameter 

short core collected specifically to provide sufficient sample from the upper sediment layers to 

enable 210Pb analysis, selected for analysis in this study (SANFC) (Figure 7.13). Cores were 

either sampled on-site (SAN1) or frozen for transport and storage before being sampled in the 

laboratory (SANFC). Cores were contiguously sampled at 0.5 cm intervals. 
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Figure 7.13: Visual representation of sediment cores collected from Sanamere Lagoon. 

Core numbers indicate the order samples were collected and are not related to coring 

location. Cores selected for study are circled, with analyses listed. 

 

Ten surface samples were collected along a transect between the raft coring location in July 

2017 and the shore of the lagoon using a grab sampler (Figure 7.14). 
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Figure 7.14: Map showing sample collection locations for Sanamere surface samples, 

with the raft coring position and first sample location marked in green (after Google 

Earth 2018g). 

 

A charcoal trap was installed close to the lagoon to collect modern airborne charcoal, along 

with two charcoal traps installed at other locations on Cape York Peninsula (Coen and Kendall 

B) to create a comparative modern dataset (Figure 7.15, see Chapter 4 for detailed description). 
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Figure 7.15: Charcoal trap on site at Sanamere Lagoon after installation (April 2016). 

 

7.3.2 Laboratory analyses 

Laboratory methods and justification for the choice of methods are described in detail in 

Methods Chapter 4. For Sanamere, D-section core SAN1 was selected for study. SAN1 was 

deemed representative of uppermost (0-1 m) Sanamere sediments as it was collected centrally 

from the lagoon and removed intact. As per Chapter 4, the core was divided for optical charcoal 

analysis (Courtney Mustaphi & Pisaric 2014; Stevenson & Haberle 2005; Enache & Cumming 
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2006) and chemical analysis (freeze-dried bulk and <63 µm samples; Wurster et al. 2012). 

Charcoal trap samples were processed using the same method as sediment samples for optical 

charcoal analysis. 

Two longitudinal sediment slices spanning the entire core length of SANFC were analysed 

using an ItraxTM Elemental Core Scanner at the Australian Nuclear Science and Technology 

Organisation (ANSTO) Lucas Heights campus, as detailed in Chapter 4. 

210Pb sample preparation and analysis by alpha and gamma spectrometry was undertaken at 

ANSTO Lucas Heights on samples from the large-diameter (15 cm) core SANFC, as per the 

procedures outlined in Chapter 4. 14C sample preparation and analysis by accelerator mass 

spectrometry was undertaken at ANSTO Lucas Heights on samples (hydrogen pyrolysis 

residue and bulk sediments) from D-section core SAN1 and large-diameter core SANFC, 

following the method described in Chapter 4. Hypy residue sample SAN1 15-15.5 cm 

(OZW501) prepared as part of the November 2017 batch failed to graphitise so was unable to 

be dated. 

 

7.4 Results 

7.4.1 Charcoal Traps 

All collected charcoal trap samples contained charcoal particles (Figure 7.16). The charcoal 

trap installed at Sanamere Lagoon was emptied twice after installation in April 2016: once in 

June 2016 to ensure the trap was functioning and once in July 2017. SANFT1 therefore 

accumulated over two months only, while all other charcoal trap samples represent one year. 
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Figure 7.16: Charcoal particle counts for charcoal trap samples, and area burned 

within 5 km2 and 10 km2 (burn data from NAFI 2019). Area burn estimates for 

Sanamere Lagoon are likely to be overestimations. 

 

While a larger area burned around Sanamere Lagoon than the Coen charcoal trap during the 

period of charcoal trap sample accumulation, COENFT contains more particles (208 total) than 

SANFT2 (83 total). This is likely due to an overestimation of area burned around Sanamere 

Lagoon due to the water surface of the lagoon being erroneously recorded as a fire scar in 2016 

(see Fire section above). Kendall B charcoal trap contained significantly more charcoal than 

the other traps due to extensive burning during the collection period (213 km2 of land within a 

10 km2 radius), visible in the landscape when the trap was retrieved (Figures 7.17 and 7.18). 
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Figure 7.17: Kendall B charcoal trap at installation (2016) and retrieval (2017) showing 

visible signs of recent burning. 

 

 

Figure 7.18: Surrounding vegetation at Kendall B when the charcoal trap was installed 

and retrieved, showing obvious recent burning. 
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Limited elongate morphotypes were present in either of the Sanamere samples, with none 

recorded in the largest size fraction (>250 µm) of either SANFT1 or SANFT2 (Figure 7.19). 

Elongate morphotypes were well represented in both the Coen and Kendall B charcoal trap 

samples, with all COENFT size fractions displaying over 35 % elongate morphotypes and ~53 

% of KENBFT 125-63 µm recorded as elongate (3288 particles of 6576) (for full comparison 

of morphotype data, see Chapter 8 Charcoal Traps and Surface Samples). 

 

   

Figure 7.19: Percentage elongate morphotypes in charcoal particles from charcoal 

traps. 

 

Charcoal from the Sanamere charcoal trap samples similarly displayed low percentage elongate 

particles determined from length-width ratios, with a maximum of 13.33 % in >250 µm of 
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SANFT2 (2 particles of 15, Figure 7.20). COENFT and KENBFT percentage elongate particles 

from length-width ratios show similar patterns as percentage elongate morphotypes. 

 

  

Figure 7.20: Percentage elongate charcoal particles from length-width ratios for 

charcoal particles from charcoal traps. 
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of wet sediment collected from each sample for charcoal processing. Particle abundance varies 
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the shore) and SANSURF10. A consistent relationship between the three size fractions is 

present in all surface samples, with particle counts increasing with decreasing particle size (also 

visible in the SAN1 samples, see below). 

 

  

Figure 7.21: Charcoal particles by volume for Sanamere surface samples. 
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Figure 7.22: Percentage elongate morphotypes for Sanamere surface samples. 

 

Length-width ratios for the surface samples present different patterns than those visible in 

elongate morphotypes (Figure 7.23). Length-width ratios show significantly higher 

contributions of elongate particles to the macroscopic (>250 µm and 250-125 µm) size 

fractions than shown in the morphotype data, exceeding 50% in SANSURF1 and SANSURF6. 

However, SANSURF6 consistently displays the highest proportion of elongate particles. 
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Figure 7.23: Percentage elongate particles from length-width ratios for Sanamere 

surface samples. 

 

Morphotype composition is similar between samples, with high percentages of type S 

(structured geometric) in the >250 µm size fractions of all samples and similar proportions of 

morphotype varieties in the 125-63 µm size fractions (Figure 7.24). 
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Figure 7.24: Morphotype composition of SANSURF samples. 
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7.4.3 Sediment Descriptions 

Sediment from Sanamere is relatively consistent throughout the 2 m sediment depth with 

limited visually discernible stratigraphy. The sediment is peaty and primarily dark grey to 

black. Upper SAN1 is 10YR 2/1 Black, loose-packed peaty sediment, with a change in 

consistency and colour at approximately 55 cm to GLEY1 2.5/N Black smoother, more dense 

sediment which may indicate greater compression rather than a compositional change (Figure 

7.25, see also moisture content below). Differences in colour classification are minimal as all 

recorded colours in the top metre are variants of black. Fine roots were noted in SAN1 between 

52.5 and 54 cm during sampling. 

 

 

Figure 7.25: SAN1 core on site showing characteristic peaty 10YR 2/1 Black sediment 

and consistency change (central) at approximately 55 cm depth to denser, smooth 

GLEY 2.5/N Black (bottom of core on the right). 

 

Moisture content was calculated for SAN1 using samples freeze-dried prior to preparation for 

hydrogen pyrolysis, and was measured as weight loss of a sample after drying as a percentage 
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of wet sediment weight (Figure 7.26). Moisture content decreases sharply between 53 and 56.5 

cm, visible in the intact core prior to sampling as a transition to denser, smooth sediment 

recorded at 55 cm (as seen in Figure 7.26). 

 

  

Figure 7.26: Moisture content for SAN1. 
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chronology. Samples analysed by alpha spectrometry displayed a decreasing profile in 

unsupported 210Pb with depth, with lower uncertainties than the results from gamma 

spectrometry (Figure 7.27). CIC and CRS age models applied to the alpha spectrometry results 

are in agreement, with the deepest sample (4.5-5 cm) dated to either 157 ± 12 years BP (CIC) 

or 168 ± 57 years BP (CRS). Results from the CIC age model are used in subsequent data 

analyses as error margins are smaller and constant, and a monotonically decreasing decay 

profile dictates the use of the CIC model (see Binford 1990). 
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Table 7.1: 210Pb by gamma (top) and alpha (bottom) spectrometry results for SANFC samples; columns highlighted in red are 

mentioned in the text. Dates are presented as years prior to the collection date (2017). 

 

 

ANSTO Depth Dry Bulk Cumulative Count Total Supported Unsupported 210Pb Calculated Calculated CRS model

ID Density  Dry Mass Date 210Pb 210Pb Decay corrected CIC Ages CRS Ages Mass Accumulation 

to 01-Dec-17 Rates

(cm) (g/cm3) (g/cm2) (Bq/kg) (Bq/kg) (Bq/kg) (years) (years) (g/cm2/year)

U076 0.0 - 0.1 0.12 0.01 ± 0.01 01-Nov-17 187 ± 8 24.7 ± 1.1 162 ± 8 1 ± 1 1 ± 1 0.012 ± 0.001

U077 0.1 - 0.5 0.12 0.04 ± 0.02 20-Nov-17 261 ± 12 26.0 ± 0.0 235 ± 12 5 ± 4 4 ± 2 0.007 ± 0.001

U078 0.5 - 1.0 0.12 0.09 ± 0.03 20-Nov-17 217 ± 8 26.3 ± 1.2 190 ± 9 13 ± 4 11 ± 3 0.007 ± 0.001

U080 1.5 - 2.0 0.27 0.29 ± 0.04 08-Nov-17 102 ± 15 27.1 ± 1.6 75 ± 15 42 ± 6 37 ± 6 0.008 ± 0.002

U082 2.5 - 3.0 0.19 0.52 ± 0.05 13-Nov-17 53 ± 0 26.7 ± 1.6 26 ± 2 76 ± 7 61 ± 9 0.011 ± 0.004

U083 3.0 - 3.5 0.12 0.60 ± 0.05 15-Nov-17 38 ± 4 13.4 ± 1.2 25 ± 4

U084 3.5 - 4.0 0.15 0.66 ± 0.04 17-Nov-17 40 ± 3 19.2 ± 1.2 21 ± 4

U085 4.0 - 4.5 0.08 0.72 ± 0.04 01-Dec-17 63 ± 4 25.3 ± 1.3 37 ± 4

U086 4.5 - 5.0 0.14 0.78 ± 0.04 04-Dec-17 22 ± 4 19.9 ± 1.5 3 ± 4

U081 2.0 - 2.5 0.27 0.26 ± 0.03 10-Nov-17 193 ± 34 24.0 ± 1.3 168 ± 34

U079 1.0 - 1.5 0.12 0.07 ± 0.01 06-Nov-17 278 ± 34 33.4 ± 1.7 244 ± 34

ANSTO Depth Dry Bulk Cumulative Count Total Supported Unsupported 210Pb Calculated Calculated CRS model

ID Density  Dry Mass Date 210Pb 210Pb Decay corrected CIC Ages CRS Ages Mass Accumulation 

to 01-Dec-17 Rates

(cm) (g/cm3) (g/cm2) (Bq/kg) (Bq/kg) (Bq/kg) (years) (years) (g/cm2/year)

U076 0.0 - 0.1 0.12 0.01 ± 0.01 07-Feb-18 209 ± 10 23 ± 2 187 ± 10 1 ± 1 1 ± 1 0.010 ± 0.001

U077 0.1 - 0.5 0.12 0.04 ± 0.02 07-Feb-18 233 ± 12 23 ± 2 211 ± 13 7 ± 5 4 ± 2 0.008 ± 0.001

U078 0.5 - 1.0 0.12 0.09 ± 0.03 07-Feb-18 192 ± 8 24 ± 2 169 ± 8 18 ± 6 11 ± 3 0.008 ± 0.001

U079 1.0 - 1.5 0.12 0.15 ± 0.03 07-Feb-18 202 ± 8 22 ± 2 181 ± 9 30 ± 6 21 ± 5 0.005 ± 0.001

U080 1.5 - 2.0 0.27 0.25 ± 0.04 07-Feb-18 122 ± 6 16 ± 2 107 ± 6 50 ± 8 40 ± 6 0.005 ± 0.001

U081 2.0 - 2.5 0.27 0.39 ± 0.04 07-Feb-18 55 ± 2 16 ± 1 40 ± 3 77 ± 10 65 ± 10 0.006 ± 0.002

U082 2.5 - 3.0 0.19 0.50 ± 0.05 07-Feb-18 54 ± 3 22 ± 2 32 ± 3 100 ± 11 90 ± 16 0.004 ± 0.002

U083 3.0 - 3.5 0.12 0.58 ± 0.04 07-Feb-18 29 ± 2 17 ± 1 13 ± 2 115 ± 11 109 ± 22 0.005 ± 0.003

U084 3.5 - 4.0 0.15 0.65 ± 0.04 07-Feb-18 24 ± 1 14 ± 1 10 ± 2 128 ± 11 125 ± 29 0.004 ± 0.003

U086 4.5 - 5.0 0.14 0.79 ± 0.04 07-Feb-18 21 ± 1 18 ± 2 3 ± 2 157 ± 12 168 ± 57 0.003 ± 0.006

U085 4.0 - 4.5 0.08 0.74 ± 0.04 07-Feb-18 50 ± 2 19 ± 2 31 ± 3
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Figure 7.27: Unsupported 210Pb activity by depth for SANFC. 

 

7.4.4.2 Carbon-14 (14C) Dating 

Radiocarbon (14C) dates indicate that core SAN1 contains sediment from the mid-Holocene, 

with late Holocene sediments either thin or absent (Table 7.2). Cores SAN1 and SANFC are 

offset by approximately 5 cm, with SANFC capturing (and potentially minimizing compression 

of) the uppermost sediment and water-sediment interface not present in SAN1. The 

combination of 210Pb and 14C dates identify an unconformity in SANFC between 5 and 10 cm 

depth, potentially indicated in the elemental record analysed by ItraxTM elemental scanning at 

approximately 7.5 cm depth (see below). 
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Variance is displayed between the bulk sediment and samples pretreated using hydrogen 

pyrolysis from SANFC (OZX215 and OZX216); both samples are from 10-10.5 cm depth and 

show a difference in conventional radiocarbon age of 750 years. This suggests that SAN1 10-

10.5 cm may have produced a younger conventional radiocarbon age if bulk sediment was 

dated rather than hydrogen pyrolysis residue (OZW500). 

 

Table 7.2: 14C by accelerator mass spectrometry dates for SAN1 and SANFC samples. 

ANSTO 
Code 

Sample 
Type 

ID δ(13C) ‰ % modern 
carbon 

Conventional 
radiocarbon 
age 

pM C   1σ error yrs BP 

OZW500 Hypy 
residue 

SAN1 10-10.5cm -26.3 40.63 ± 0.33 7,230 ± 70 

OZW502 Bulk 
sediment 

SAN1 22-22.5cm -27.5 ± 0.1 40.09 ± 0.14 7,345 ± 30 

OZW503 Bulk 
sediment 

SAN1 50-50.5cm -26.4 ± 0.1 37.35 ± 0.11 7,910 ± 25 

OZX213 Bulk 
sediment 

SAN1 5-5.5cm -26.1 ± 0.1 48.10 ± 0.19 5,880 ± 35 

OZX214 Bulk 
sediment 

SAN1 7-7.5cm -25.0 44.34 ± 0.26 6,535 ± 50 

OZX215 Bulk 
sediment 

SANFC 10-
10.5cm 

-25.0 ± 0.1 49.31 ± 0.19 5,680 ± 35 

OZX216 Hypy 
residue 

SANFC 10-
10.5cm 

-23.6 ± 0.1 44.92 ± 0.19 6,430 ± 35 

 

210Pb dates (converted to years BP) and 14C dates were combined to form a Bayesian age-depth 

model for SANFC, and 14C dates to form a Bayesian age-depth model for SAN1, using the 

Bacon package within R (Blaauw et al. 2019; R Development Core Team 2013) (Figures 7.28 

and 7.29) and using the Southern Hemisphere calibration curve SHCal13 (Hogg et al. 2013). 
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Figure 7.28: SANFC age-depth graph, combining 210Pb (green) and 14C (blue) dates. 

14C date at 10-10.5 cm is OZX215 (bulk sediment). 
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Figure 7.29: SAN1 age-depth graph, 14C dates only. 

 

7.4.3 ItraxTM XRF Scanning 

Two adjacent slices from the wide-diameter SANFC core (0-0.3 m) were analysed using an 

ItraxTM Elemental Core Scanner. Slice 1 could not be scanned correctly due to changes in the 

width of the slice (as a result of thawing and refreezing, and an original narrow width), 

identified via high argon elemental counts as a proxy for the air gap between the sample and 

the detector; as a result only Slice 2 will be discussed. Elemental counts were normalized by 

dividing each element count by the incoherent scattering (Mo inc) count for that depth (see 

Davies, Lamb & Roberts 2015, p.192; Figure 7.30). 
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Figure 7.30: Selected ItraxTM normalized elemental and magnetic susceptibility (MS) 

data for SANFC Slice 2: a) stratigraphic plot, and b) principal components analysis. 

Data are plotted by depth. 
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The lower part of the core shows high Mo ratio (Mo inc/Mo coh) values, a proxy for organic 

content (Davies, Lamb & Roberts 2015). There is a decrease in Mo ratio coincident with 

increases in magnetic susceptibility (MS), chlorine (Cl), calcium (Ca) and titanium (Ti) in the 

middle section of the core (~17 cm to ~8 cm). The top of the core (~8cm and above) shows a 

return to increased organics along with the appearance of bromine (Br), and the transition to 

this zone is marked by a sharp peak in iron (Fe) and sharp decrease in manganese (Mn). 

Strong positive correlations (r > 0.9) exist between Cl, Ca and Ti. A positive correlation is also 

present between Ti and magnetic susceptibility (MS) (r = 0.67). Component 1 identified by 

principal components analysis (Figure 7.30 plot b) explains ~51 % of variation and represents 

detrital input versus organic input. Component 2 explains ~20 % of variation and represents 

different sources of organic input (Mo ratio versus bromine). 

 

7.4.4 Sediment Core (SAN1) Charcoal 

7.4.4.1 Charcoal Flux 

Charcoal counts are high in the upper (0-4.5 cm) and lower (17-24 cm) sections of the SAN1 

record (Figure 7.31). Trends are consistent between the three size fractions throughout the 

record, with higher particle counts in smaller sizes except in low count samples between 14 

and 16 cm. 
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Figure 7.31: Charcoal particles by volume for SAN1, by depth. 

 

Charcoal of all size fractions in core SAN1 predominantly accumulated between ~8200 and 

~8000 cal BP (Figure 7.32). A lower amplitude sustained increase in charcoal flux occurs 

between ~6700 and 5500 cal BP in all size fractions. 
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Figure 7.32: Charcoal flux for SAN1, by age. 

 

7.4.4.2 Charcoal L:W Ratios 

Elongate particles as determined from length-width ratios are consistently present in SAN1 

macroscopic charcoal (Figure 7.33). Variability in elongate percentage is high between 10 and 

18 cm, likely due to lower overall charcoal particle counts (including samples containing no 

>250 µm charcoal, at 14 and 15 cm). 
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Figure 7.33: Percent elongate particles determined from length-width ratios for SAN1 

macroscopic charcoal, by depth. 

 

7.4.4.3 Charcoal Morphotypes 

Morphotypes (when simplified to the 7-type Enache and Cumming (2006) system for 

comparison across macro- and microscopic charcoal sizes) show similar trends across all size 

fractions. Morphotype composition does not appear to be directly linked to charcoal 

abundance, except for samples with very low charcoal counts that sharply skew morphotype 

values. 

In the 125-63 µm size fraction, type F (elongate) dominates throughout the record, followed 

by types S (structured geometric) and C (solid geometric) (Figure 7.34). 
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Figure 7.34: SAN1 125-63 µm morphotypes, by depth. 

 

Type S constitutes most of the 250-125 µm size fraction, followed by type F (Figure 7.35). 
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Figure 7.35: SAN1 250-125 µm morphotypes, by depth. 

 

Type S is the dominant morphotype in the >250 µm size fraction, followed by type C (Figure 

7.36). 
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Figure 7.36: SAN1 >250 µm morphotypes, by depth. 

 

Elongate morphotypes consistently form a higher percentage of particles in the 125-63 µm size 

fraction than the macroscopic fractions (only exceeded by other size fractions at 11.5 and 15.5 

cm) (Figure 7.37). All three sizes display similar trends, with most deviations in the form of 

peaks in the >250 µm size fraction. 
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Figure 7.37: Percent elongate morphotypes for all charcoal size fractions for SAN1, by 

depth. 

 

While percent elongate morphotypes are lower than percent elongate particles calculated from 

length-width ratios, both measures display similar trends throughout the record (Figure 7.38). 
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Figure 7.38: Percent elongate particles as determined by length-width ratios and 

morphotypes for SAN1 by size fraction, by depth. 

 

7.4.5 Hydrogen Pyrolysis and Elemental Analysis 

7.4.5.1 Pyrogenic Carbon Flux 

Bulk and <63 µm size fractions show very different relationships between total organic carbon 

and percent pyrogenic carbon (Figures 7.39 and 7.40). Total organic carbon declines towards 

the top of the core in both size fractions, and bulk PyC varies independently of this aside from 

its decline from 3.5 to 0 cm. <63 µm percent pyrogenic carbon displays multiple sharp peaks 

independent of total organic carbon. A decrease in total organic carbon in the bulk fraction 

above 5 cm may correspond to the detrital phase identified via XRF in core SANFC between 

17 and 8 cm depth (see ItraxTM XRF Scanning above). 
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Figure 7.39: SAN1 bulk total organic carbon (%TOC) and percent pyrogenic carbon 

(large PyC peak at 68 cm removed), by depth. 
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Figure 7.40: SAN1 <63 µm total organic carbon (%TOC) and percent pyrogenic 

carbon, by depth. 

 

Pyrogenic carbon (PyC) flux (g/cm²/y) for bulk and <63 µm samples of SAN1 are similar to 

charcoal flux, with the highest PyC levels at the bottom of the record (~8000-8200 cal BP, 

Figure 7.41). 

 

0

10

20

30

40

50

60

0

10

20

30

40

50

0 5 10 15 20 25

%
TO

C

%
Py

C

Depth (cm)

SAN1 <63 µm %TOC and %PyC

%PyC <63µm %TOC <63µm



227 

   

Figure 7.41: Bulk and <63 µm pyrogenic carbon (PyC) flux for SAN1, by age. 

 

While the period of highest flux is broadly coincident between PyC and charcoal, differences 

are apparent between the two measures (Figure 7.42, Table 7.3). PyC flux in the <63 µm 

fraction peaks at ~8060 cal BP, a point where charcoal is present but does not peak in any size 

fraction. However, the size of this peak may be exaggerated as the value exceeds the PyC 

measured in the bulk fraction. Both bulk and <63 µm PyC flux also do not reflect the peak 

charcoal flux values at ~8200 cal BP, although PyC is present. 
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Figure 7.42: Bulk and <63 µm pyrogenic carbon (PyC) flux and total charcoal flux for 

SAN1, by depth. 

 

Table 7.3: Charcoal and PyC flux variable r² values for SAN1. 

 >250 µm 250-125 µm 125-63 µm <63 µm PyC 

Bulk PyC 0.0562 0.0379 0.0738 0.1218 

>250 µm  0.7047 0.6578 0.0003 

250-125 µm   0.8581 < 0.0001 

125-63 µm    < 0.0001 
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7.4.5.2 Pyrogenic Carbon δ13C 

In both bulk and <63 µm size fractions, δ13C values for total organics (pre-hydrogen pyrolysis) 

are predominantly more 13C-depleted than δ13C values for pyrogenic carbon (Figures 7.43 and 

7.44). <63 µm PyC δ13C values show higher variation than δ13C values for total organic content 

in this size fraction. 

 

 

Figure 7.43: SAN1 δ13C for bulk samples before (total organic carbon) and after (PyC) 

hydrogen pyrolysis, by depth. 
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Figure 7.44: SAN1 δ13C for <63 µm samples before (total organic carbon) and after 

(PyC) hydrogen pyrolysis, by depth. 

 

SAN1 δ13C values are consistently low (13C depleted) for both bulk and <63 µm pyrogenic 

carbon (Figure 7.45), consistent with values associated with C3 plants (-25 to -29 ‰; O’Leary 

1988). Gaps in the <63 µm PyC δ13C record are the result of samples that did not contain 

sufficient sample volume in the <63 µm size fraction for analysis. 
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Figure 7.45: Bulk and <63 µm pyrogenic carbon (PyC) δ13C for SAN1, by depth. 

 

Values for the <63 µm fraction are more variable (between -24 and -29 ‰) than the bulk δ13C 

but still within the range expected for C3 plants. Troughs in <63 µm δ13C value at 16.5, 13, 9.5 

and 7-6.5 cm are coincident with peaks in percent PyC (Figure 7.46). However, these peaks 

exceed the PyC abundances for the bulk fraction at these depths and thus may not be accurate. 
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Figure 7.46: <63 µm pyrogenic carbon (PyC) δ13C value and percentage PyC for SAN1, 

by depth. 
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making the particles airborne. 
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The inclusion of the Sanamere Lagoon water surface into the measurement of area burned 

during 2016 makes comparison of charcoal counts and burned area difficult. However, 74.3 

km2 of the total 94.6 km2 burned area recorded was between the 5 km2 and 10 km2 radius 

(therefore not inclusive of the water surface), suggesting that minimal airborne charcoal is 

successfully transported to Sanamere Lagoon as charcoal counts in SANFT2 were low 

(covering a period of one year, less than double the counts of SANFT1 which collected for two 

months). This may suggest that this charcoal represents a local catchment signal. Elongate 

particle counts for SANFT1 and SANFT2 are low, which may represent minimal input from 

sedges burning within the catchment (see Vegetation Burned section below). 

Coen and Kendall B charcoal traps display expected trends in abundance, e.g. low/high 

charcoal counts matching small/large area burned in each case. Both charcoal traps also display 

expected trends in percentage grass, with a higher contribution of elongate particles than at 

Sanamere, as both Coen and Kendall B charcoal trap sites are surrounded by eucalypt 

woodlands with a grassy understorey (Atlas of Living Australia 2018; Department of the 

Environment & Energy 2017). It is unclear whether Coen and Kendall B charcoal trap samples 

represent a local or combined local/regional signal. The COENFT charcoal is likely to have 

originated solely in the nearby (~250 m to the closest point of the recorded fire scar) August 

2016 fire event but could be a combined accumulation from that event and more distant (2.8 

km to fire scar) 2017 burns (Figure 7.47). 
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Figure 7.47: Fire scars around Coen in 2016 by month. A single fire scar from August 

(yellow) is within 10 km2 of the Coen charcoal trap and was ~250 m distant at its closest 

point (after Google Earth 2018c; NAFI 2019). 

 

Similarly, the large volume of KENBFT charcoal could be representative of the extensive 

burning within a 10 km2 radius but is most likely representative of high volumes of charcoal 

created in closer proximity to the trap, as the July 2017 fire scar burned a 360 m radius around 

the charcoal trap (Figure 7.48). 
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Figure 7.48: Fire scars around Kendall B charcoal trap in 2017 by month. The green 

July 2017 fire scar covers a 360 m radius around the charcoal trap (after Google Earth 

2018e; NAFI 2019). 

 

7.5.1.1 Charcoal Traps and Sediment Charcoal 

Only one sediment sample (5.5-6 cm) contains a lower charcoal flux value than the values for 

samples SANFT1 and COENFT. 40 % of SAN1 charcoal flux values exceed the highest 

recorded charcoal trap flux (KENBFT, ~13 particles/cm²/y), with maximum values of ~283 

particles/cm²/y (Table 7.4). 
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Table 7.4: Comparison of charcoal flux values for sediment core SAN1 and charcoal 

trap samples. 

Sample Total charcoal particles/cm²/y 

SAN1 (sediment) 0.27 – 283.32 

SANFT1 0.37342 

SANFT2 0.117424 

COENFT 0.294268 

KENBFT 13.20813 

 

Charcoal trap samples contain airborne charcoal only. The disparity between the highest 

charcoal flux in the charcoal traps, collected from a fire event that burned a 360 m radius around 

the trap, and the much higher recorded values in sedimentary charcoal potentially highlights 

the importance of ground-level, overland transport by water. 

 

7.5.2 Elemental Composition 

7.5.2.1 Organic Content: Mo Ratio and Br 

Elemental data for core SANFC shows two transitions: the first from a more organic to a more 

detrital signal at ~17 cm, and the second from this detrital signal back to increased organics 

and the first appearance of bromine (Br) at ~8 cm. Mo incoherent/coherent ratio is interpreted 

in this study as a proxy for organic content, as discussed in Chapters 5 and 6 (see also Davies, 

Lamb & Roberts 2015). Similarly, Br is also interpreted as an organic indicator (Davies, Lamb 
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& Roberts 2015, p.202; Hahn et al. 2014; Mackenzie et al. 2017), and may indicate a change 

in type of organic matter from the earlier organic-rich period when Br was absent. Br has also 

been associated with warmer periods of climate (Pashkova et al. 2016, p.375). 

 

7.5.2.2 Detrital Input: Calcium, Chlorine, Titanium and Magnetic Susceptibility 

Ca, Cl and Ti represent a detrital signal in the Sanamere sediments. This is supported by a 

positive correlation with magnetic susceptibility, and negative correlation with organic input 

(Mo ratio). A consistently strong positive relationship between Ca and Ti is noteworthy as these 

elements are often negatively correlated (Kylander et al. 2011) and attributed to different 

sources, with Ti associated with detrital input and Ca attributed to carbonates and in-lake 

(authigenic) processes (e.g. Croudace et al. 2006; Sáez et al. 2009; Kylander et al. 2011; Liu et 

al. 2013; Fletcher et al. 2015; Hahn et al. 2014; Davies, Lamb & Roberts 2015; Lobb 2015; 

Mackenzie et al. 2017). 

Positive correlation between Ca and Ti indicates an allochthonous (external) Ca source. 

Sanamere Lagoon is bordered on three sides by Helby Beds, described by Smart et al. (1980, 

p.16) as “shallow marine and paralic sediments”. The Helby Beds formed from the Middle 

Jurassic to Early Cretaceous with the deposition of “fluvial, finally marine, deposition of 

quartzose sand, some silt and mud” (Smart et al. 1980, p.55). Weathering of this marine-

sourced formation is likely the source of detrital Ca and Cl in Sanamere Lagoon. This detrital 

signal is dominant from ~8-17 cm and may indicate windy conditions or lower lake water 

levels. 

 



238 

7.5.2.3 Oxidation: Iron and Manganese 

A sharp increase in Fe and decrease in Mn is present at ~8 cm, coincident with a decrease in 

Mo ratio and the appearance of Br. This increase in Fe/Mn around 8 cm may be coincident 

with the unconformity identified in the 14C dates (between 5 and 10 cm). 

Fe/Mn is associated with reducing conditions and may be used to identify oxidisation in a lake 

core (Davies, Lamb & Roberts 2015, p.195). However, high Mn and Mn/Fe have also been 

interpreted as a proxy for low lake levels and oxygenation of sediments (e.g. Burn & Palmer 

2014; Kylander et al. 2011). The peak may also represent a natural redox boundary in the 

sediments (see Cohen 2003, p.246-247; Santschi et al. 1990). Applying known interpretations 

of Mn to Sanamere sediments is difficult as studies often discuss mechanisms in deep (>10 m 

water depth), temperate, seasonally anoxic lakes (e.g. Davison 1993). 

Interpretation of isolated peaks in this record may also be problematic as the record is short (30 

cm) and cannot currently be placed within the context of a full 2 m record for Sanamere 

Lagoon. 

 

7.5.3 Chronological Gap 

As determined from the combination of 210Pb and 14C dates, a chronological gap (or 

unconformity) in sediments at Sanamere Lagoon occurs between 5 and 10 cm in core SANFC. 

The peak in Fe/Mn in the elemental composition at ~8 cm in SANFC, as well as the first 

appearance of Br at this depth, may or may not be linked to this inferred unconformity. As the 

14C date obtained at 5 cm from SAN1 (mean age of 6838 cal BP from the age-depth model 

shown in Figure 7.29) corresponds most closely to the 14C date from 10 cm in core SANFC 

(mean age of 6056 cal BP from the age-depth model shown in Figure 7.28), the chronological 

gap occurs within the top 5 cm of core SAN1, if captured at all. A conventional radiocarbon 



239 

age of 3840 ± 45 years BP (lab code OZX672) for pyrogenic carbon from a depth of 6 cm in 

core SAN8 (not analysed in this study; M. Rivera Araya pers. comm.) places this unconformity 

within the late Holocene. 

This chronological gap potentially represents one or more events of sediment loss. Sediments 

(across all collected cores) do not show any visible changes in texture or colour to suggest 

drying or erosion accompanying this unconformity. During heavy rainfall events, Sanamere 

Lagoon has a potential outflow point on the western edge of the catchment, connecting the 

lagoon with the adjacent Jardine River. Periods of high rainfall or wind in the past, caused by 

a cyclone event or active monsoon, may have washed the upper layers of accumulated sediment 

from the coring location, either elsewhere in the lagoon or indeed over the sill into the Jardine 

River. One example of a high rainfall event in the recent past occurred in March 2005 when 

100-150 mm rain fell in one week across northern Cape York Peninsula, caused by Tropical 

Cyclone Ingrid (BOM 2005). The likelihood of scouring events increases when water levels 

are lower, increasing over time as the depth of accumulated sediments has increased, and the 

lake has thus shallowed over time. The current elevation of the lagoon surface is ~15 m a.s.l. 

and the outlet point in the west of the Sanamere catchment is ~17 m a.s.l; water levels 2 m or 

more above the current level, raised by a combination of increased sediment depth and rainfall, 

would connect Sanamere Lagoon with the catchment outlet. As it is not known when in the late 

Holocene this sediment loss occurred, it is unknown whether this sediment loss event is linked 

in any way to the period beginning ~600-400 cal BP observed further south at Weipa by 

Stevenson et al. (2015, p.27) when conditions were “even wetter than in the preceding 1500 

years”. 
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7.5.4 Charcoal and Pyrogenic Carbon 

Charcoal flux, in all size fractions, peaks between ~8200 and 8000 cal BP, coincident with 

higher mass accumulation rates. A low sustained increase in charcoal flux indicates the 

consistent presence of fire between ~6500 and 5500 cal BP, not accompanied by an increase 

in mass accumulation. 

These broad trends are also apparent in the pyrogenic carbon (PyC) record, where PyC flux is 

highest between ~8200 and 8000 cal BP. However, both PyC size fractions peak slightly later 

than charcoal flux, with peak PyC flux occurring at ~8000 cal BP. The lack of a peak in bulk 

PyC flux at ~8200 cal BP suggests that the peak charcoal flux recorded at this time contains 

charcoal from a low temperature fire event (or events) as charcoal created at temperatures lower 

than 550°C is removed during the hydrogen pyrolysis process (see Wurster et al. 2013). 

A sharp peak in <63 µm PyC flux at ~8060 cal BP that coincides with a very low peak in 

charcoal flux may represent a more distant fire not reflected in the more local, larger size 

fractions or a high temperature local fire that produced a higher proportion of particles in the 

fine fraction (see Umbanhowar and McGrath 1998 for an experimental case study). 

While elemental data is from a different core (SANFC) and thus comparisons to charcoal data 

from SAN1 should be made with caution, the high charcoal flux present towards the end of the 

SAN1 record likely coincides broadly with the organic signal present at the bottom of SANFC. 

If this is the case, increased sediment accumulation and high flux of charcoal between ~8200 

and 8000 cal BP at Sanamere is linked to organic productivity rather than erosion (organic 

rather than detrital elemental signal). 
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7.5.4.1 Vegetation Burned 

As discussed in Chapter 6, 13C-depleted values in the smallest PyC size fraction are expected 

in grass-dominated environments (Stable Isotope Disequilibrium Effect; Saiz et al. 2015) and 

can thus be used to identify distant, non-local fire signals at Sanamere as grass is absent from 

the immediate (modern) environment. In the SAN1 record, δ13C values are similar for both size 

fractions (between ~-25 and -27 ‰), falling within the expected range for C3 plants (-25 to -29 

‰; O’Leary 1988) and implying the absence of grass in the record. This suggests that the record 

is a purely local fire signal, if vegetation during this period (~8300 to 5500 cal BP) was similar 

to the modern dwarf heathland in composition and extent. The record may represent a mixed 

local/extra-local signal if dwarf heathland surrounding Sanamere Lagoon covered a larger area 

during this period. 

δ13C values of -25 ‰ have also been identified for sedges such as Eleocharis (Bunn & Boon 

1993, p.89; Boon & Bunn 1994, p.102). Eleocharis, with minor Schoenus, form extensive 

bands across shallower regions of Sanamere Lagoon and are also present as clumps within the 

dwarf heathland surrounding the lagoon (see Geology and Vegetation earlier in this chapter). 

Elongate charcoal particles, identified by both length-width ratio and morphotypes, are present 

in all size classes throughout the record. Rather than being grass-derived, elongate charcoal 

particles in the SAN1 record are primarily sedge-derived. This indicates that for periods during 

this record conditions were dry enough for sedges on the lake margin to burn. 

It is worth noting that elongate particles are significantly less prevalent in both charcoal trap 

samples (SANFT1 and SANFT2) compared to surface sediment samples from within the 

lagoon (SANSURF1, SANSURF6 and SANSURF10) and samples from core SAN1. The lower 

percentages of elongate charcoal particles in both charcoal trap samples may indicate that sedge 

charcoal is primarily deposited via in-wash rather than aerial transport (charcoal traps only 

collected airborne particles) and/or that conditions in 2016-17 were not dry enough for sedges 
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to burn. While SAN1 has not been confirmed to contain sediments from the last ~160 years, 

surface grab samples contain the water-sediment interface and sediments captured within the 

uppermost SANFC and thus surface sample charcoal can be assumed to represent the most 

recent period of accumulation. Therefore, the presence of elongate charcoal particles in surface 

sediment samples indicates that sedges have burned during the most recent period of sediment 

accumulation. 

 

7.6 Conclusion 

Charcoal and PyC data from Sanamere (SAN1) presented in this chapter represent a mid-

Holocene palaeofire record featuring the presence of burned sedges and C3 woody vegetation 

and high charcoal and PyC flux between ~8200 and 8000 cal BP, with cooler fires prior to 

~8100 cal BP and higher temperature fires between ~8100 and 8000 cal BP. A chronological 

gap in sediments of core SANFC was identified using absolute dating (14C and 210Pb), 

indicating one or more scour or washout events since ~5500 cal BP and prior to 160 years ago. 

Divergence between the charcoal and PyC records for SAN1 highlights the different factors 

affecting each measure including fire temperature, to be discussed further in the following 

chapters. 
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Chapter 8 : Methodological Synthesis 

 

 

8.1 Introduction 

This study applies a range of well-established palaeofire methods, such as optical charcoal 

analysis, charcoal size fractions and particle length-width ratios, along with some emerging 

methods and techniques that have not been applied in tropical Australian contexts, such as 

hydrogen pyrolysis, stable carbon isotope analysis and charcoal morphotype classification. 

This chapter evaluates and compares the data generated using these methods, addressing 

Research Aim 2 (evaluation of established and emerging palaeofire methods) outlined in 

Chapter 1, with the following specific objectives: 

1) Evaluation of the applicability, utility and limitations of the techniques used in this 

study to Australian tropical savannas, including a comparison to modern samples 

2) Development of a relative fire intensity measure, combining charcoal and pyrogenic 

carbon fluxes 

3) Identification of how the techniques presented in this study may be used to identify 

anthropogenic influence in palaeofire records 

Charcoal and pyrogenic carbon are directly compared as measures of fire incidence, and their 

combined results are analysed to determine fire intensities. Contrasting and complimentary 

data on fuel types from length-width ratios and morphotypes are discussed, including the 

applicability of existing classification systems to tropical northern Australian savannas. This 

morphological fuel type data is compared to δ13C values for pyrogenic carbon, which provides 

a quantitative measure of C3 versus C4 fuel contribution. These techniques are then discussed 

for modern charcoal trap and surface sediment samples, including insights applicable to 
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sediment cores. Finally, the techniques evaluated in this chapter will be contextualised in terms 

of known fire regime characteristics to establish a framework for the interpretation of the fire 

records presented in the following chapter (Chapter 9). 

 

8.2 Site Characteristics 

While all three sites (each discussed in detail in Chapter 5, 6 and 7) are similar as they are 

located in tropical savannas under similar climatic conditions, the physical characteristics of 

each site are unique (summarised in Table 8.1). Sanamere Lagoon has the largest approximate 

catchment size and is the largest water body (by surface area) in this study. While the catchment 

of Sanamere Lagoon covers the largest elevation range of the three sites, this is spread over the 

largest, and relatively flat area while the Marura catchment is small and steep-sided. 

 

Table 8.1: Physical characteristics of the sites in this study (data sources referenced in 

individual site chapters). 

 Marura Big Willum Swamp Sanamere Lagoon 

Water depth (at time of 

sample collection) 

11 m 3.5 m 1.25 m 

Sediment depth 5.75 m ≥ 3 m 2 m 

Approximate catchment 

size 

0.2 km² 0.75 km² 9 km² 

Approximate water 

surface dimensions 

210 x 230 m 250 x 600 m 1.5 x 2 km 
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Elevation range within 

catchment 

43 to 69 m a.s.l. 27 to 39 m a.s.l. 15 to 56 m a.s.l. 

Approximate distance to 

modern coastline 

10 km 20 km 23 km 

Mean annual rainfall 

(and primary months in 

which rainfall occurs) 

1314.8 mm 

(Nov – Apr) 

1784.9 mm 

(Nov – Apr) 

1800 mm 

(Dec – Apr) 

Average daily 

temperatures 

15.1 – 34.5 °C 18.8 – 34.8 °C 23 – 32 °C 

Annual cloud-to-ground 

lightning flash density 

2 – 3 flash/km2/y 2 – 3 flash/km2/y 1 flash/km2/y 

Primary fire months 

(and wind direction) 

Jul – Oct 

(SE to NE) 

Jul – Oct 

(SE to E) 

Aug – Dec 

(SE to E) 

 

Marura is considerably closer to the modern coastline (~10 km) than the other sites; however, 

Big Willum Swamp is close (~5-10 km) to inlets of the Mission and Embley Rivers, 

environments which were densely occupied by Indigenous inhabitants during the late Holocene 

(e.g. Wathayn archaeological complex; see Chapter 3; Morrison 2013). The landscape around 

Sanamere Lagoon receives slightly fewer lightning strikes per year than Marura and Big 

Willum Swamp as well as higher rainfall, making lightning-triggered ignitions least likely at 

this site. 

These differences in site characteristics have noticeable effects on the outcomes of methods 

applied in this study, outlined in the following sections. 
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8.3 Charcoal and Pyrogenic Carbon 

8.3.1 Charcoal Size Fractions 

As outlined in Chapter 4, different particle size fractions are associated with different source 

areas from local/within-catchment (>125 µm) to regional/beyond catchment (<125 µm) (see 

Clark 1988; Peters & Higuera 2007). In this study, the strength of relationships between 

different charcoal size fractions varies between sites. 

At Big Willum Swamp, consistently low or nil flux values in the >250 µm size fraction indicate 

that the Big Willum record represents a primarily regional signal, beyond the catchment (>0.25 

km from the water edge). This is supported by weak correlations between the >250 µm size 

fraction and all other measures, and a stronger correlation between bulk PyC and <63 µm PyC 

(r² = 0.45) than is present at the other sites in this study (Figure 8.1). 
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Figure 8.1: BWIL2 bulk and <63 µm PyC flux scatter plot. 

 

In contrast, the δ13C record for Sanamere Lagoon suggests a local within-catchment signal 

(<1.5 km from the water edge) for all measures except <63 µm PyC flux, due to the absence of 

a C4 grass signal in the bulk PyC, when C4 grasses are known to be abundant in the woodlands 

beyond the catchment (for more records with local-only signals, see also Carcaillet et al. 2001; 

Laird & Campbell 2000; Leys et al. 2015; Pitkänen, Lehtonen & Huttunen 1999). This is 

supported by strong positive correlations (r² > 0.65) between all charcoal size fractions and 

extremely weak correlations between <63 µm PyC flux and all other variables (Figure 8.2). 

This within-catchment signal is likely the product of multiple site dynamic effects, including a 

large catchment (compared to other sites in this study) and ineffective aerial particle transport 

to the lagoon (see Chapter 7 Charcoal Traps section). As the Sanamere Lagoon record does not 

primarily capture a beyond-catchment signal from the regionally widespread open eucalypt 
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woodland vegetation type, little comparative insight can be provided about the neighbouring 

Jardine River catchment from this record. 

 

 

Figure 8.2: SAN1 125-63 µm charcoal flux and <63 µm PyC flux scatter plot. 

 

Multiple strong positive correlations exist between charcoal variables for Marura. The Marura 

record does not appear skewed towards a local signal like the Sanamere record, as <63 µm PyC 

flux is strongly correlated (r² = 0.71) with 125-63 µm charcoal flux indicating the finest fraction 

is responding similarly to other fractions. Similarly, the Marura results do not appear skewed 

towards a regional signal like the Big Willum record, as >250 µm charcoal flux is abundant for 

much of the record, and strongly correlated with the other charcoal size fractions (Figure 8.3). 

The Marura record represents a blend of a local (<0.2 km from the water edge) and a regional 

(>0.2 km from the water edge) signal, which show similar trends for most of the record. 
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Figure 8.3: MAR2 >250 µm and 250-125 µm charcoal flux scatter plot. 

 

8.3.2 Charcoal and Pyrogenic Carbon Flux 

The chemical isolation of pyrogenic carbon using the hydrogen pyrolysis method is a relatively 

recent technique in palaeofire research (e.g. Ascough et al. 2009; Meredith et al. 2012; Wurster 

et al. 2012, 2013), with no existing studies combining pyrogenic carbon isolated using 

hydrogen pyrolysis with optical charcoal data published to date. Differences between charcoal 

and pyrogenic carbon measures are expected as they are distinctly separate, but related, fire 

proxies, and in this study have been analysed across different size fractions. 

Across the three sites presented in this study, charcoal flux and pyrogenic carbon flux display 

comparable overall trends but with asynchronous peaks (see tables in Chapters 5, 6 and 7). 

Weak correlations between bulk PyC fluxes and charcoal fluxes is likely the product of small 
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sample sizes. A strong positive relationship (r2 = 0.71) exists between 125-63 µm charcoal flux 

and <63 µm PyC flux at Marura, and the correlation between these variables at Big Willum 

Swamp (r2 = 0.53) is of comparable strength to the relationships between the >250 µm size 

fraction and the other charcoal flux variables. The strength of these correlations indicates a link 

between the two microscopic size fractions and suggests some consistency of burn 

temperatures in the fine fraction; for Big Willum Swamp, this is explained by both of these 

size fractions being primarily derived from beyond the catchment, while at Marura this 

suggests comparable fire intensities (and therefore, fire regimes) at within-catchment and 

beyond catchment scales. 

The absence of strong relationships between the measured PyC fluxes and charcoal variables 

in the Sanamere record indicates that these measures are capturing different trends and sources 

of variability at this site. The weakness of relationships between <63 µm PyC flux and all 

charcoal size fractions is due to the <63 µm PyC fraction deriving from beyond the Sanamere 

Lagoon catchment (as discussed further in Charcoal Morphology and δ13C below), indicating 

a distinction between fire regimes at within-catchment and beyond catchment scales at this site. 

This demonstrates that these measures are not interchangeable but provide complementary data 

for a more nuanced palaeofire reconstruction. 

 

8.3.2.1 Fire Intensity 

Few palaeofire records are of high enough resolution to capture seasonal variations in burning, 

with individual data points for fire proxies representing an aggregate of the time segment they 

represent (e.g. 50 years). Charcoal fluxes/abundances cannot distinguish whether the particles 

within that time slice were created by small annual burns or in a single widespread fire event. 

Additionally, Preece (2002) identifies historical records of year-round burning by traditional 
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owners in Arnhem Land and Cape York Peninsula, indicating that the timing of burns may be 

of less importance than the frequency, intensity and severity. 

Fire intensity can be broadly defined as the overall energy release of a fire, comprising multiple 

factors including temperature and residence times, and does not include ecosystem effects of 

fire (Keeley 2009). Trauernicht et al. (2015, p.1914) suggest that “fire intensity and 

heterogeneity” are affected by human fire management while the “total extent of landscape 

burnt” is primarily driven by climate, making traditional measures of biomass burning (e.g. 

charcoal flux) sensitive to climate signals but unable to detect an anthropogenic signal within 

a fire record. 

As such, fire intensity data are critical in order to separate potential climatic and anthropogenic 

influences within a palaeofire record, and a fire intensity measure addresses Research Question 

ii (distinguishing anthropogenic and climate influences) outlined in Chapter 1. As the 

proportion of pyrogenic carbon to charcoal increases with increasing fire intensity (see Bird & 

Ascough 2012), the combination of charcoal and pyrogenic carbon flux data allows for the 

identification of peaks associated with different relative fire intensities. Peaks in fluxes can be 

separated into two dominant intensity types (Figure 8.4): 

1) Low intensity, characterised by peak charcoal flux and low PyC flux (because large 

quantities of charcoal were produced with low pyrogenic carbon content) 

2) High intensity, characterised by a peak in PyC and low charcoal flux (because charcoal 

that survived the fire was substantially converted to PyC measurable by hydrogen 

pyrolysis) 
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Figure 8.4: Graphical representation of intensity classifications of charcoal and 

pyrogenic carbon. Charcoal is represented by black rectangles. Pyrogenic carbon is 

represented by structural diagrams of coronene, as coronene contains the minimum 

number of polyaromatic rings for isolation by hydrogen pyrolysis. 

 

Peaks in charcoal flux not reflected in PyC flux (as either the absence of a peak or the presence 

of a trough) are the product of cool, low intensity fire events generating minimal pyrogenic 

carbon (represented by blue bars in Figures 8.5, 8.6 and 8.7). A greater proportion of PyC flux 

relative to the charcoal flux indicate high intensity fires, either at severe intensities destroying 

larger particles (low or absent charcoal, coincident <63 µm PyC flux peak) or burning a smaller 

area or biomass volume (than comparable intensity fires that create both PyC and charcoal flux 

peaks) (represented by red bars in the figures below). Peaks in both charcoal flux and PyC flux 

occur under intermediate or indeterminate fire intensities, shown as the absence of low or high 

intensity bars on the following graphs; designations of low or high intensity bars have only 

been made where a clear determination is apparent. Ideally, charcoal and pyrogenic carbon 

would be measured within one sample, allowing low, intermediate and high intensity 
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designations to be made with greater certainty; this would be difficult to achieve due to 

practical considerations such as division of charcoal into multiple size fractions and potentially 

low sample volumes as a result. 

 

   

Figure 8.5: MAR2 bulk PyC flux and total charcoal flux, by depth. Blue bands indicate 

cool, low intensity fire (high charcoal, low PyC), and red bands indicate hot, high 

intensity fire (high PyC, low charcoal). 
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Figure 8.6: BWIL2 bulk PyC flux and total charcoal flux, by depth. Blue bands indicate 

cool, low intensity fire (high charcoal, low PyC), and red bands indicate hot, high 

intensity fire (high PyC, low charcoal). 
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Figure 8.7: SAN1 bulk PyC flux and total charcoal flux, by depth. Blue bands indicate 

cool, low intensity fire (high charcoal, low PyC), and red bands indicate hot, high 

intensity fire (high PyC, low charcoal). 

 

All three records show varying fire intensities through time. Marura shows the highest 

variability, with numerous shifts between low, high and indeterminate intensities, and no one 

intensity type remaining dominant for more than ~300 years. While the charcoal flux peak at 2 

cm depth at Big Willum Swamp may be classified as a cool burn due to charcoal flux peaking 

and PyC flux decreasing (relative to the previous sample), both fluxes are still high and thus 

this may reasonably be considered intermediate or indeterminate intensity. In that case, the 

uppermost 4 cm (~30 cal BP to present) of the Big Willum record contains only high intensity 

fire events. 
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The Sanamere Lagoon record is dominated by high intensity fire events, with the exception of 

a significant low intensity charcoal flux peak at the beginning of the record (~8260-8240 cal 

BP). This data will be further discussed in the context of each site history in Chapter 9. 

If variation in fire intensity is taken as an indicator of anthropogenic influence (following 

Trauernicht et al. 2015), the Marura record indicates the highest levels of human influence on 

landscape fire of the sites in this study, while the Sanamere Lagoon record shows the least 

human influence. Overall low charcoal and pyrogenic carbon abundances combined with low 

resolution make assessing human influence on fire at Big Willum Swamp difficult. The absence 

of anthropogenic burning in the tropical savannas of northern Australia has been associated 

with large scale, high intensity “wildfires” in the late dry season, with a fire return interval of 

1-3 years (Yibarbuk et al. 2001, p.329, 337); the presence of substantial periods of cool, low 

intensity fires in a palaeofire record therefore also suggests human intervention. 

It is not certain that overall charcoal or pyrogenic carbon abundance, as measures of total 

biomass burned, capture a purely climatic signal as proposed by Trauernicht et al. (2015). The 

overall decline in flux values at Marura through the late Holocene may indicate a buffer effect 

created by human fire management, as the climate of this period is known to be increasingly 

variable with intensifying ENSO conditions compared to the mid-Holocene (e.g. Diaz & 

Markgraf 1992; Field et al. 2017; Fletcher et al. 2015; Walker et al. 2018); this will be discussed 

further in Chapter 9. 

 

8.3.3 Pyrogenic Carbon and Total Organic Carbon 

The relationship between total organic carbon and percent pyrogenic carbon varies between 

sites, and to a lesser extent between size fractions (Figure 8.8). Clustering is apparent for each 
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site, with Marura and Big Willum Swamp overlapping in tight clusters and Sanamere Lagoon 

separated and scattered more broadly. 

 

 

Figure 8.8: Total organic carbon (%TOC) and percent pyrogenic carbon (log scale) for 

bulk (closed circles) and <63 µm (open circles) size fractions. Purple: Marura, orange: 

Big Willum Swamp, green: Sanamere Lagoon. 

 

This indicates that pyrogenic carbon percentage is more closely linked to total organic content 

at Marura and Big Willum Swamp, where vegetation is mixed tree-grass. Pyrogenic carbon 

percentages are not consistently connected to total organic carbon at Sanamere Lagoon. 

Sanamere Lagoon also has a higher average total organic carbon content throughout the record 

(~40 %) than peak %TOC values at Marura or Big Willum Swamp (both ~20 %). The scatter 
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within the Sanamere <63 µm size fraction is likely the result of various inputs from within and 

beyond the catchment influencing this fraction (see Chapter 7 Discussion).  

 

8.4 Length-Width Ratios and Morphotypes 

8.4.1 Length-Width Ratios 

Different studies suggest different thresholds equal to or above which a particle is considered 

elongate or elongated (Figure 8.9); a length-width ratio of 3.6 was selected for this study. 

Length-width ratios offer a simple, easily replicable method for identifying potentially grass-

derived particles. The combination of length-width ratios and other methods for identifying 

fuel type, such as morphology and δ13C values, allows for the identification of grass and non-

grass elongate fuels. 

 

 

Figure 8.9: Visualisation of length-width ratios suggested as the threshold for particles 

to be considered “elongate(d)”: a) 2 (Aleman et al. 2013), b) 3.6 (Umbanhowar & 

McGrath 1998), and c) 3.7 (Crawford & Belcher 2014). 
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8.4.2 Morphotypes 

As stated in Chapter 4, both morphotype classification systems applied in this study were 

developed using samples from British Columbia, in temperate forests. Both systems, 

particularly the detailed 27-type Courtney Mustaphi and Pisaric (2014) system, therefore 

contain details specific to temperate forest environments (e.g. the presence of conifer needle 

morphotypes) and may overlook or not capture details specific to savannas. For example, the 

association of certain particle morphologies (e.g. type M; Enache & Cumming 2006) with high 

fire intensities due to their creation during crown fires likely does not apply in environments 

such as dwarf heathlands that do not have a distinct crown layer that only burns under severe 

fire conditions. 

 

8.4.2.1 Courtney Mustaphi and Pisaric (2014): 27-Type Morphotype Classification 

The extensive detail within Courtney Mustaphi & Pisaric’s (2014) morphotype system, applied 

to the macroscopic size fractions, was not useful to this study for a number of reasons. Firstly, 

some types were specific to fuel types not found in tropical Australian savanna environments, 

namely types C1 (charred conifer needles) and C2 (needle fragments) (Courtney Mustaphi & 

Pisaric 2014, p.741). Secondly, distinctions which are applicable to these environments did not 

necessarily provide diagnostic data applicable to interpretation in this study. For example, A1 

(foliated polygon) is associated with wood as a fuel, while A3 (solid, closed polygon) is 

associated with “punky wood” or leaves as fuel (Courtney Mustaphi & Pisaric 2014, p.739). If 

both of these particles are taken to originate from wood, the distinction between these two types 

does not provide any additional data to assist in the reconstruction of landscape vegetation. 

Some types were also identified by Courtney Mustaphi & Pisaric (2014) as potentially the 

product of numerous fuel types, thus preventing the attribution of a distinctive fuel type; for 
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example, type B2 is identified as either wood or Poaceae leaf-derived, B4 as either leaves or 

Poaceae leaves, and B5 as conifer needles, grass or leaves (Courtney Mustaphi & Pisaric 2014, 

p.740). Therefore, classifying a particle as B2, B4 or B5 cannot distinguish whether the particle 

is tree, shrub or grass-derived and subsequently these types provide no interpretable data for 

this study. Type A6 (framework-supported polygon), identified in samples from all three sites 

in this study, is not attributed to any fuel source by Courtney Mustaphi & Pisaric (2014:739). 

Finally, the volume of data generated by applying Courtney Mustaphi & Pisaric’s (2014) 27-

type system is difficult to manage and must be simplified for analysis, thus removing the 

additional detail that it provides. Morphotype data for the macroscopic size fractions in this 

study were subsequently simplified to Enache and Cumming’s (2006) 7-type system, allowing 

comparison to the microscopic (125-63 µm) size fraction, as well as simplified further into 

elongate versus non-elongate morphotypes for comparison to length-width ratio data. 

 

8.4.2.2 Enache and Cumming (2006): 7-Type Morphotype Classification 

The 7-type system presented by Enache and Cumming (2006) is a less detailed and potentially 

more widely applicable morphotype system (see Figure 8.10). However, due to the system 

being derived from fossil charcoal data rather than burning under laboratory conditions, Enache 

and Cumming (2006) do not attribute fuel sources to all morphotypes, specifically types B 

(partial burn), P (irregular, powdery) and D (elongate with ramifications). Therefore, 

classification of particles as these types does not provide fuel type data for interpretation in the 

context of this study. 
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Figure 8.10: Example particles from this study for each type in Enache and Cumming’s 

(2006) morphotype classification. 

 

Charcoal particles were also found in this study that may not be accurately classified under 

these existing morphotype systems and were thus recorded either as “Unidentified” or as the 

closest corresponding morphotype available. While Enache and Cumming (2006, p.285) 



262 

describe type M particles as irregular, highly porous, and “thin”, particles were found in this 

study that were irregular, highly porous, and thick (three-dimensional) (Figure 8.11). These 

particles, when encountered in the 125-63 µm size fraction, were recorded as type M as this is 

the closest corresponding morphotype within the Enache and Cumming (2006) system. 

 

 

Figure 8.11: Particle from SAN1 7.5-8cm >250 µm displaying irregular shape, high 

porosity, and depth (three-dimensionality), classified as type M under the Enache and 

Cumming (2006) system. 

 

Discrepancies in vegetation/fire dynamics when comparing temperate forests with tropical 

savannas as well as particles being classified as the closest available type make applying 

interpretations by Enache and Cumming (2006) to the results of this study difficult. This may 

explain why an increase in type M particles is not observed during high intensity fire events 

identified in the SAN1 record (see Fire Intensity above, and Chapter 7 Results), as Enache and 
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Cumming (2006) describe this particle type as being generated under high temperature, high 

intensity conditions; however, this is likely also a product of vegetation structure differences 

as the dwarf heathland currently surrounding Sanamere Lagoon does not include a canopy layer 

to be affected by crown fires (see Enache & Cumming 2006, p.288). Similarly, particles 

classified as type P in this study were irregular with no visible structure, but were not 

necessarily “powdery” in texture or thin (“sheets”) as described by Enache and Cumming 

(2006, p.285). 

However, the simplicity of Enache and Cumming’s (2006) seven-type system does allow for 

an overview of particle morphological changes through a charcoal record, even if this cannot 

be confidently linked to specific fuel types. Charcoal morphology in all size fractions at 

Marura, for example, show a decline in elongated type F over time while geometric type S with 

visible structure increases (see Chapter 5 Results). While Enache and Cumming (2006) 

describe type F as most abundant in samples with low charcoal counts at their British 

Columbian site, the opposite trend is apparent in the Marura record. 

No studies to date have demonstrated what morphologies are present in savanna environments. 

Leys et al. (2015) investigate morphotypes within a North American tallgrass prairie, and 

describe very specific “cell” and “fibrous” types associated with herbaceous fuels and “dark”, 

“lattice”, “branched” and “sponge” with woody fuels (see Leys et al. 2015 Appendix 1, p.2). 

The array of particle morphologies encountered at sites in this study suggests that the small 

selection of morphotypes presented by Ley et al. (2015) applicable to temperate prairies do not 

cover the full range of fuels present in Australia’s savannas. 

Morphological changes within a record may also be significant to estimating the source area 

of charcoal in conjunction with particle size, with different particle shapes and densities within 

a size fraction dispersing differently. Enache and Cumming (2006, p.290) suggest that porous 
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particles (e.g. types M and S) may be more effectively aerially transported than dense (e.g. 

types C and P) morphologies. Vachula and Richter (2018) model the settling velocity of 

particles and demonstrate that porous, non-spherical particles take longer to settle, and may 

therefore travel further before settling, compared to denser, spherical particles. These studies 

do not discuss the overland (e.g. in-wash) transport efficiency of these particles. 

 

8.4.3 Length-Width Ratios and Morphotypes Comparison 

Leys et al. (2015, p.11) notes the potential of combining aspect ratio measurements with 

morphotype analysis to better identify fuel types. Aspect ratio and morphotypes provide 

comparable data when analysing elongate versus non-elongate particles, with length-width 

measurements being more consistent and less reliant on analyst discretion. As discussed in 

Chapters 5-7, length-width ratios and elongate morphotypes produced similar estimates of 

elongate particle percentages in this study, with slightly higher values estimated by ratio 

measurements. Either method is therefore applicable if the desired data is an elongate/non-

elongate binary, with aspect ratio ideal for precision, and morphotypes for speed of analysis. 

This binary is taken to be representative of grass versus non-grass (woody) content (e.g. 

Aleman et al. 2013; Umbanhowar & McGrath 1998), although must be interpreted with caution 

as high incidence of breakage (e.g. in high energy depositional environments or during 

laboratory processing) as well as non-grass elongate plants (e.g. sedges, see Chapter 7 as well 

as discussion below) can also influence this measure. Elongate particles with ramifications may 

also affect this, as ramified elongates have been identified as deriving from leaf stems (see 

Courtney Mustaphi & Pisaric 2014, p.741). 

Morphotypes allow for the identification of fuels beyond an elongate/non-elongate measure. 

The applicability of morphotype analysis to a site or record depends on (i) whether the 
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chosen/available morphotype classification system is appropriate to that environment, and (ii) 

whether differentiating between various fuel types is meaningful in relation to vegetation 

structure and dynamics. The identification of wood versus leaf charcoal may be used to 

determine fire temperature or severity in an environment where wood only burns under high 

severity fires such as crown fires (e.g. temperate and montane forests; Feurdean & Vasiliev 

2019). The distinction between such types may not be useful or interpretable in an environment 

where no link is known between fuel source and fire conditions (e.g. tropical dwarf heathland; 

see Chapter 7). 

 

8.5 Charcoal Morphology and δ13C 

Similar to charcoal and pyrogenic carbon fluxes, charcoal morphology and pyrogenic carbon 

δ13C values provide complementary data. Morphological data can provide detail beyond a 

grass/non-grass binary, although the utility and interpretability of this data may depend on 

existing reference collections of fuel types (see Morphotypes above). Contrastingly, δ13C 

values can quantitatively determine the contribution of C3 versus C4 fuels. The combination of 

these two types of measures in this study reveals the nuances of each analysis and the benefits 

of combining them. 

The Sanamere Lagoon record provides an ideal example due to its local C3-only vegetation 

within-catchment and mixed C3-C4 vegetation communities beyond the catchment. Elongate 

charcoal particles identified by length-width ratios and morphotypes are present throughout the 

Sanamere record, which would typically be interpreted as the presence of grasses (e.g. Aleman 

et al. 2013; Umbanhowar & McGrath 1998). Consistently low 13C values in pyrogenic carbon 

in this record, however, identifies an absence of C4 grass contributing to the fuel. Elongate 

particles in the Sanamere record are therefore likely the product of C3 plants such as sedges 
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(see Bunn & Boon 1993, p.89; Boon & Bunn 1994, p.102), which are abundant in the modern 

vegetation at the site. This demonstrates the benefits of combining these methods; analysis of 

elongate particles only would result in the erroneous interpretation that grasses are present 

throughout the record, while analysis of δ13C values only would not allow for the identification 

of sedges distinct from the contribution of other C3 fuels. This is valuable information as sedges 

at Sanamere Lagoon currently grow in waterlogged sediments fringing the lagoon, thus the 

presence of sedge charcoal in the record indicates potentially arid conditions and fire events 

close to the water edge. 

Elongate particles sourced from non-grass fuels are also suggested by the morphotype systems 

used in this study (as discussed in Morphotypes above). Ramified (branching) morphotypes 

are typically elongate in aspect ratio but are not necessarily identified as grasses, such as C5, 

C6 and C7 (Courtney Mustaphi & Pisaric 2014, p.741) which are associated with leaf stem 

fuels, and Type D (Enache & Cumming 2006) where no fuel type is specified. This 

demonstrates the importance of developing new morphotype systems for different regions or 

climate zones (e.g. the tropics) and the combination of measures such as morphotypes, aspect 

ratio and δ13C values. 

These demonstrated differences between elongate particle measures and δ13C values 

unsurprisingly result in only very weak correlations between these measures in this study (r² < 

0.2; Figures 8.12, 8.13 and 8.14). It is noteworthy that these poor correlations occur at all sites 

including Big Willum Swamp and Marura where elongate particle percentages and δ13C values 

both suggest mixed grass and woody contributions throughout these records (see Figures 8.12 

and 8.13). Some of these differences may result from dissimilarities across size fractions; 

elongate particle percentages were recorded for distinct size classes while δ13C values were 

analysed for bulk PyC and the <63 µm size fraction only. 
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Figure 8.12: MAR2 >250 µm percent elongate particles from length-width ratios and 

bulk PyC δ13C scatter plot. 

  

R² = 0.0258

-25

-23

-21

-19

-17

-15

0 25 50 75 100

Py
C

 δ
13

C
 B

ul
k

>250 elongate L:W

MAR2 >250 elongate particles (L:W) and Bulk 
PyC δ13C



268 

 

Figure 8.13: BWIL2 125-63 µm percent elongate morphotypes and <63 µm PyC δ13C 

scatter plot. 
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Figure 8.14: SAN1 250-125 µm percent elongate morphotypes and bulk PyC δ13C 

scatter plot. 

 

8.5.1 Pyrogenic Carbon and Total Organic Carbon δ13C 

Clustering by site is apparent in δ13C values pre-hydrogen pyrolysis (total organic carbon) and 

post-hydrogen pyrolysis (PyC) for the bulk fraction (Figure 8.15), with Big Willum and 

Sanamere clustering tightly and Marura showing a greater scatter. Less distinct clustering 

occurs in the <63 µm size fraction for all sites; Marura and Sanamere vary most in pyrogenic 

carbon <63 µm δ13C values and less in total organic carbon, while Big Willum varies across 

both total organic carbon and PyC. 
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Figure 8.15: Total organic carbon (TOC) and pyrogenic carbon δ13C values for bulk 

(closed circles) and <63 µm (open circles) size fractions. Purple: Marura, orange: Big 

Willum Swamp, green: Sanamere Lagoon. 

 

Consistently more 13C-depleted values in the PyC <63 µm fraction are predicted by the Stable 

Isotope Disequilibrium Effect for grass-dominated environments (see Saiz et al. 2015; Chapter 

6); this is most clearly visible for Big Willum Swamp, where <63 µm PyC δ13C values are 

significantly lower than their bulk equivalents as well as being predominantly lower than pre-

hydrogen pyrolysis (total organic carbon) <63 µm δ13C. Only a small subset of samples for 

Sanamere Lagoon show this relationship, as these points (6.5, 9.5, 13-13.5 and 16.5 cm) are 

coincident with peaks in pyrogenic carbon percentage and represent input from distant fire 

events beyond the C3-dominated catchment. Some samples for Marura show this effect, 

suggesting a mix of grass-dominated and more woody-fuelled fires through the record. 
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It is unclear why most samples across all sites show 13C enrichment for PyC, excepting those 

demonstrating the Stable Isotope Disequilibrium Effect (13C depletion). Previous studies have 

shown that pyrogenic carbon (e.g. Bird & Ascough 1997; Saiz et al. 2015) and even charred 

wood (Czimczik et al. 2002) are typically 13C-depleted compared to the original biomass. 

 

8.6 Charcoal Traps, Recent Sediments and Surface Samples 

Charcoal trap samples serve as a modern test of the charcoal methods applied in this study, as 

well as a modern calibration for data in the Sanamere record (see Chapter 7). Charcoal 

abundance in the Coen (COENFT) and Kendall B (KENBFT) samples reflects the total area 

burned within a 5 km2 radius around each trap, with high charcoal abundances in KENBFT 

linked to extensive burning around the Kendall B trap. While a substantial area burned between 

the 5 km2 and 10 km2 radii around Sanamere, SANFT2 charcoal abundances are low suggesting 

minimal regional aerial transport of charcoal to Sanamere Lagoon from beyond the catchment 

(burn estimates within 5 km2 likely contain erroneous data, see Chapter 7). Charcoal flux for 

charcoal trap samples also demonstrates the importance of overland transport of charcoal into 

a site, as the immediate area around the Kendall B charcoal trap was burned directly and yet 

contained substantially less charcoal (as measured by particles/cm2/y) than found in the SAN1 

record. Elongate particles (from length-width ratios and morphotypes) in the COENFT and 

KENBFT samples demonstrate that elongate particle contributions reflect the mixed tree-grass 

environments surrounding both traps. Morphotypes also reflect the distinction between open 

woodland with a grassy understorey (COENFT and KENBFT) and dwarf heathland (SANFT1 

and SANFT2), with the former dominated by type F (elongate) and the latter by either type C 

(solid geometric; SANFT1) or types M and S (structured polygon and structured geometric; 

SANFT2) (Figure 8.16). 
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Figure 8.16: Charcoal trap sample charcoal morphotypes. 
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and Pisaric (2014, p.741) associate morphologies broadly classified within this type to leaf 
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from woody vegetation, potentially dependent on fire characteristics. The lack of type B 

(partially burned structured geometric) particles is expected as this type was poorly represented 

in all samples of this study, with partially blackened particles primarily recorded as “partial 

char” or not classified as charcoal. 

Morphologies from charcoal trap samples can also be compared to recent sediments from the 

MAR2 (see Chapter 5: Charcoal Morphotypes) and BWIL2 (see Chapter 6: Charcoal 

Morphotypes) records and compared to modern vegetation. Similar to the charcoal trap 

samples, morphotypes B (partially burned structured geometric) and D (elongate with 

ramifications) are mostly absent in the most recent period (~1950 CE onwards) at Marura and 

Big Willum Swamp. Type F (elongate) dominates the COENFT and KENBFT samples as well 

as the 125-63 µm fraction in the most recent period at Big Willum Swamp. While type F is 

present at Marura in this period, types M (irregular, structured) and S (structured geometric) 

dominate. These results suggest vegetation at Big Willum Swamp since ~1950 CE is most 

comparable to modern vegetation at Coen and Kendall River Station, while Marura shows 

similarities but is less dominated by grasses. 

Surface samples analysed from Sanamere Lagoon represent the variability present within a 

sedimentary environment. The relationship between charcoal abundance and collection 

location (distance from lake edge) is not straightforward, as demonstrated across SANSURF1 

(centrally collected, highest abundances), SANSURF6 (collected halfway to shore, lowest 

abundances) and SANSURF10 (collected close to the water edge). The significantly higher 

charcoal abundances recorded in SANSURF1 for all size fractions (see Chapter 7) support 

sampling from the centre of a water body. Each surface sample also varies somewhat in 

morphotype and elongate versus non-elongate particle composition; this is likely the result of 

small sample sizes, as 125-63 µm charcoal abundances are significantly higher than the 

macroscopic sizes and morphologies in this size fraction are very similar across the three 
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samples. Differences in charcoal abundance as well as morphology demonstrate that 

interpretation of minor changes in a record should take into account possible within-site 

variability. 

 

8.7 Fire Proxies and Fire Regimes 

Data from every proxy presented in this chapter can be combined to better understand the 

palaeofire records in this study. Interpretation of this data depends strongly on the known 

characteristics of fire regimes in the northern Australian tropics, as introduced in Chapter 3. 

Ethnographically recorded Indigenous fire regimes are primarily characterised by low intensity 

fires over small areas, with spatial and temporal heterogeneity creating a “patch mosaic” 

(Bliege Bird et al. 2013). An established patch mosaic allows for low intensity fires to be lit 

without fear of excessive spread under “late dry season climatic conditions” (e.g. low fuel 

moisture, high winds, high temperature) that would result in a widespread, high intensity fire 

in a homogenous unburned landscape (Yibarbuk et al. 2001, p.337). The timing of traditional 

Indigenous burning regimes are therefore limited only by when fuels are dry enough for 

ignition, with historical accounts from Cape York Peninsula and Arnhem Land recording fires 

being lit throughout the dry season and sometimes in the middle of the wet season (Crowley 

1995, p.40; Preece 2002, 2013). 

However, Indigenous burning was likely not limited to low intensity fires. Crowley (1995, 

p.12) notes that low intensity fires and low fire frequencies are associated with canopy 

dominance, while high fire intensities and frequencies shift dominance to the ground layer; the 

required fire intensity and frequency is highly dependent on the intended outcome/s of burning 

(for examples of Indigenous uses for fire, see Chapter 3). The heathland communities of Cape 

York Peninsula appear adapted to hot fires: 
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Fires occur in these [heathland] communities despite the fact that some are found on 

extremely wet soils. Cool fires lead to very little regeneration; hotter fires release seed 

dormancy in a range of species that disappear from the vegetation as time since last fire 

increases (Stanton 1992)… Such communities thus appear to be adapted to hot, relatively 

infrequent fires (Dunlop and Webb 1991), and a fire strategy whereby small areas are 

burnt at intervals of 5 to 10 years has been proposed (Stanton 1992) (Crowley 1995, 

pp.17-18). 

High intensity fires, as well as low intensity fires, are therefore likely to be a component of 

Indigenous fire management, dependent on the purpose/s of burning and characteristics of the 

vegetation community being managed. 

Fire regime transitions in northern Australia with European invasion may appear as the 

replacement of Indigenous land management with European land management (e.g. 

pastoralism or mining) or the removal of Indigenous management without replacement by 

another management system. Removal of Indigenous fire management without the introduction 

of another fire management system has been associated with widespread, high intensity late 

dry season fires (e.g. Yates, Edwards & Russell-Smith 2008; Yibarbuk et al. 2001). Crowley 

(1995, p.48, 50, 52) describes European and other contemporary fire regimes in northern 

Australia as less “diverse” than Indigenous fire management systems that preceded them, with 

fires for pastoral management primarily lit in the early dry season (see also Crowley & Garnett 

2000). 

The relationship between fire regimes and total area burned is less clear. Multiple studies argue 

that total area burned is closely linked to climatic conditions, with anthropogenic fire regimes 

affecting the spatial and temporal distribution of fire, including intensity and fire frequency, 

but not reducing the overall area burned (Bliege Bird et al. 2008; Head 1994; Trauernicht et al. 
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2015). However, anthropogenic burning may also act as a buffer for increasing climatic 

variability that would otherwise increase fire sizes and overall fire risk (Bliege Bird et al. 2012). 

Vegetation composition is another aspect affecting, and affected by, fire regimes. The type of 

vegetation present at a site initially dictates the type of fire that the environment can carry 

(based on fuel availability) while maintenance of certain fire regimes can protect fire-sensitive 

plants (e.g. Callitris intratropica; Trauernicht et al. 2013) or patches of fire-prone vegetation 

communities (e.g. rainforests; Bowman 2000; Hill, Griggs & Bamanga Bubu Ngadimunku 

Incorporated 2000). However, there is debate around long-term drivers of vegetation change, 

with arguments for climate as a primary driver (Black & Mooney 2006; Mooney et al. 2011; 

Sakaguchi et al. 2013), human influence as a primary driver (Gammage 2012; Trauernicht et 

al. 2013; Veenendaal et al. 2018), and a mix of both (McWethy et al. 2017; Power et al. 2008; 

Rull et al. 2015). Shifts in fuel types in isolation cannot be simply categorised as a climatic or 

anthropogenic signal. 

To summarise, Indigenous fire regimes can therefore be expected to appear in the palaeofire 

record as variable fire intensities (measured by comparing charcoal and PyC fluxes) across 

space and time (measured by comparing size fractions and changes through the record). 

Climatic shifts may be considered the primary driver of overall fire incidence (overall charcoal 

and PyC flux), although anthropogenic buffer effects must also be considered. Vegetation 

changes (measured by particle morphology and δ13C values) must be considered in the context 

of fire incidence and intensity. 

The cessation of Indigenous fire management is likely marked by a sudden shift to less variable 

fire intensities (e.g. low or indeterminate for European pastoral management or high intensity 

for unmanaged regions), although this occurs over a relatively short period (~100-150 years) 

compared to the total time span of each palaeofire record which may make variability difficult 
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to assess. However, the constrained timeframe for European influence will assist in identifying 

this transition. 

 

8.8 Conclusion 

All of the palaeofire techniques evaluated in this chapter have been demonstrated to provide 

useful interpretive data for the sites in this study. The combination of charcoal and pyrogenic 

carbon measures allows for the identification of fire intensities along with overall fire 

abundance. Intensity data can then be interpreted in terms of fire seasonality and anthropogenic 

influence. Size fraction divisions within both charcoal and pyrogenic carbon allow for this 

analysis to occur across space as well as time. Aspect ratio, morphology and pyrogenic carbon 

δ13C values combined allow for the identification of C3-C4 fuel contributions as well as 

elongate C3 fuels. Future work will ideally combine this suite of fire proxies with molecular 

markers such as levoglucosan (e.g. Schüpbach et al. 2015) and vegetation measures such as 

pollen (e.g. Daniau et al. 2019). All of the methods evaluated in this chapter will be applied in 

the following chapter to interpret the fire records of Marura, Big Willum Swamp and Sanamere 

Lagoon. 
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Chapter 9 : Fire Histories and Interpretation 

 

 

9.1 Introduction 

This chapter applies the parameters established in Chapter 8 to interpret the results for each 

site in this study. Individual site records are presented, contextualised by existing 

palaeoenvironmental and archaeological data to create comprehensive interpretations of 

palaeofire for Marura, Big Willum Swamp and Sanamere Lagoon. Each record is divided into 

main palaeofire phases, identifying major changes in charcoal and pyrogenic carbon measures 

determined using CONISS cluster analysis. These records address Research Aim 1 (creation 

of new palaeofire records) outlined in Chapter 1 along with all Research Questions, to meet the 

following objectives: 

1) Creation of new palaeofire records for regions previously lacking fire proxy data 

2) Characterisation of changes in fire incidence, fire intensity, and vegetation (fuel types) 

in these fire histories 

3) Identification of anthropogenic influence distinct from climate in these fire histories 

4) Identification and characterisation of European influence on fire at Marura and Big 

Willum Swamp 

The chapter concludes with an overview of fire regimes in northern Australia during the late 

Holocene in light of the new records presented here for Marura and Big Willum Swamp. 
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9.2 Fire Histories by Site 

9.2.1 Marura 

Marura has the smallest water surface area of the sites in this study, as well as a small and 

steep-sided catchment (see Chapter 8, Table 8.1). Marura is also closer to the modern coastline 

(~10 km) than the other sites and surrounded by open Eucalyptus woodland comparable to Big 

Willum Swamp. 

The Marura palaeofire record can be separated into three main phases: 4600-2800 cal BP 

(Phase I), 2800-900 cal BP (Phase II) and 900 cal BP to present (Phase III). While these phases 

are primarily determined from trends in charcoal and PyC fluxes, they also broadly correspond 

to known changes in the regional archaeological and palaeoenvironmental records, as discussed 

below. 

 

9.2.1.1 Marura Phase I – 4600 to 2800 cal BP 

Phase I is characterised by high charcoal and pyrogenic carbon fluxes, the highest across the 

Marura record, with peak charcoal and pyrogenic carbon fluxes occurring around 4300-4000 

cal BP. An organic rich phase in the Marura sedimentary record (identified via XRF and total 

organic carbon percentages) also begins at ~4000 cal BP, lasting until ~2600 cal BP (see 

Chapter 5, Figure 5.17). Pyrogenic carbon δ13C values in this phase show mixed C3-C4 

contribution, and elongate particle contributions show very similar trends across all size 

fractions (averaging between 40 and 60 %) suggesting similarities in tree-grass ratio across 

spatial scales within and beyond the catchment of Marura. 

Two significant shifts occur in bulk PyC δ13C values at the start of this phase: a peak at ~4500 

cal BP (-18 ‰) indicating high grass content, and a trough shortly after at ~4350 cal BP (-24 

‰, indicating high woody content), with coincident but less dramatic changes evident in the 
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<63 µm PyC δ13C values. The <63 µm PyC δ13C values show very little correspondence with 

the bulk fraction after this point in the record, suggesting that at the beginning of this phase the 

similar C3/C4 vegetation compositions in the Marura catchment and greater region diverged 

after this point. The grassy sample at ~4500 cal BP occurred under low fire intensities, while 

the woodier (13C-depleted) sample at ~4350 cal BP along with a later similar trough at ~4000 

cal BP occurred under high fire intensities (Figure 9.1). 

 

   

Figure 9.1: MAR2 bulk pyrogenic carbon (PyC) flux and δ13C values. Blue bars: low 

intensity, red bars: high intensity (see Chapter 8). 

 

As detailed in Chapter 2, some palaeoenvironmental records from central and western northern 

Australia show a drying trend into the late Holocene coinciding with Marura Phase I, with 
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Springs; McGowan et al. 2012). Shulmeister (1992) identifies a precipitation maximum at ~4 

ka for Four Mile Billabong on Groote Eylandt followed by a precipitation decline from ~3.8 

ka. Biomass promoted by the mid-Holocene precipitation maximum likely provided fuel for 

increased fire incidence during the transition to increasingly dry and variable conditions in the 

late Holocene (e.g. Prebble et al. 2005). Peak charcoal and pyrogenic carbon fluxes at Marura 

(~4000 cal BP) coincide with this potentially regional transition from higher effective 

precipitation in the mid-Holocene to drier and/or more variable conditions into the late 

Holocene suggesting a climatic control on fire incidence and mixed composition burning in 

this phase. More records in this region with precipitation proxies are needed to better 

understand regional precipitation trends throughout the Holocene. 

High charcoal abundance also occurs at Walala on Vanderlin Island during this phase (~4500-

3000 cal BP), corresponding to high values at Marura, although data points between 3000 BP 

and the present for Walala are limited (Prebble et al. 2005). While Prebble et al. (2005, p.368) 

do not attempt to ascribe a cause to this high fire incidence, they identify vegetation change at 

Walala responding less directly to climate after ~5500 cal BP, “instead mediated through 

changing fire regimes”. Microscopic charcoal abundance at Girraween Lagoon peaks around 

3000 cal BP and decreases thereafter into the present, comparable to Marura (Rowe et al. 2019). 

This may suggest that climate was a significant driver of fire incidence at this time, with peak 

fire incidence at the onset of the late Holocene as effective precipitation decreased, and 

followed by fire incidence declining towards the present. 

 

9.2.1.2 Marura Phase II – 2800 to 900 cal BP 

While charcoal and PyC fluxes show a decreasing trend throughout the Marura record, the most 

pronounced change in flux occurs around 2800 cal BP, after which time values across all sizes 
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never again reach peak levels seen prior to ~2800 cal BP (excepting one peak in bulk pyrogenic 

carbon flux indicating a high intensity fire event at ~1200 cal BP). This decrease in flux is most 

apparent in the macroscopic charcoal size fractions. Additionally, elongate particle 

contributions to the largest macroscopic charcoal size fraction (>250 µm) increase in variability 

at this time and no longer show similar trends to elongate particles in the other size fractions. 

Despite this, charcoal fluxes for all size fractions are most strongly correlated during this phase 

(Table 9.1). In Phase II (~2600 cal BP), the Marura XRF record ceases to be dominated by an 

organic elemental signal. A minor peak in detrital elements occurs in this phase from ~1900 to 

~1300 cal BP, along with a trough in total organic carbon percentages; this does not appear to 

correspond to any other proxies measured in this study. 

 

Table 9.1: Correlations (r² values) for Marura charcoal flux variables divided by phase. 

** denotes correlations at a significance level of 0.01. 

Phase I 250-125 µm 125-63 µm 

>250 µm 0.8010** 0.7502** 

250-125 µm  0.7455** 

Phase II 250-125 µm 125-63 µm 

>250 µm 0.8285** 0.7562** 

250-125 µm  0.8350** 

Phase III 250-125 µm 125-63 µm 

>250 µm 0.2360 -0.0341 
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250-125 µm  0.8141** 

 

This period is difficult to classify at a regional scale as many sites show increasing climate 

variability, often linked to intensification of ENSO (e.g. Shulmeister & Lees 1995; Prebble et 

al. 2005; McGowan et al. 2012; Denniston et al. 2013; Field et al. 2017), expressed in different 

ways. For example, Field et al. (2017, p.14) describe short alternating wet and dry periods from 

5000-2600 cal BP at Black Springs (in the northern Kimberley) followed by “pronounced” 

aridity until ~1300 cal BP then a transition to “modern conditions”. Head and Fullager (1992, 

p.29) describe “less fluctuation in water levels in the last 1 – 2,000 years than previously” at 

swamp sites in the west of the Northern Territory and contrast this to concurrent periods of 

aridity inferred from dune instability. Shulmeister and Lees (1995, p.12) also note three phases 

of dune activation during this period, as well as a “sharp decline” in effective precipitation at 

Groote Eylandt from 3700-1000 BP with increasing precipitation thereafter. 

During this period, archaeological data becomes available in the Blue Mud Bay area. Marura 

Phase II corresponds broadly to the first occupation phase of Point Blane Peninsula outlined 

by Faulkner (2013, p.141, 165, 169) from 3000-1000 BP with sites characterised by “intense 

and focussed” sand and mudflat shellfish exploitation (Figure 9.2). Initial occupation of Groote 

Eylandt also falls within this phase (~2500 BP), with sporadic site use at Malmudinga 

rockshelter including the “collection primarily of rock/coral shellfish species” (Clarke 1994, 

p.159, 470) and intensive use of Angwurrkburna rockshelter (Clarke 1994, p.287). 
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Figure 9.2: Marura and nearby palaeoenvironmental and archaeological sites 

mentioned in the text. 

 

While climate is likely the dominant driver of fire during Phase I, anthropogenic burning 

becomes increasingly important from this phase onwards. Lower overall fire incidence 

compared to Phase I is likely due to continuing dry conditions producing less tree-grass 

biomass than during the mid-Holocene precipitation maximum. Alternating low/high intensity 

burns, a declining trend in fire incidence throughout Phase II and consistently low levels of 

macroscopic charcoal flux suggest Marura was actively managed during this time (Figure 9.3). 

This is particularly evident after ~1900 cal BP, with the reduction of high intensity burns (and 

a reduction of bulk PyC flux overall) with the exception of a high intensity event at ~1200 cal 
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BP. This high intensity fire event (or period) centred on ~1200 cal BP coincides with peak 

ENSO event frequency as described by Moy et al. (2002, p.164) for a record from Ecuador, 

suggesting this climate extreme briefly re-established climate as the dominant driver of fire at 

Marura. However, coral records by McGregor and Gagan (2004) and Toth et al. (2012) do not 

identify peak ENSO event frequency at this time, although it does fall within the period (~2000 

cal BP to present) of increased El Niño events described by Toth et al. (2012). 

 

 

Figure 9.3: Total charcoal flux and bulk PyC flux for Marura Phase II. Blue bars: low 

intensity, red bars: high intensity (see Chapter 8). 

 

While both bulk and <63 µm PyC δ13C values show mixed C3-C4 contribution throughout the 

Marura record, these size fractions behave differently, with much higher variability in the <63 
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Marura catchment but not affecting the catchment itself. Phase II also shows more variability 

in bulk PyC δ13C values than the preceding phase (not including dramatic deviations near the 

beginning of Phase I, discussed above); however, low and high intensity phases of burning do 

not affect bulk PyC δ13C values as directly or noticeably as in the previous phase (see Figure 

9.1). 

Through indications such as short, alternating fire intensity phases and decoupling of bulk PyC 

δ13C values from fire intensity changes, the fire record at this time has been established as 

human-driven. This style of burning, as active fire management, is well documented; multiple 

studies by Bliege Bird et al. (2008, 2012, 2013) describe Martu mosaic burning for subsistence 

in the Western Desert creating landscape patchiness, functioning as a buffer to climate-driven 

large scale fires and promoting species such as varanid lizards that require both burnt and 

unburnt habitat patches. Trauernicht et al. (2015, p.1912) demonstrate this for the savannas of 

Arnhem Land by mapping the modern distribution of the fire-sensitive conifer Callitris 

intratropica, concluding that small fires increase patch ages, patch age diversity and fire-return 

intervals compared to “fewer, larger fires burning the same proportion of the landscape”. The 

mixed C3-C4 contribution in Phase II is therefore suggested to reflect a reorganised spatial 

arrangement of tree-grass vegetation within the Marura catchment. The reduction of elongate 

charcoal particles after ~2300 cal BP may reflect anthropogenic burning aimed to increase 

woody plant diversity at the expense of grasses, as described by Rowe et al. (2019, p.27) at 

Girraween Lagoon near Darwin, with peak Eucalyptus contribution at Girraween Lagoon from 

2850-600 cal BP. 

The δ13C values for <63 µm PyC drop to their lowest level in the record (-25 ‰) at the start 

and end of this phase indicating a dominantly woody source, coinciding with troughs in 

elongate particles (from aspect ratios and morphotypes) in the macroscopic charcoal size 

fractions (>125 µm). A dominant organic signal (measured via XRF and total organic carbon) 
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returns at ~1000 cal BP, and charcoal flux (all size fractions) and <63 µm pyrogenic carbon 

flux show a minor peak at the end of this phase (~960 cal BP) before decreasing into Phase III. 

The return to a dominant organic signal at Marura corresponds to the effective precipitation 

“recovery” at ~1000 BP described by Shulmeister (1992, p.113) for Four Mile Billabong 

(Groote Eylandt). This suggests the latest peaks in flux at the end of Phase II may have been 

fuelled by an increase in biomass enabled by increased effective precipitation, under low 

intensities similar to the increase in “‘cool’ fires” after ~1000 cal BP at Four Mile Billabong 

(Shulmeister 1992, p.112). However, this transition at Four Mile Billabong is represented by 

one radiocarbon date (980 ± 170 yr BP) with no analytical details given (Shulmeister 1992). 

 

9.2.1.3 Marura Phase III – 900 cal BP to Present 

Charcoal and pyrogenic carbon fluxes drop to their lowest levels for all sizes in the Marura 

record after ~900 cal BP, and total organic carbon percentages and the XRF elemental record 

reflect high organics for the remainder of the record. This implies that the decrease in fluxes 

into Phase III are not the result of relatively low effective precipitation reducing available 

biomass. This phase contains the weakest correlations between the >250 µm charcoal size 

fraction and other sizes, with many samples containing no charcoal measuring >250 µm, while 

the relationship between the 250-125 µm and 125-63 µm fractions remains strong (r2 = 0.81; 

see Table 9.1 above). Minimal variation in δ13C values for both bulk (-21 to -23 ‰) and <63 

µm (-23 to -24 ‰) pyrogenic carbon occurs after this point in the record. 

At this time, human activity on Groote Eylandt shifts away from inland sandstone rockshelters 

to coastal sites as part of “increas[ing] intensity of coastal occupation” (Clarke 1994, p.470). 

Clarke (1994, p.470) has suggested that this may have coincided with early sporadic and small-

scale contact with Macassans, although archaeological evidence supporting this early date is 
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limited. Marura Phase III also corresponds to the second main occupation phase of Point Blane 

Peninsula, associated with a decline in the exploitation of sand and mudflat shellfish at ~1000 

BP and increase in the exploitation of mangrove species after ~500 BP at Myaoola Bay 

(Faulkner 2013, p.141, 170). Humans were therefore mobile around the Blue Mud Bay region 

during this period, actively adapting to changing resource availability. From this, it is proposed 

that human use of Marura and the surrounding landscape continued through this period with a 

possible decrease in intensity as mobility increased. Declining charcoal and PyC fluxes during 

this phase likely reflect a decrease in the effective transport of these fire products into the site 

due to fine scale landscape patchiness developed and maintained by anthropogenic burning. 

Charcoal and PyC fluxes show an increase at the very end of this phase, after 55 cal BP (Figures 

9.4 and 9.5). Fluxes for every size fraction (except for >250 µm) peak in the uppermost sample 

(MAR2 0-1 m 0-1 cm) to values not seen since the end of Phase II. As this occurs within the 

potentially mixed uppermost 10 cm of sediment, the exact date of this peak is uncertain. <63 

µm PyC flux also displays a minor peak between ~650 and ~450 cal BP, reflected in a peak at 

~640 cal BP in 125-63 µm charcoal flux but otherwise not discernible in other size fractions 

suggesting a strictly regional increase of intermediate intensity fire not visible in the local 

signal. 
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Figure 9.4: Charcoal flux for Phase III of MAR2, by age. 

 

 

Figure 9.5: PyC flux for Phase III of MAR2, by age. 

0

1

2

3

4

5

6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

-60 140 340 540 740 940

M
ic

ro
sc

o
p

ic
 f

lu
x 

(p
ar

ti
cl

es
/c

m
²/

y)

M
ac

ro
sc

op
ic

 fl
ux

 (p
ar

tic
le

s/
cm

²/
y)

Age (years cal BP)

MAR2 charcoal particle flux - Phase III

>250µm/cm²/y 250-125µm/cm²/y 125-63µm/cm²/y

0.E+00
1.E-06
2.E-06
3.E-06
4.E-06
5.E-06
6.E-06
7.E-06
8.E-06
9.E-06
1.E-05

0.E+00

1.E-05

2.E-05

3.E-05

4.E-05

5.E-05

6.E-05

7.E-05

8.E-05

-60 440 940

M
ic

ro
sc

o
p

ic
 f

lu
x 

(g
/c

m
²/

y)

Fl
ux

 (g
/c

m
²/y

)

Age (years cal BP)

MAR2 PyC Flux - Phase III

PyC Bulk (g/cm²/y) PyC <63µm (g/cm²/y)



290 

 

Arnhem Land was under pastoral lease from the late 19th to early 20th centuries before the 

establishment of the Arnhem Land Aboriginal Reserve in 1931 (Barrier Miner 1931; Cole 

1982; see Chapter 3). Russell-Smith et al. (1997, p.180) note the prevalence of intense late dry 

season fires in western Arnhem Land beginning in the last century with the “collapse of 

traditional management practice”, with such fires becoming commonplace after the 1940s. 

Changes in settlement patterns also lead to altered fire management in areas such as Arnhem 

Land even after management has been returned to traditional owners (see Head 1994, p.177). 

It is therefore not surprising that fire proxies peak at Marura over the last century, including 

high bulk PyC flux suggesting intermediate fire intensities as associated with European-

influenced or unmanaged late dry season burns. 

 

The Marura palaeofire record displays a combination of climate and anthropogenic effects on 

fire, with the role of human-driven fire regimes becoming increasingly dominant over time. It 

is well established that ENSO periodicity intensified in the late Holocene across northern 

Australia to conditions comparable to the present (e.g. Diaz & Markgraf 1992; Donders et al. 

2007; Field et al. 2017). Prebble et al. (2005, p.368) note the difficulty of disentangling the 

effects of ENSO (for example drought leading to increased fire) and human-driven increases 

in landscape burning (see also Fletcher et al. 2015 linking ENSO to shifts in biomass burning). 

In the Marura record, however, fire incidence (across all measures) decreases significantly into 

this period known for ENSO-driven variability, and human activity in the region is apparent 

from archaeological data (see Clarke 1994; Faulkner 2013). 

High fire incidence in Phase I was fuelled by tree-grass biomass produced under relatively high 

effective precipitation conditions at the mid-to-late Holocene transition, and while cool (low 
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intensity) burns in this period may have been the result of anthropogenic burning it is difficult 

to conclusively separate human influence on fire from climate change in this phase. Human-

driven fire in the landscape containing Marura during Phases II and III resulted in minimal 

charcoal and pyrogenic carbon input into the sinkhole and may have operated as a buffer to 

potential ENSO-driven effects on fire through the increasingly variable late Holocene. While 

climate-driven fire in Phase I supported regional homogeneity of vegetation structures linked 

to dominant fire intensities, anthropogenic burning in Phases II and III established mixed and 

spatially variable C3-C4 vegetation. Decreasing charcoal through these phases likely resulted 

from the establishment of patch-scale burning (see Chapter 3, also Bliege Bird 2008, 2016; 

Gammage 2012) across the Blue Mud Bay landscape, leading to an overall decrease in charcoal 

and PyC abundance as well as potentially acting as a barrier to the transport of charcoal and 

PyC into the sinkhole from more distant fires. Peaks across charcoal and PyC fluxes over the 

last 100 years to levels not seen since ~900 cal BP coincide with the cessation of traditional 

Indigenous burning practices in the area (e.g. Haberle 2005; Moss et al. 2015). 

 

9.2.2 Big Willum Swamp 

Big Willum Swamp has a slightly larger catchment size (~0.75 km2) than Marura and is distant 

from the modern coastline (~20 km) but close to inlets of the Embley and Mission Rivers (see 

Chapter 8, Table 8.1). The Big Willum Swamp catchment is of low relief. 

The Big Willum palaeofire record can be classified into three main phases: 3900-1700 cal BP 

(Phase I), 1700-~500 cal BP (Phase II) and ~500 cal BP to present (Phase III). 
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9.2.2.1 Big Willum Phase 1: 3900-1700 cal BP 

The earliest phase in the Big Willum record is characterised by minimal or absent charcoal in 

all size fractions, including PyC abundances, and a low sedimentation rate. An elemental 

transition in the ItraxTM XRF data occurs in sediments in this phase with an increase in organics 

beginning at ~3600 cal BP corresponding to increasing total organic carbon percentages, with 

detrital elements reducing through this phase (see Chapter 6, Figure 6.17). Bulk and <63 µm 

PyC δ13C values are inversely related during this period (r² = 0.9) (Figure 9.6). Sedimentation 

rates are lowest during this phase; as a result, this phase is represented by 2.5 cm of sediment 

in BWIL2. 

 

 

Figure 9.6: BWIL2 bulk and <63 µm PyC δ13C values scatter plot. 
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Phase I represents the shift from earlier swamp conditions to Big Willum Swamp becoming a 

deep water body, as identified by Stevenson et al. (2015) at ~2200 cal BP in core BW01. This 

was likely due to the collapse of the underlying porous bauxite laterite (see Grimes & Spate 

2008; Twidale 1987); changing conditions in this phase, therefore, do not represent a regional 

climate or fire signal but rather site-specific changes in swamp/lake conditions. Accumulation 

of earth mounds in the nearby Wathayn region (Weipa) fall within this phase at ~2200 cal BP, 

coinciding with the establishment of new nearby freshwater sources including Big Willum 

Swamp (Brockwell et al. 2016). Peak shell mound accumulation also occurred in the Wathayn 

region around this time, from 2700-2100 cal BP, with depositional concentrations decreasing 

with the establishment of earth mounds (Petchey et al. 2013, in Stevenson et al. 2015, p.28). 

Brockwell et al. (2016, p.6) suggest that an increase in permanent water sources from ~2200 

cal BP, such as Big Willum Swamp after becoming a deep water body, allowed for 

“diversification of the economy away from the coast”. From this statement by Brockwell et al. 

(2016), it is expected that human use of the Big Willum Swamp catchment increased at this 

time. 

Comparison to other palaeoenvironmental records for this phase is difficult as changes in the 

Big Willum record reflect shifts in the hydrology of the site. Similarly, low charcoal and PyC 

fluxes in this phase may be the result of depositional processes, and are not likely to be 

indicative of an absence of fire in the region. 

 

9.2.2.2 Big Willum Phase II: 1700-~500 cal BP 

Charcoal and PyC fluxes in all size fractions increase slightly in this phase, along with a minor 

increase in sedimentation rate. The phase begins with a high fire intensity period (~1650-1500 

cal BP; Figure 9.7) followed by intermediate/indeterminate intensities for the remainder of this 
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phase, with minimal local impact within the catchment (very low flux for >250 µm).  Organics, 

represented by Mo ratio, dominate the ItraxTM elemental signal from this phase onwards after 

the establishment of Big Willum Swamp as a permanent deep water body in the previous phase, 

with detrital elements continuing to reduce until ~1400 cal BP. This is also reflected in 

increasing total organic carbon content through this phase and into Phase III. 

 

 

Figure 9.7: BWIL2 bulk and <63 µm PyC flux and total charcoal flux for Phase II. Red 

bars: high intensity. 
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in human activity and climatic variability in the Weipa region at this time. Morrison (2013, 

p.89) notes that this may also have been accompanied by “greater degrees of familiarity with 

local environments and more localised land-use patterns”; increased fire incidence during this 

phase in the Big Willum record indicates that this localised land-use included the application 

of fire to the landscape. This fire application appears to have had minimal impact on vegetation 

composition within and beyond the Big Willum Swamp catchment. 

Bulk PyC flux increases to a peak at ~1100 cal BP in this phase before decreasing through the 

rest of the phase; this is matched by a peak in 250-125 µm charcoal flux and suggests an 

intermediate intensity fire (or fires), corresponding to the large burning event/s identified by 

Stevenson et al. (2015) at ~1000 BP in BW01. Stevenson et al. (2015, p.24-25, 28) describe 

this fire event as the only one in the BW01 record that is in any way “landscape altering” as it 

coincides with a “subtle shift in the pollen taxa”, and suggest that the cause may have been the 

initiation of a more permanent expansion of human populations to inland regions. This subtle 

vegetation shift corresponds to a minor increase in <63 µm PyC δ13C value (-22‰ VPDB, 

suggesting a slight decrease in grass content due to the Stable Isotope Disequilibrium Effect; 

see Saiz et al. 2015 and Chapter 6) with no change in bulk PyC δ13C value. 

While fire intensities during Phase II are intermediate/indeterminate or high, overall fluxes are 

low compared to the next phase (Phase III) suggesting low overall fire incidence. 

 

9.2.2.3 Big Willum Phase III: ~500 cal BP to Present 

The most recent phase in the Big Willum record is characterised by high charcoal and PyC 

fluxes and increased sedimentation rates. The exact timing of termination of Phase II and onset 

of Phase III is unclear due to the low resolution of BWIL2; the transition occurs between 5.5 

and 6 cm, identified by the age-depth model (see Chapter 6) as between 706 and 304 cal BP. It 
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is reasonable to assume from this age range and pre-existing archaeological (Brockwell et al. 

2016) and palaeoenvironmental (Stevenson et al. 2015) evidence that this transition occurred 

at ~500 cal BP. Brockwell et al. (2016, p.5) show that the majority of Weipa earth mounds 

were occupied in the last 500 years, in regions close to Big Willum Swamp (Wathayn and 

Diingwulung). The BW03 record of Stevenson et al. (2015, p.27), collected from near Big 

Willum Swamp’s periphery, suggests increased sedimentation after ~600-400 cal BP indicating 

higher water levels, along with dominance of Corymbia pollen (seasonal inundation of low-

lying areas around the swamp) and peak levels of Leptospermum pollen (found in gallery 

forests alongside permanent fresh water). This transition is therefore believed to represent a 

climatic shift to wetter conditions and a corresponding change in human activities such as 

reduced mobility enabled by “greater freshwater and resource security” (Stevenson et al. 2015, 

p.28; see also Brockwell et al. 2016, p.7). 

Stevenson et al. (2015, p.26) note that Big Willum Swamp may have reached its present extent 

around the onset this phase (~600-400 cal BP). Occupation of earth mounds at Wathayn 

“trebled” in the last 500 years (Brockwell et al. 2016, p.6), concurrent with the wettest phase 

inferred from BW01 (Stevenson et al. 2015). This increase in occupational intensity does not 

correspond to an increase in fire abundance and may in fact coincide with an overall decrease 

in charcoal and PyC. This is similar to the Marura palaeofire record (see above); it is possible 

that this is the result of a combination of wet conditions and continuing fire management, 

although it is worth noting that the resolution for this period is low (1 cm). 

Peak fire activity across all measures occurs in the last century, constrained by 210Pb dates (see 

Chapter 6), coinciding with the establishment of Weipa Mission in 1896 and increasing 

European activity into the 20th century (see Chapter 3). This is in agreement with a peak in 

macroscopic charcoal in the last century identified by Stevenson et al. (2015) in BW01. 
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High-temperature burning on the regional scale peaks at ~30 cal BP (1920 CE) (Figure 9.8). 

 

 

Figure 9.8: Pyrogenic carbon (PyC) flux from ~50 cal BP (1900 CE) to present for 

BWIL2. Blue bars: low intensity, red bars: high intensity. 

 

Charcoal flux in BWIL2 increases from 15 cal BP (1935 CE) to peak at ~-20 cal BP (1970 CE). 

This peak in fire incidence coincides with the commencement of commercial bauxite shipments 

from Weipa (1963) and the official opening of the Weipa township (1967; see Chapter 3) and 

likely represents woody and grassy burns related to the establishment of the mine and township. 

A similar recent increase in charcoal is described by Moss et al. (2015, p.143) at Marralda 

Swamp in the South Wellesley Islands following the removal of the Indigenous population 

after a cyclone in 1948. Similarly, the Big Willum record captures not only the removal of 

traditional fire management practices but also the introduction of European land management 
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in its stead. Charcoal peaks in the most recent period attributed to European influence also 

occur at Lake Euramoo (~250 BP to present; Haberle 2005) and records in the Torres Strait 

(~1000 BP to present at Badu 15, late Holocene increasing to the present at Tiam Point, ~500 

BP to present at Zurath Swamp; Rowe 2005, 2007). This demonstrates the significant impact 

that European invasion had on fire incidence across the broader Cape York Peninsula region. 

While fire intensity data is not available for the sites not included in this study, historical and 

modern observations (e.g. Evans & Russell-Smith 2019; Moura et al. 2019) combined with the 

Marura and Big Willum records presented here show that this impact included a shift to higher 

fire intensities. 

 

The Big Willum Swamp palaeofire record captures changes in human activity in the landscape, 

linked to shifts in climate. This record also likely captures a regional signal (>0.25 km from 

the water edge) with little local input, representative of fire regimes of both the Big Willum 

Swamp catchment and beyond due to the relatively homogeneous vegetation composition 

across the Weipa Plateau (see Chapter 6). Low charcoal and PyC fluxes early in the record are 

likely due to hydrological changes at the site affecting preservation and transport, as Big 

Willum transitioned from an ephemeral swamp to a permanent deep water body. This new 

availability of freshwater sources also led to the initiation of earth mound occupation at nearby 

Wathayn (Brockwell et al. 2016). Increasing fire abundance in Phase II coincides with 

Indigenous occupation seen in the establishment of shell mounds across Albatross Bay, with 

these low charcoal and PyC fluxes likely resulting from controlled burns. These controlled 

burns appear to have been of neither low nor high intensity with minimal effect on vegetation 

composition. Ethnographic evidence of burning by the Wik traditional owner group to the south 

of the Embley River (Perry et al. 2018, p.27) suggests that these burns may have been to protect 

important plant food resources within this mixed vegetation base. Stable carbon isotopes 
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demonstrate that vegetation burned around Big Willum Swamp was consistently a mix of C3 

woody plants and C4 grasses throughout the record, comparable to modern vegetation at the 

site. The last century saw a considerable increase in fire incidence at Big Willum Swamp 

coinciding with permanent European settlement in the area and the establishment of a bauxite 

mine, with fire peaking around 1970 CE at high intensities. 

 

9.2.3 Sanamere Lagoon 

Sanamere Lagoon has the largest water surface area and catchment size of the sites in this study 

(see Chapter 8, Table 8.1). Unlike Marura and Big Willum Swamp, Sanamere Lagoon is 

surrounded by dwarf heathland vegetation to ~300 m from the waterline, where vegetation 

transitions to open woodland. 

The palaeofire record for Sanamere Lagoon can be divided into two main phases: Phase I 

(8300-8000 cal BP) and Phase II (8000-5500 cal BP). 210Pb dating of core SANFC suggests a 

third phase could exist covering the last ~170 years or more, but these sediments were not 

captured in the core SAN1 analysed for palaeofire reconstruction. 

 

9.2.3.1 Sanamere Phase I: 8300-8000 cal BP 

This phase is characterised by high charcoal and PyC flux, and a high sedimentation rate. Bulk 

PyC δ13C values in this phase are 13C-depleted (range of -26 to -27 ‰), displaying a largely or 

exclusively C3 signal and an absence or near absence of C4 grasses. The persistent contribution 

of elongate charcoal particles to the record, coupled with low δ13C values, implies a large and 

constant input of C3 sedge-derived charcoal to the record. 

Phase I dominates the record, covering 24-10 cm depth in SAN1 and representing a period of 

rapid sediment accumulation. A radiocarbon date at 50 cm (~8800 cal BP) in core SAN1 
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suggests that this phase of high sediment accumulation may extend further than the 24 cm depth 

covered in this analysis. As a result of this high sedimentation rate, this phase is better resolved 

than Phase II. Local cool (low intensity) fires, identified by high charcoal flux and low PyC 

flux, dominate the beginning of this phase around ~8250 cal BP followed by an indeterminate 

intensity phase, centred on ~8220 cal BP resulting in the highest charcoal fluxes in the 

Sanamere record. Charcoal fluxes decrease thereafter while PyC fluxes increase, indicating 

persistently high fire intensities. Flux for the largest charcoal size fraction, >250 µm, peaks 

again sharply at ~8110 cal BP with little effect in the smaller size fractions, suggesting a 

localised fire event. 

Peaks in <63 µm PyC flux at 8125 cal BP and ~8060 cal BP correspond to declines in δ13C 

values for that fraction, and appear only as very minor peaks in charcoal flux. These peaks 

likely represent fine-grained input from more distant grassy fires beyond the C3-dominated 

catchment, with 13C-depleted δ13C values resulting from the Stable Isotope Disequilibrium 

Effect (see Saiz et al. 2015 and Chapter 6 Discussion). 

Luly, Grindrod and Penny (2006, p.1092) describes northern Australian lowland sites as having 

“shallow and variable lake levels early in the Holocene” due to arid conditions, followed by 

increasing effective precipitation into the mid-Holocene. This suggests the high fire incidence 

during Sanamere Phase I may have been due to, or enabled by, relatively low effective 

precipitation coinciding with low lake levels; this also suggests an increased likelihood of 

sedges close to the lagoon being vulnerable to burning, resulting in the sedge charcoal observed 

in the record. 

Similar to the Sanamere record, macroscopic charcoal at Lake Euramoo peaks around 8000 cal 

BP and decreases thereafter, while microscopic charcoal peaks earlier (Haberle 2005, p.348). 

An increase in charcoal at Three-Quarter Mile Lake on Cape York Peninsula also begins at 
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~8000 cal BP but continues to increase into the late Holocene (Luly, Grindrod & Penny 2006). 

However, both Lake Euramoo and Three-Quarter Mile Lake are located in regions that 

currently support rainforest, making direct comparison of charcoal from these sites to the 

Sanamere palaeofire record problematic as the site is surrounded by dwarf heathland. 

The end of this early to mid-Holocene phase also includes the first evidence of “sustained 

human presence” on Badu Island (Torres Strait) and the onset of sea-level rise severing the 

land bridge between Cape York Peninsula and Papua New Guinea (David et al. 2004, p.72). 

Human activity on Cape York Peninsula in the late Pleistocene to early Holocene is also known 

from rock art and rockshelter sites in the southeast (David & Lourandos 1998; Haberle & David 

2004). This indicates increasing human presence to the north and southeast of Sanamere 

Lagoon during this phase; unfortunately no archaeological data is available for the Jardine 

River region. While humans are therefore known to have been in the greater region during this 

time, the low productivity of Sanamere Lagoon and the surrounding dwarf heathland makes 

human use of the lagoon unlikely except as a source of freshwater. 

This period covers the 8.2 ka arid event identified in Northern Hemisphere palaeoclimate 

records, although it is unclear if and how this impacted the Southern Hemisphere (see Haberle 

& David 2004 for discussion). 

 

9.2.3.2 Sanamere Phase II: 8000-5500 cal BP 

The transition from Phase I to Phase II is marked by sharp declines in charcoal flux, PyC flux 

and sedimentation rate. This phase is represented by the uppermost 10 cm of sediment in core 

SAN1. Despite the significant shift (decrease) in fire incidence into this phase, bulk PyC δ13C 

values do not reflect any significant change, showing the continuation of C3 plant contribution 

(range of -25 to -26 ‰) with an absence of grasses similar to the previous phase. Elongate 
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particles continue to contribute in all charcoal size fractions in this phase, representing the input 

of sedges close to the lake edge. 

While charcoal fluxes are low in this phase when compared to Phase I, peaks in charcoal 

abundance remain apparent. Minor peaks occur in charcoal flux around ~7750 cal BP and 

~7180 cal BP before flux increases after ~6800 cal BP, decreasing only in the uppermost 

sample (~5560 cal BP) (Figure 9.9). The increased fire abundance between ~6800 and ~6000 

cal BP includes a period of higher fire intensities from ~7200-6500 cal BP and intermediate or 

indeterminate intensities thereafter. 

 

  

Figure 9.9: Charcoal and PyC flux for SAN1 Phase II by size fraction. Blue bars: low 

intensity, red bars: high intensity. 
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Comparison with ItraxTM elemental data must be done with caution as scanning was undertaken 

on core SANFC while all other proxies were analysed from SAN1. However, the 14C date on 

bulk sediment from 10 cm in core SANFC was calibrated to ~6000 cal BP allowing comparison 

for this depth; this places the end of Phase II within the detrital-dominated phase of the 

elemental record (see Chapter 7, Figure 7.30). This phase likely begins at the transition 

(approximately 17 cm depth) from an organic- to detrital-dominated elemental signal, with 

dominant organics corresponding to the period of highest charcoal and PyC accumulation seen 

at Big Willum Swamp and Marura, but obtaining additional dates for SANFC would be 

necessary to confirm this. Contrastingly, total organic carbon percentages suggest gradually 

declining organic content throughout Phases I and II before decreasing sharply at ~4.5 cm 

(~6700 cal BP), indicating that high fire incidence at the end of Phase II corresponds to low 

rather than high organic content. 

This phase coincides with increasing effective precipitation into the mid-Holocene across 

northern Queensland and the Northern Territory, marked by deepening, stable lake levels (see 

summary by Luly, Grindrod, & Penny 2006, p.1092). Sanamere Lagoon likely deepened during 

this phase, increasing the distance between the centre of the lake (where core SAN1 was 

collected) and the shoreline as well as decreasing the volume of sediment deposited in the 

centre. 

The end of this phase coincides with an increase in occupation sites in southeast Cape York 

Peninsula, associated with increasing population densities (after 5500 cal BP; Haberle & David 

2004). At a similar time (~6000 BP), permanent human occupation of Badu ceased as it was 

separated from the mainland by rising sea-levels, with occupation shifting to “transient visits 

from overseas (likely ultimately from the Australian mainland)” over the next ~3500 years 

(David et al. 2004). This increase in population and mobility across Cape York Peninsula 
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makes human impact or influence on, or possibly the use of, Sanamere Lagoon more likely at 

the end of Phase II. 

At some point after this phase, one or more sediment scouring events occurred that removed 

the upper sediment from the Sanamere core site, likely resulting from tropical cyclone activity 

(e.g. Nott et al. 2007, 2009). Nott et al. (2009) present a record from south-eastern Cape York 

Peninsula of intense tropical cyclone events over the last 6000 years, with a recurrence interval 

of approximately 200 years between events. This demonstrates multiple active, intense tropical 

cyclones making landfall on Cape York Peninsula during the period of sediment loss at 

Sanamere Lagoon. This sediment loss is evident in the uppermost 5 cm of core SANFC 

containing sediments from the last ~170 years only and a 14C determination for SANFC 10 cm 

bulk sediments returning a date of ~6000 cal BP. Additional 14C determinations from core 

SAN8, not analysed in this study, reduce the maximum age of the chronological gap to ~4000 

cal BP (M. Rivera Araya, pers. comm.). 

This event, or events, shifted the uppermost layers of accumulated sediments either to the edges 

of the lagoon or through the westerly output point into the Jardine River (see Chapter 7 Figure 

7.4). Such scouring would be made possible by the shallow water depth of Sanamere Lagoon 

(modern water depth of ~1.25 m). 

 

The palaeofire record for Sanamere Lagoon is dominated by a period of rapid sediment 

accumulation from ~8300-8000 cal BP with all measures indicating high fire incidence of 

variable intensity. The record shows the consistent contribution of C3 plants including sedges 

with minimal or absent C4 grass input, suggesting the modern dwarf heathland vegetation or a 

similar vegetation community was present from at least 8300-5500 cal BP at Sanamere Lagoon. 
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This also indicates that the Sanamere Lagoon palaeofire record represents a dominantly local 

fire signal. 

Lower than present sea-levels during Phase I, and continuing into Phase II, placed Sanamere 

Lagoon a significant distance from the coastline (see Figure 2.9 in Faulkner 2013, p.22); this 

combined with the low productivity of dwarf heathland due to low nutrient sandy soils and the 

absence of archaeological data makes it uncertain whether Sanamere Lagoon was utilised by 

Indigenous inhabitants of Cape York Peninsula during the early to mid-Holocene. The 

predominance of high fire intensities throughout the record may be the product, or possibly 

partly the cause, of heathland plants of Cape York Peninsula being adapted to hot fires 

(Crowley 1995, pp.17-18). Fire intensity, therefore, cannot be easily interpreted as a proxy for 

anthropogenic influence at this site and it is uncertain whether climate, human activity or a 

combination of both were drivers of the fire regimes captured in the Sanamere Lagoon 

palaeofire record. 

 

9.3 Site Comparisons 

9.3.1 Fire Proxies 

The palaeofire record for each of these sites represents three very different fire histories, 

captured in sedimentary environments that have very different characteristics. The Marura 

record captures high fire incidence and variable fire temperatures at the beginning of the late 

Holocene with overall fire incidence decreasing over time, sedimentation rate remaining steady 

(likely the result of Marura’s small catchment size providing minimal material to erode under 

significant rainfall variability), and an increase in fire incidence in the last century. The Big 

Willum record shows a transition from ephemeral swamp conditions to a permanent deep water 

body followed by a slight increase in fire incidence for ~1000 years before a sharp increase in 
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fire incidence coinciding with European arrival in the region. The Sanamere Lagoon record 

captures a short period (~300 years; 8300-8000 cal BP) of high fire incidence, increasing fire 

temperatures and rapid sediment deposition before a shift from an active to a stable catchment 

as effective precipitation increased and the lake deepened, marked by a sharp decline in fire 

incidence and sedimentation over a longer period (~2500 years; 8000-5500 cal BP). 

Despite Marura being the smallest site by water surface area and catchment size, the lowest 

charcoal abundances are within the Big Willum record. This is likely the result of the small 

elevation range within the Big Willum catchment, hence lower likelihood of deposition from 

overland flow, and minimal local burning. 

 

9.3.2 Vegetation Burned 

A similarity between the sites in this study is the consistency of vegetation structure throughout 

each record, as indicated by the carbon isotope composition of vegetation burnt. 

Marura shows consistently mixed C3-C4 contribution; however, variations are apparent in the 

fine fraction with changing trends over time. This indicates that while C3 and C4 vegetation are 

consistently present at Marura, the balance between these vegetation types has not remained 

constant on temporal or spatial scales, as bulk PyC and <63 µm PyC δ13C values are not 

strongly correlated. As described above, this is considered to be the result of anthropogenic 

patch burning, established during Marura Phase II (2800-900 cal BP), creating heterogeneity 

within the Marura catchment and between catchments across the greater Blue Mud Bay region. 

Big Willum Swamp shows the least variation in vegetation type, with mixed C3-C4 contribution 

throughout the record. This consistency is expected as Big Willum Swamp is located on the 

Weipa Plateau, a region with widespread open woodlands dominated by Eucalyptus tetrodonta 

(Cameron & Cogger 1992, p.5; Stevenson et al. 2015, p.19). The homogeneity of this 
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vegetation community across local (Big Willum Swamp’s catchment) and regional (the Weipa 

Plateau) scales leads to consistent δ13C values for both PyC measures, with no temporal trend 

in δ13C apparent that coincides with changes in climate. 

Sanamere Lagoon indicates the continuous presence of C3 vegetation burning in all size 

fractions over ~3000 years within the catchment, and the finest fraction delivering irregular 

pulses of more 13C-depleted material from distant fires to the site. 

It is worth noting that δ13C measurements capture changes in overall vegetation structure at a 

coarse scale; the absence of significant changes in δ13C values does not preclude the possibility 

of finer scale vegetation changes. This structural level data is ideal for detecting major shifts 

in the vegetation burning at a site. 

 

9.3.3 ItraxTM Elemental Composition 

High charcoal fluxes at Big Willum and Marura are broadly associated with organic-rich phases 

identified using ItraxTM elemental scanning, matched by total organic carbon percentages; this 

may also be the case for Sanamere but would require additional dating to confirm the 

relationship between cores SAN1 and SANFC. This relationship may be the result of 

taphonomic processes, as organic-rich sediments may preserve charcoal better than other 

sediments such as clays. Detrital elements in the lower portion of the Big Willum record are 

also associated with ephemeral swamp conditions before the site transitioned to being a deep 

water body, suggesting that low charcoal and pyrogenic carbon fluxes in this phase likely 

represent differences in the depositional environment. 
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9.3.4 Fire Regimes in the Late Holocene 

Direct chronological comparison of palaeofire records is only possible between Big Willum 

Swamp and Marura, as the Sanamere Lagoon record does not contain late Holocene sediments. 

Marura shows high prevalence of fire in the Blue Mud Bay region at the onset of the late 

Holocene (~4200 cal BP; Walker et al. 2018), coinciding with a regionally identified shift from 

wet to dry conditions (Shulmeister 1992). A substantial decline in fire incidence occurs at 

~2800 cal BP, with only short periods of dominance of any one fire intensity (low or high) 

compared to earlier in the record (Marura Phase I). This is coincident with the occupation of 

archaeological sites in the region (see Faulkner 2013), and shows the establishment of 

anthropogenic heterogeneous patch burning and a shift from climate to humans as the main 

driver of fire at Marura. Low abundance or absence of charcoal in Phase I (3900-1700 cal BP) 

of the Big Willum record is the result hydrological changes at the site during this early period 

and therefore fluxes in this phase are not directly comparable. Fluxes at Big Willum Swamp 

increase after ~1700 cal BP, shortly before initiation of the main phase of shell mound 

construction at nearby Albatross Bay (Morrison 2013). This burning is predominantly at the 

regional scale and is likely the product of anthropogenic burning to protect important food 

resources (see Perry et al. 2018, p.27). 

Fluxes at Marura drop sharply at ~900 cal BP, with minimal charcoal and pyrogenic carbon 

deposited in the sinkhole over the next ~750 years. Burning around Big Willum Swamp 

declines slightly later, at ~500 cal BP, when the site is estimated to have reached its current 

extent between ~600 and 400 cal BP when effective precipitation increased (Stevenson et al. 

2015). 

Both sites show dramatic fire regime changes resulting from European arrival. A regional shift 

to increasing fire incidence occurs at Marura at 55 cal BP (1895 CE), not associated with 
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notably high fire intensities but likely marking the beginning of depopulation and subsequent 

removal of established Indigenous fire regimes; around this time, Arnhem Land was under 

pastoral lease held by the Eastern and African Cold Storage Company, whose employees were 

known to kill Indigenous inhabitants (Cole 1982). Fire incidence at Marura peaks in the 

uppermost samples after ~1950 CE onwards (coincident with a “very strong” El Niño event in 

1980 CE; BOM n.d.) to fluxes not seen in the preceding 900 years, indicating a significant 

increase in fire incidence (local and regional) associated with intermediate/indeterminate fire 

intensities. Similarly, an initial increase in high intensity regional burning at Big Willum occurs 

at 30 cal BP (1920 CE); multiple droughts were historically recorded around this time, affecting 

fishing and hunting by inhabitants of the Weipa Mission (Queensland Government 2017a). 

This is followed by increasing high intensity burns close to Big Willum Swamp after ~1955 

CE and peaking around 1970 CE, depositing greater amounts of charcoal and pyrogenic carbon 

into the site than at any other period in the record. This increase in fire incidence coincides 

with initial discovery of economic bauxite deposits in the Weipa region, and the establishment 

of a bauxite mine and the Weipa township (Weipa Town Authority 2014). These recent fire 

regime shifts are not accompanied by noticeable changes in overall vegetation structure (as 

inferred from PyC δ13C values) at either site. 

These two records show contrasting late Holocene fire histories for environmentally 

comparable sites separated by the Gulf of Carpentaria. Despite significant differences in fire 

regimes across more than 2000 years, both Big Willum Swamp and Marura display sudden 

increases in fire incidence, with high intensities at Big Willum, in the last century producing 

charcoal and pyrogenic carbon fluxes unmatched in either the last 900 years (Marura) or the 

entirety of the record (Big Willum Swamp). European arrival, Indigenous depopulation and 

associated changes in land management significantly impacted fire regimes in the Blue Mud 
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Bay and Weipa regions. However, these changes did not alter the gross vegetation community 

structure at either Big Willum Swamp or Marura. 

 

9.4 Conclusion 

The three palaeofire records presented in this chapter represent three very different site 

histories. Fire incidence was at its peak at Marura at the onset of the late Holocene (~4600-

2800 cal BP) when effective precipitation began to decline. Humans replaced climate as the 

main driver of fire at Marura after ~2800 cal BP, applying varying fire intensities to create 

heterogeneous patches of mixed C3-C4 vegetation while overall fire incidence decreased. 

Minimal charcoal or pyrogenic carbon is present early in the Big Willum Swamp record 

(~3900-1700 cal BP), increasing only after the site deepened into a permanent freshwater body. 

Fire incidence remained low for most of the record, with indeterminate intensity fires beyond 

the Big Willum Swamp catchment likely produced by an anthropogenic fire regime. Fire 

incidence and intensities increased with European arrival at both Marura and Big Willum 

Swamp, as the Blue Mud Bay and Weipa regions were depopulated, and a bauxite mine was 

established at Weipa. 

Fire incidence as well as sedimentation rate was highest at Sanamere Lagoon from ~8300-8000 

cal BP, coincident with arid conditions recorded in south-eastern Cape York Peninsula. While 

charcoal and pyrogenic carbon flux declined sharply after ~8000 cal BP, fire intensities 

remained high for the majority of the record, likely due to the dwarf heathland vegetation 

surrounding the site being adapted to such high intensity fires. 

Identified gaps in these new datasets include limited data for Big Willum Swamp in the period 

prior to ~1700 cal BP prior to sedimentation increase and the chronological gap in sediments 

at Sanamere Lagoon spanning the late Holocene. 
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These palaeofire records contribute new knowledge of fire regimes and vegetation change at 

two previously unstudied sites, as well as an expanded dataset for Big Willum Swamp. 

Collectively, these records demonstrate the variability between sites throughout northern 

Australian tropical savannas, indicating that no individual site or dataset can be assumed to be 

representative of the greater region. Additionally, Indigenous fire management does not 

uniformly appear in Australian palaeofire records as a single consistent signal. Determining 

fire intensity is critical to distinguishing anthropogenic effects on fire from the influence of 

climate, achieved in this study through the novel combination of charcoal and pyrogenic carbon 

analyses. 
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Chapter 10 : Conclusion 

 

 

 

“There are different types of country on the one area of land, places that want to 

burn and areas on that same land we don’t burn, let the country rest too. Fire is 

all year round, when we apply fire it’s fire management, when we’re not applying 

fire it’s still fire management.” Victor Steffensen (in George et al. 2013, p.19) 

 

Fire has existed on Earth for over 400 million years (Bowman et al. 2009; Scott 2000) and is 

both universal and context-specific, determined by a multitude of ecological, climatic and 

anthropogenic factors. Landscape fire is an ever-present element in many environments across 

the globe and is a force potentially of both widespread destruction (e.g. Chafer, Noonan & 

Macnaught 2004; Moore 2015; Siegert et al. 2001) and regeneration that supports biodiversity 

(e.g. He, Lamont & Pausas 2019; Scott et al. 2012; Veenendaal et al. 2018). Relationships 

between humans and fire are complex and highly variable across space and time (e.g. 

Archibald, Staver & Levin 2012; Bowman et al. 2011; Moura et al. 2019). 

While fire has long been an ecological, social and potentially even mythical “pervasive 

presence” in human lives (Pyne 2016; see also Pyne 1997), it now plays an increasingly 

economic role with the rise of carbon credits and carbon abatement programs (e.g. Holden & 

Dixon 2018; Johnston 2016; Murphy 2013) including prescribed burning strategies in northern 

Australia (e.g. Russell-Smith et al. 2013). Climate change is predicted to lengthen fire seasons 

and increase fire severity, but the full effects of these changes are not known (CSIRO 2009); 
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modelling suggests increased frequency and severity of fire weather due to anthropogenic 

climate change is already underway in some parts of the world (particularly the Amazon and 

the Mediterranean), with up to ~60 % of global “burnable lands” potentially affected by the 

mid-twenty-first century (Abatzoglou, Williams & Barbero 2019). Recent increases in the 

frequency of “catastrophic” fire conditions in eastern Australia have resulted in extensive 

damage, injury, and deaths (e.g. Bradstock & Nolan 2019; Cox 2019; Kellett, Visontay & Gair 

2019). A greater understanding of fire in different environmental and climatic contexts is 

urgently needed. 

In Australia, the observational record is short, making palaeofire research critical to 

understanding fire, vegetation, human and climate dynamics over long timescales. Whether to 

inform future fire planning for management purposes, or simply to better understand 

characteristics of fire in the past, methods must be rigorous for the creation of robust palaeofire 

data. Unfortunately, the palaeofire discipline has continually lagged behind other 

palaeoecological areas such as palynology in regards to improving techniques (e.g. France et 

al. 2000; see Figueiral & Mosbrugger 2000 for discussion). Critical examination of palaeofire 

techniques is required to determine their applicability to savanna contexts in particular, and 

determine new multiproxy methodologies for improved palaeofire studies into the future. 

The late Holocene is a period worthy of detailed study as it is most climatically comparable to 

modern conditions (e.g. Shulmeister & Lees 1995; Donders et al. 2007, 2008; Reeves et al. 

2013a). During the late Holocene in the region, the El Niño-Southern Oscillation developed 

(Diaz & Markgraf 1992; Toth et al. 2012), sea-levels stabilised after a high-stand in the mid-

Holocene (Chappell 1983; Yu & Zhao 2010), and the Indonesian-Australian Summer Monsoon 

weakened (Wyrwoll & Miller 2001). Multiple sites across northern Australia show indicators 

of rainforest disturbance during the late Holocene, attributed to ENSO-driven changes in 

climate (e.g. storms and drought) and/or human activity (e.g. increased application of fire) 
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(Haberle 2005; Prebble et al. 2005; Proske & Haberle 2012; Rowe 2007). Indigenous 

population growth beginning in the early Holocene reached its peak in the late Holocene 

(Williams 2013). The late Holocene also contains the transition from palaeoenvironmental to 

historical timescales, a period that is critical for any attempts to compare palaeofire with, or 

extrapolate it to, modern and future fire planning and modelling (e.g. Aleman et al. 2013; 

Ekblom & Gillson 2010; Higuera, Sprugel & Brubaker 2005; Perry, Wilmshurst & McGlone 

2014). However, the historical record can often be overlooked in favour of reconstructions 

focused on deeper time periods. Existing palaeoenvironmental reconstructions suggest 

increasing climatic variability throughout the late Holocene in northern Australia, with this 

variability expressed in different region-specific ways. However, data remain limited for 

northern Australia compared to the relatively well-studied southeast, with many key regions 

lacking palaeoenvironmental records of any kind (e.g. Arnhem Land). As discussed in Chapter 

2, few available records in northern Australia include fire proxies such as charcoal, limiting 

our understanding of the characteristics of fire in the past and how fire regimes have changed 

over long timescales relative to changing human activity (described in Chapter 3) and climate. 

A more detailed understanding of the long-term interactions between fire, climate and humans 

in northern Australian savannas requires additional sites with proxy palaeofire records as well 

as the introduction of techniques developed elsewhere to expand the ability to interpret 

palaeofire data beyond simple charcoal abundance information. 

This study has provided a way forward for future work through the creation of three new 

multiproxy fire records from northern Australia that incorporate and test the ability of new 

techniques to enable a more nuanced interpretation of palaeofire records. These records 

demonstrate the similarities, and differences, within and between sites across the tropical 

savannas of northern Australia by investigating temporal and spatial variations within and 

beyond site catchments. This study went beyond analysing fire occurrence – as is the standard 
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for most palaeofire studies utilising a single proxy such as charcoal abundance – to also identify 

fire characteristics. The result is an improved multiproxy palaeofire methodology applicable 

across varied vegetation and environment types, to create a nuanced fire history beyond fire 

abundance or occurrence. 

Chapter 4 outlined the methodology applied in this study. This included the description of 

multiple fire proxies established in previous studies, but not previously combined as is the case 

here. Optical analysis of charcoal particles included division into size fractions to separate fire 

signals from within and beyond site catchments, and also the recording of particle aspect ratios 

and classification into morphotypes to identify fuel type. Chemical analysis utilised the 

hydrogen pyrolysis method to isolate pyrogenic carbon, with pyrogenic carbon δ13C values 

measured to determine C3-C4 plant contributions. Site chronologies were created using 210Pb 

and 14C dating, and sediment elemental composition determined using ItraxTM X-ray 

fluorescence scanning. 

Chapter 5 presented background data, site characteristics and results for Marura sinkhole, in 

eastern Arnhem Land (Northern Territory). The Marura palaeofire record covers ~4600 cal BP 

to present, with high fire incidence early in the record declining through time. Mixed C3-C4 

(woody/grassy) vegetation is present throughout, with most variability in the <63 µm PyC 

fraction thought to be a signal derived largely from beyond the catchment, therefore reflecting 

regional rather than local environmental change. 

Chapter 6 presented background data, site characteristics and results for Big Willum Swamp 

in Weipa, Cape York Peninsula (Queensland). The Big Willum Swamp palaeofire record 

covers ~3900 cal BP to present, with highest fire incidence occurring over the last century. 

Consistent mixed C3-C4 (woody/grassy) vegetation is present through the record, reflecting the 

persistence of open Eucalypt woodland with a grassy understorey in the region for at least 4000 
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years. Low or absent charcoal in the >250 µm size fraction indicates minimal burning close to 

the swamp edge. 

Chapter 7 presented background data, site characteristics and results for Sanamere Lagoon on 

Cape York Peninsula (Queensland). The Sanamere Lagoon palaeofire record covers ~8300-

5500 cal BP, with high fire incidence and sedimentation early in the record followed by an 

abrupt decline at ~8000 cal BP. Elongate charcoal particle contributions combined with 

consistently 13C-depleted δ13C values demonstrate that sedges (common within 300 m of the 

lake edge) burned throughout the record. Changes in δ13C values isolated to the <63 µm fraction 

show the contribution of distant grass-dominated fires from outside the catchment. 

Evaluation of the range of palaeofire techniques utilized in this study, discussed in Chapter 8, 

demonstrated the interpretive power of combining traditional and emerging methods. Charcoal 

and pyrogenic carbon data were successfully combined in this study to determine relative fire 

intensities, critical for distinguishing anthropogenic from climatic drivers affecting fire (see 

Trauernicht et al. 2015). Pyrogenic carbon δ13C values alongside charcoal particle aspect ratios 

determined the contribution of non-grass elongates (sedges) at Sanamere Lagoon. 

Size fractions across charcoal and pyrogenic carbon measures demonstrated the importance of 

dividing and analysing different size classes; these size divisions capture potentially distinct 

signals from within a catchment and beyond. For example, minimal local burning (identified 

by >250 µm charcoal) occurred close to Big Willum Swamp throughout the palaeofire record 

presented here until a significant increase over the last century (Phase III). Different fractions 

in this study also showed that site characteristics can affect which sizes represent a regional 

signal (e.g. Laird and Campbell 2000; Pitkänen, Lehtonen & Huttunen 1999). For example, 

125-63 µm charcoal at Sanamere Lagoon originated from within the C3-dominated catchment 

but this fraction is classified as microscopic and often considered to be regionally sourced. This 
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suggests factors such as catchment size and landscape relief may influence the extent of the 

source area represented by these size fractions. 

This methodological examination also demonstrated the issues associated with applying 

morphotype methods developed specifically for temperate environments of the northern 

hemisphere to tropical savanna contexts. The application of morphotype classifications from 

other bioregions to savannas raises issues when interpreting fuel types in terms of fire 

characteristics, but does reveal greater diversity and broad trends than data captured by aspect 

ratios alone. Full implementation of morphotypes will require considerably more work on 

linking fuel type to morphology, which falls beyond the scope of this study. 

Chapter 9 interpreted the results for each site in this study, presenting complete palaeofire 

records divided into phases and contextualized by existing palaeoenvironmental, 

archaeological and historical data. 

 

10.1 Fire Records by Site 

The Marura palaeofire record can be summarised as follows: 

- Phase I (4600-2700 cal BP): High fire incidence occurs in this phase, displaying 

homogeneity in fire and vegetation signals across the catchment and the greater Blue 

Mud Bay region. Fire incidence in this phase is primarily climate-driven as effective 

precipitation declined from the mid- into late Holocene. 

- Phase II (2700-900 cal BP): Declining fire incidence characterises this phase, with 

increasing patch heterogeneity with the establishment of patch burning and human fire 

management increasingly influential. 

- Phase III (900 cal BP to present): Minimal charcoal and pyrogenic carbon enter the site 

in this phase due to small-scale patch burning minimizing transport to the site. Fire 
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incidence resurges after ~1950 CE from European-driven Indigenous depopulation of 

the region and subsequent removal of Indigenous fire management. 

The Big Willum Swamp palaeofire record can be summarised as follows: 

- Phase I (3900-1700 cal BP): This phase is characterised by low or absent charcoal and 

pyrogenic carbon due to ephemeral swamp conditions, with Big Willum Swamp 

becoming a permanent deep water body at ~2200 cal BP (see Stevenson et al. 2015), 

through collapse of the underlying bauxitic laterite. 

- Phase II (1700-~500 cal BP): Increasing fire incidence of indeterminate intensity occurs 

in this phase, associated with increasing intensity of human use of the landscape. Local 

burning remains minimal at the site. 

- Phase III (~500 cal BP to present): Peak fire incidence in the record occurs over the last 

century with the establishment of Weipa Mission followed by a bauxite mine. 

The Sanamere Lagoon palaeofire record can be summarised as follows: 

- Phase I (8300-8000 cal BP): Peak fire incidence and high sedimentation rates 

characterise this phase, with low lake levels and relatively dry conditions (low effective 

precipitation; see Luly, Grindrod & Penny 2006). 

- Phase II (8000-5500 cal BP): Charcoal and pyrogenic carbon decline sharply at the 

onset of this phase along with sedimentation as the lake deepened in response to 

increasing effective precipitation (see Luly, Grindrod & Penny 2006). 

The absence of late Holocene sediments in the Sanamere Lagoon record indicates one or more 

scouring events occurred between ~100-4000 cal BP, as the result of cyclones (e.g. Nott et al. 

2009) or active monsoon conditions combined with shallowing water due to the progressive 

build-up of sediment on the lake bottom. The consistent presence of elongate charcoal particles 
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and bulk pyrogenic carbon δ13C values consistent with strictly C3 plants indicate the 

contribution of burned sedges throughout the record. 

Marura and Big Willum Swamp present contrasting records for palaeofire activity in the late 

Holocene. Highest fire incidence in the Marura record occurs at the onset of the late Holocene, 

while Big Willum Swamp does not accurately record this period due to ephemeral swamp 

conditions at the site (see Stevenson et al. 2015). At both Marura and Big Willum Swamp fire 

incidence increases after European arrival; however, this post-contact fire peak is much higher 

than any preceding fire incidences at Big Willum Swamp while the increase at Marura is 

comparable to fire incidence levels ~900 years ago at the site. These sites capture the diversity 

of fire histories and vegetation changes in the savanna region during the late Holocene, despite 

comparable modern vegetation compositions at Marura and Big Willum Swamp. These records 

demonstrate that no one site may be considered representative of northern Australian savannas 

in the late Holocene. 

 

10.2 Methodological Considerations 

The combination of palaeofire techniques in this study generated data not obtainable by any of 

these methods used in isolation and this combination provided additional interpretive power. 

The combination of charcoal and pyrogenic carbon fluxes allowed for inferences relating to 

fire intensity, with implications for teasing apart human versus climate signals in the palaeofire 

record (see Trauernicht et al. 2015). Elongate charcoal, measured by aspect ratio or 

morphotype, alongside pyrogenic carbon δ13C values allowed for the identification of the 

significant and sustained contribution of burned sedges to the Sanamere Lagoon record, where 

these would have been identified as grass-derived without the stable isotope data. The division 

of both charcoal and pyrogenic carbon into size fractions allowed for the separation of different 
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spatial signals within the record, including distant fires not affecting the catchment of a 

particular site, and burning different vegetation to that present within the catchment (e.g. 

Marura and Sanamere Lagoon). 

Much of the detail provided by morphotype systems from temperate environments, such as 

Courtney Mustaphi and Pisaric’s (2014) 27-type morphotype classification system, does not 

appear applicable to savanna contexts. However, the overall morphological changes captured 

by simpler morphotype systems such as Enache and Cumming’s (2006) 7-type system do show 

more general trends in vegetation burned throughout each record. These changes combined 

with other techniques may provide interpretable data on shifts in vegetation composition in 

palaeofire records. This would be assisted by conducting experimental studies in tropical 

savannas, similar to those of Jensen et al. (2007) and Wragg, Mielke and Tilman (2018), to 

investigate the morphotypes generated by fires in these environments. Morphotypes recorded 

in modern charcoal traps and recent (since ~1950 CE) sediment samples from Marura and Big 

Willum Swamp suggest broadly similar morphologies across the open woodland environments 

in this study, with grasses (elongate particles) less dominant at Marura. Development of a 

savanna-specific morphotype classification system may draw out more subtle distinctions than 

those captured by Enache and Cumming’s (2006) generalised system. 

The identification of a chronological gap in the sediments of Sanamere Lagoon was unexpected 

as the disconformity was not visible in the sediments. This prevented the reconstruction of a 

full late Holocene palaeofire record for the site but demonstrates the effects of one or more 

cyclone events between ~4000 and ~100 cal BP. Similarly, ephemeral conditions at Big 

Willum Swamp prevented the reconstruction of a palaeofire record prior to ~2200 cal BP at the 

site (see Stevenson et al. 2015), while the deepening of Big Willum after this point likely led 

to increased human use of the site as a freshwater source. In both cases, these breaks in 

continuity of the data shed light on changing conditions at each site. High sedimentation at 
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Marura required discontinuous sampling of the uppermost 3 m of sediment for analysis, unlike 

continuous 0.5 cm sampling for Big Willum Swamp (13 cm overall) and Sanamere Lagoon (24 

cm overall). Discontinuous sampling does not allow for analyses separating a primary (local) 

signal from noise (background) (e.g. Higuera et al. 2009; Kelly et al. 2011). However, the 

signal detection method was designed for environments with low fire return intervals (e.g. 

temperate and boreal forests; see Fletcher et al. 2015; Hawthorne & Mitchell 2016; Moos & 

Cumming 2012) while northern Australian savannas may have fire return intervals as short as 

1-3 years (Cremer 2004, p.13). As most sites do not have annual resolution, continuous 

sampling of a site in the savanna region is unlikely to distinguish signal peaks from an 

underlying background/noise. Palaeofire records for savannas are subsequently examined for 

overall trends in fire incidence rather than distinct fire events, making discontinuous sampling 

suitable for savanna sites. 

Were this study to be done over again, obtaining a single core from Sanamere Lagoon that 

captured the water-sediment interface and sufficient sediment depth (e.g. 0.5 m or more) to be 

sampled for all analyses would have improved the interpretation of results. Installation and 

analysis of samples from charcoal traps at Marura and Big Willum Swamp, had circumstances 

permitted this, would also have created a more robust modern comparison dataset. Additional 

techniques or proxies such as reflectance (e.g. Constantine et al. 2019) or biomarkers (e.g. 

Argiriadis et al. 2018) may have improved the interpretation of results, although the choice to 

analyse multiple sites rather than perform more analyses on one or two sites provides a more 

valuable regional and inter-site comparisons. 
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10.3 Areas for Future Work 

Future work will likely further develop techniques to automate the analyses undertaken here, 

including the application of neural networks (see Bassis, Esposito & Morabito 2014) for 

charcoal identification and classification as an expansion of the pilot study outlined here in 

Appendix 4. Charcoal morphotype analysis in savanna contexts would benefit greatly from 

experimental burning of savanna vegetation under laboratory conditions (similar in approach 

to studies such as Jensen et al. 2007; Lynch, Clark & Stocks 2004; Saiz et al. 2018; 

Umbanhowar & McGrath 1998; Wragg, Mielke & Tilman 2018) and collection of modern 

samples from landscape fires (e.g. charcoal traps in this study; Leys et al. 2015; Pisaric 2002) 

to investigate savanna-specific charcoal morphologies, preferably with samples from sites 

where palaeofire records can also be created that apply the understanding of these 

morphologies. 

Future work will ideally include comparison of fire intensities derived from charcoal and 

pyrogenic carbon to other emerging intensity measures such as reflectance (e.g. Ascough et al. 

2010; Constantine et al. 2019). Development and further refinement of techniques for fire 

intensity estimation is of high priority for palaeofire research to better characterise fire regimes 

and distinguish climate and human drivers of change (see Trauernicht et al. 2015, p.1914). 

Development of spectral analysis techniques similar to or extending from existing analytical 

programs such as CharAnalysis (Higuera et al. 2009) that are more appropriate for savanna 

environments rather than temperate forests would also benefit savanna palaeofire studies. 

Palaeofire research would also benefit from the increased use of open access databases such as 

the Global Charcoal Database (Power et al. 2010) as standard practice for data sharing and to 

improve modelling of past and future fire conditions (e.g. Flannigan et al. 2009; Sánchez Goñi 

et al. 2017; Williams et al. 2015a). 
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Fire is ubiquitous across much of Australia and the globe, with anthropogenic climate change 

presenting challenges in the management of fire into the future (e.g. Abatzoglou, Williams & 

Barbero 2019). Tackling these challenges requires a detailed understanding of the context from 

which these fire regimes arise, namely fire-climate-human-vegetation dynamics across long 

timescales as described by palaeofire research. This study presents three new palaeofire records 

for tropical savannas in northern Australia and will ideally be followed by further research into 

the long history of interactions between fire, vegetation, climate and humans in this significant 

region. Continued development of palaeofire techniques building on this thesis will ensure the 

rigour of palaeofire data creation to improve our knowledge of the nuances of fire regimes from 

the past into the future. 
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Appendix 1: Lead-210 (210Pb) Dating Pretreatment Method 

 

 

Samples were prepared for analysis by alpha spectrometry in October 2017 and May 2018 

following the ANSTO Environmental Radioactivity Measurement Centre (ERMC) Lead-210 

dating sample preparation method (see also Eakins and Morrison 1978). Approximately 2g of 

dried sediment was weighed into a beaker, and approximately 0.2g of 209Po tracer was added 

to each sample. 2M HNO3 was added (enough to wet the sample) and beakers were placed on 

a hot plate at approximately 60°C to test reactivity. 25mL of concentrated HNO3 was added 

slowly (rate determined by sample reactivity) while samples were on the hot plate to digest 

organics (Figure A1.1). One to two drops of n-octanol were added to samples which reacted 

vigorously (excessive foaming). Samples were left on the hot plate to evaporate close to 

dryness. 
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Figure A1.1: Samples on hot plate after the addition of 25mL HNO3. 

 

Approximately 20mL 30% H2O2 was added slowly before each sample again evaporated close 

to dryness. Samples were removed from the hot plate to cool and 40mL aqua-regia (10mL 

conc. HNO3 and 30mL conc. HCl) added. Samples were returned to the hot plate, covered with 

a labelled watch glass and left to reflux overnight at approximately 60°C (Figure A1.2). 
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Figure A1.2: Samples on hot plate after addition of 40mL aqua-regia, prior to overnight 

reflux. 

 

All samples successfully digested overnight and contained residue. Samples were transferred 

to 50mL centrifuge tubes using 6M HCl to rinse then centrifuged at 4000RPM for five minutes. 

Supernatant was poured back into the original beakers, while ~15mL 6M HCl was added to the 

residue and placed on a vortex mixer before being centrifuged again. Supernatant was poured 

off a second time and the residue discarded. Samples in beakers were returned to the hot plate 

to evaporate. ~10mL 6M HCl was added to rinse beaker walls before samples were left to 

evaporate again. ~5mL conc. HCl was added to each beaker and samples were left to evaporate 

close to dryness, thereby completing the digestion phase (Figure A1.3). 
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Figure A1.3: Samples after final evaporation completing the digestion phase. 

 

This procedure was followed by the ERMC Polonium chemical isolation method (see also De 

Oliceria Goday 1983). 80mL 0.04M HCl was added to each sample while on a stirring hot 

plate. 1mL of 20% ascorbic acid was added to each sample to reduce Fe(III) to Fe(II) as Fe(II) 

will not deposit on the silver disk during polonium deposition. This was followed by 100µL 

1M citric acid to complex trace iron and chromium and prevent later co-deposition. 10mg of 

Bi3+ holdback carrier was added to inhibit autodeposition of bismuth. The pH of each sample 

was adjusted to 1.5 with the addition of cresol red indicator and NH4OH, and this was verified 

using a narrow range pH paper (Figure A1.4). 
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Figure A1.4: Samples at 1.5 pH ready for polonium deposition. 

 

1g of hydroxylammonium chloride was added to each sample and a silver disk holder 

immediately floated in the solution to begin polonium deposition. Samples were left on the hot 

place (~60°C) for at least four hours for deposition to occur, with the silver disk holders 

checked for bubbles every ~30 minutes (bubbles inhibit deposition) (Figure A1.5). 
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Figure A1.5: Silver disk holders floating in samples during polonium deposition. 

 

Upon completion of deposition, beakers were removed from the hot plate. The silver disk 

holders were removed from each sample, disassembled to remove the silver disk, and disks 

rinsed with distilled water and ethanol before being placed in labelled petri dishes. Dry disks 

were labelled (opposite to the deposition side), for polonium counting by alpha spectrometry. 

This was followed by the ERMC Radium chemical isolation (see also Golding 1961; Lim and 

Dave 1981; Lim et al. 1989) procedure. Magnetic stirring rods were removed from each beaker. 

Samples were rinsed using distilled water from beakers to larger 1L beakers containing 800mL 

molecular filtered water and a stirring rod. 20mL conc. H2SO4 was added to each beaker, 
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samples were placed on a stirring hot plate (not heating) and 100mL 20% Na2SO4 was added. 

10mL 10mg/mL Pb2+ carrier was dripped gradually into each sample via burette (Figure A1.6). 

 

 

Figure A1.6: Samples on stirring hot plate with 10mL 10mg/mL Pb2+ carrier being 

added via burette. 

 

Samples were removed from the hot plate, stirring rods removed, and left covered overnight to 

allow Pb/Ba/Ra sulphate precipitate to flocculate. Supernatant was discarded and residue rinsed 

into centrifuge tubes using 50% ethanol, centrifuged and decanted. 5mL 0.2M Na5DTPA was 

added along with one drop of thymol blue indicator to verify that samples had a sufficiently 
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high (>9) pH. Samples were mixed using a vortex mixer and placed in a sonicator bath for 30 

minutes. 

2 drops of methyl red indicator were added. Using a 0.45µm disposable membrane filter, 

samples were transferred into 70mL polycarbonate vials. 5mL 4% Na2SO4 was used to rinse 

the centrifuge tube and passed through the filter. 2mL of 1:1 acetic acid/water and 1mL BaSO4 

seeding suspension (sonicated for 15 minutes prior) were simultaneously added to each sample 

(Figure A1.7) before samples were placed in refrigeration for at least 30 minutes. 

 

 

Figure A1.7: Samples after simultaneous addition of 2mL 1:1 acetic acid/water and 

1mL BaSO4 seeding suspension. 

 

Cooled samples were poured through a smooth-surfaced Millipore “VV” membrane filter in a 

lock-seal Gelman filter apparatus and allowed to drain (Figure A1.8). Vials were rinsed with 
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50% ethanol, which was then also passed through the filter apparatus. Membrane filters were 

removed and placed in labelled petri dishes for radium counting by alpha spectrometry. 

 

 

Figure A1.8: Samples draining through the “VV” membrane filters in a lock-seal 

Gelman filter apparatus. 
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Appendix 2: Carbon-14 (14C) Dating Pretreatment Method 

 

 

Dried samples were transferred into 50mL centrifuge tubes and their weights were recorded. 

~10-15mL 2M HCl was added, and samples were placed in a waterbath at 60°C for one hour, 

to remove carbonates and infiltrated fulvic acids. Supernatants were poured off and samples 

were rinsed with molecular filter water and centrifuged, repeated three times. Samples then 

underwent alkali (NaOH) rinses of increasing concentration from 1% to 10%, placed in a 

waterbath at 60°C for one hour (Figure A2.1) and rinsed/centrifuged repeatedly until 

supernatant was clear after each alkali repetition. Alkali rinses were repeated until supernatants 

were clear after removal from the waterbath. ~10-15mL 2M HCl was added and samples were 

left overnight before being rinsed/centrifuged three times. 
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Figure A2.1: Samples during the alkali phase in a waterbath, ANSTO AMS 

pretreatment laboratory, November 2017. 

 

Low volume samples were transferred directly into combustion tubes using a pipette. Samples 

of higher volume were transferred into small beakers using a pipette (Figure A2.2). Excess 

water was pipetted off and samples were placed in a drying oven at 60°C over the weekend. 
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Figure A2.2: Samples in the ANSTO AMS pretreatment laboratory prior to drying, 

November 2017. 
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Appendix 3: Morphotype Data 

 

 

A3.1 Marura 

Morphotype data for >250 µm and 250-125 µm size fractions of Marura using Courtney 

Mustaphi and Pisaric’s (2014) 27-type system are shown in Figures A3.1 and A3.2. 

 

 

Figure A3.1: Morphotype data for MAR2 >250 µm charcoal (morphotype images from 

Courtney Mustaphi & Pisaric 2014).  
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Figure A3.1: Morphotype data for MAR2 >250 µm charcoal (morphotype images from 

Courtney Mustaphi & Pisaric 2014).  

 

 

A3.2 Big Willum Swamp 

Morphotype data for >250 µm and 250-125 µm size fractions of Big Willum Swamp using 

Courtney Mustaphi and Pisaric’s (2014) 27-type system are shown in Figures A3.3 and A3.4. 
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Figure A3.3: Morphotype data for BWIL2 >250 µm charcoal (morphotype images from 

Courtney Mustaphi & Pisaric 2014).  
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Figure A3.3: Morphotype data for BWIL2 250-125 µm charcoal (morphotype images 

from Courtney Mustaphi & Pisaric 2014).  

 

 

A3.3 Sanamere Lagoon 

Morphotype data for >250 µm and 250-125 µm size fractions of Sanamere Lagoon using 

Courtney Mustaphi and Pisaric’s (2014) 27-type system are shown in Figures A3.5 and A3.6. 
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Figure A3.5: Morphotype data for SAN1 >250 µm charcoal (morphotype images from 

Courtney Mustaphi & Pisaric 2014).  
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Figure A3.6: Morphotype data for SAN1 250-125 µm charcoal (morphotype images 

from Courtney Mustaphi & Pisaric 2014).  
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Appendix 4: Fossil Charcoal Particle Identification and Classification 

by Two Convolutional Neural Networks 

 

 

This appendix is a reproduction of the following publication: 

 

Rehn, E, Rehn, A & Possemiers, A 2019, ‘Fossil charcoal particle identification and 

classification by two convolutional neural networks’, Quaternary Science Reviews, vol. 226, 

p. 106038, DOI:10.1016/j.quascirev.2019.106038. 
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