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Abstract	
Most Quaternary palaeoenvironmental studies from tropical Australia have focused on the 

coast and large water bodies, such as lakes, sinkholes and swamps. There is a need to extend 

investigations into drier regions, particularly the inland savannah that covers much of the northern 

portion of the continent. Yet, using terrestrial sediment profiles as palaeoenvironmental archives in 

such environments is complicated and complex. In contrast to lake and swamp sediments, the 

stratigraphic evidence from terrestrial contexts is often fragmented and establishing a reliable 

chronology is challenging. Consequently, inland investigations have favoured sediment deposits inside 

rockshelters. Rockshelters function as traps for sediments; therefore, their chronostratigraphic 

resolution is better, but the sedimentary record is space-confined and thus usually biased. Owing to 

the shielded and restricted space and long periods of use, deposits within rockshelters may be 

subjected to different natural events and post-depositional modification processes compared to areas 

outside their confines. Hence, numerous researchers have suggested that rockshelter investigations 

should expand beyond the 'dripline' to include sedimentary records from the surrounding 

environment. Yet such an approach still lacks proper implementation. 

In this doctoral research, terrestrial sedimentary records from open-site deposits surrounding 

the Gledswood Shelter 1 (GS1) rockshelter in North Queensland were used, together with sedimentary 

records from the archaeological deposit inside GS1, to reconstruct geomorphic and sedimentologic 

processes as well as palaeoenvironmental changes. The GS1 rockshelter lies in the northern Australian 

semi-arid tropics, an area characterized by a monsoonal climate and open woodland savannah. GS1 is 

a small overhang situated at the base of a large sandstone outcrop formed as a result of cavernous 

weathering. The surroundings are dominated by quartzose sand deposits and outcrops of weathered 

Jurassic Hampstead sandstone in the form of rugged plateaus, scarps and residual hills. Archaeological 

research was undertaken at GS1 between 2006 and 2008, providing evidence of human activity for at 

least 38 ka (Kiloannus; 1ka = 1,000 years). 

This research includes an examination of the site’s geological and geomorphological context, 

the development of a chronology for open-site non-archaeological sediment deposits, vegetation 

reconstruction and a comparison of archaeological sedimentary records from inside GS1 with the non-

archaeological deposits outside the site and in the surrounds. Fieldwork and laboratory methods 

involved surveying and sampling, digital elevation model (DEM) construction, particle size analysis, 

optical microscopy, cosmogenic 10Be nuclide analysis, single-grain optically stimulated luminescence 

(OSL) dating, radiocarbon dating (14C) of macro- and microcharcoal (Stable Polycyclic Aromatic 
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Carbon–SPAC), phytolith analysis, carbon isotope δ13C analysis, magnetic susceptibility analysis and 

age-depth modelling.  

In terms of broad-scale geological evolution, the study area appears to be in the final erosional 

stage, characterized by slope retreat and reduced topography. Quartz-rich, fine to medium grained 

sands prevail, originating from the weathering of local sandstone, with substantial post-depositional 

mixing. The chronological results of the non-archaeological sediments surrounding GS1 indicate that 

they have been depositing for at least 15 ka. Quartz grains as old as 55 ka were measured in the OSL 

samples from outside GS1. The presence of these grains suggests that the sediments in the study area 

have been accumulating, eroding and re-depositing through several cycles of deposition and erosion 

for at least that long. The archaeological deposits from inside GS1 are at least 38 ka old, confirming 

the rockshelter functions as a sediment trap for at least this long without signs of any major disruption. 

14C dating of macro-charcoal gave comparable results for the archaeological sequence inside the 

rockshelter and the non-archaeological sedimentary sequence outside. Using OSL and 14C macro-

charcoal dates we constructed age-depth models for the non-archaeological sediments outside GS1 

as well as for the archaeological sequence inside GS1. The models demonstrate a strong alignment 

and as a result we were able to establish a robust chronological framework for the study area. 

Comparison of the sedimentary records from the sediments outside the GS1 rockshelter with 

those from the archaeological deposits inside GS1 provided a comprehensive geomorphic and 

sedimentologic understanding of the two archives. This allowed us to obtain a more reliable natural 

sedimentological signal and thereby clearly distinguish the anthropogenic signal in the shelter 

sediment sequence. The anthropogenic signal was particularly evident in the presence of iron 

concretion fragments, iron oxide nodules, sediment aggregates, coarse charcoal fragments and 

enhanced magnetic susceptibility in anthropogenically impacted archaeological deposits inside GS1. 

A difference was also observed in the vegetation reconstruction, as derived from phytolith and δ13C 

analysis of the natural signal recorded in the non-archaeological open-site sediments outside GS1 and 

the anthropogenically impacted archaeological deposits inside, allowing us to produce a reliable 

palaeoenvironmental reconstruction of the study area. The vegetation reconstruction shows that 

savannah vegetation persisted throughout the Holocene, but tree cover was denser during the early 

Holocene, possibly indicating a wetter and warmer climate. In sediments from archaeological deposits 

inside GS1, however, a deviation in the phytolith assemblage was recorded, which was attributed to 

the impact of animal and human activity. 

Finally, evidence of human agency around the exterior of the GS1 rockshelter, including an 

unusual stone line, missing stone artefacts in sediment profiles as well as possible human bioturbation 

effects, imply that expanding research beyond the dripline of rockshelters should become a routine 
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part of future work on analogous sites. This would represent a step forward in archaeological research 

quality as well as addressing the palaeoenvironmental record gap from northern Australia’s semi-arid 

and arid interior. 
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I.	 General	Introduction	
Regardless of the route the first Australian settlers travelled, the earliest archaeological sites on 

the continent should be in the tropical north (Birdsell, 1977). Recent evidence from Madjedbebe, an 

Aboriginal rockshelter located in Mirarr country of the Alligator Rivers region of the Northern 

Territory, north Australia, set a new minimum age for the arrival of anatomically modern humans in 

Australia to 65,000 years (Clarkson et al., 2017). For over 40 years, researchers have been debating 

the nature of the climatic and environmental conditions that the first settlers encountered (Bird et al., 

2005, Hiscock, 2008, Moss and Kershaw, 2007, Williams et al., 2015), the routes they took (Bird et al., 

2016, 2018, Bradshaw et al., 2021, Norman et al., 2018, O'Connell and Allen, 2012) and how they 

responded to sometimes extreme environmental changes they encountered from initial settlement 

onwards (Dortch et al., 2019, Hiscock and Wallis, 2005 , Veth, 1993, Williams et al., 2013). The nature 

and magnitude of the environmental impact of human arrival in Australia remains a fundamental 

unresolved issue in Australian prehistory.  

Australia is the driest inhabited continent in the world. About half of the land mass is either arid 

or semi-arid. It spans the latitudinal range of 10–43oS, straddling climatic zones from the tropical north 

through the subtropics to the temperate zone in the south of the continent. The area experiencing 

each of these broad climate regimes varied considerably during the global climate cycles of the 

Quaternary (Fitzsimmons et al., 2013). Despite our broad understanding of the history of 

environmental change in Australia, particularly during the late Quaternary, the nature, extent, and 

timing of climate and landscape changes across the continent's vast semi-arid tropical north remain 

poorly resolved. Research has predominantly concentrated on wetter environments, containing larger 

lakes and swamps, the marine domain, the coastline and the continental shelf. Other sources of 

information include fluvial, estuarine, aeolian deposits, speleothem records and terrestrial 

rockshelters, all typically clustered in coastal areas, apart from a few rockshelters. This bias has led to 

large inland areas of northern Australia being significantly under-represented. The lack of data in drier 

regions away from the coast makes it challenging to evaluate how early humans responded to, and 

potentially modified, their biophysical environment. This, in turn, introduces uncertainty into the 

interpretation of paleoenvironmental change and the identification of potential refugia during times 

of climatic deterioration  

Contributing to the knowledge gap is the very nature of the Australian semi-arid tropical interior 

itself, which is primarily characterised by open-site terrestrial sediments, typical Australian savannah 

vegetation and a monsoonal climate. Contrasting hot-wet and cooler-dry seasons have created 

unfavourable conditions for the accumulation of sediment and the preservation of organic proxies, 
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such as pollen or biomarkers such as alkanes (Bird et al., 2020), which are primarily used in 

palaeoenvironmental studies. Furthermore, the terrestrial sediments in Australian savannahs are 

typically unconsolidated, relatively homogenous and prone to bioturbation. Hence, the resolution of 

the sedimentary record can be lower compared to some marine or lacustrine deposits, and the 

stratigraphic evidence is often fragmented and incomplete (Davidson, 1935, Ward and Larcombe, 

2003, Ward et al., 2005). In such circumstances, obtaining a reliable vegetation signal and establishing 

a reliable chronology for palaeoenvironmental reconstruction is challenging. 

To address this challenge in Australia, as in analogous environments elsewhere, research has 

primarily focused on deposits inside rockshelters and caves, commonly in connection with 

archaeological excavations (e.g. Aubry et al., 2011, Dortch, 1986, Hovers et al., 2014, Oestmo et al., 

2014, Rink et al., 2002, Sharon et al., 2014, Ulm, 2013, Ward et al., 2016). Rockshelters and caves 

function as sediment traps. The deposits that have accumulated within their confines are considered 

to represent relatively complete sequences that hold environmental signals in well-defined, discrete 

and datable contexts, directly associated with specific moments of the archaeological past (Butzer, 

2008, Sandweiss and Kelley, 2012). Recently, however, an increasing number of studies, dominantly 

from outside Australia, have identified a research bias in solely focusing on caves and rockshelters. 

They have demonstrated that by extending the research to include areas beyond the dripline and 

connecting inside sequences with those outside, we can better understand the site function, human 

occupation and palaeoenvironmental data, even in challenging sedimentological settings (e.g. 

Angelucci et al., 2018, Barbieri et al., 2018, Kindermann et al., 2018, Uthmeier and Chabai, 2018, Ward, 

2003, Ward et al., 2006). 

In addition, the continuous improvement of methods for establishing precise chronological 

control for sedimentary deposits also contributes to addressing the challenges in 

palaeoenvironmental investigations of terrestrial open-site sediments (e.g. Athanassas and Wagner, 

2016, Hajdas et al., 2021, Schaefer et al., 2022). Moreover, durable vegetation proxies, such as 

phytoliths and the carbon isotope composition of soil organic matter (δ13C), have successfully 

produced time series of vegetation change from terrestrial sediments in tropical regions worldwide. 

Examples include studies from Brazil (Alexandre et al., 1999, Calegari et al., 2013, 2017, Chueng et al., 

2019, Coe et al., 2014, Desjardins et al., 1996), French Guiana (Watling and Iriarte, 2013), Africa 

(Bremond et al., 2017, Neumann et al., 2009, Sangen et al., 2011) and India (Tripathi et al., 2021). 

These studies used phytolith analysis and δ13C values of organic matter to (i) establish their reliability 

as palaeovegetation proxies (Alexandre et al., 1999), to investigate the changing abundance of C3 

(tree) and C4 (grass) species (Calegari et al., 2013, 2017, Coe et al., 2014), (ii) identify the major 

vegetation formations (Watling and Iriarte, 2013), (iii) determine past and present fluctuations of the 
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forest-savannah boundary (Desjardins et al., 1996), (iv) help the interpretation of geomorphological 

processes operating during particular palaeoclimates and to understand the variations in vegetation 

from which to infer climatic changes. (Chueng et al., 2019). The results suggest that phytolith analysis 

coupled with organic δ13C values offers a valuable alternative as terrestrial environmental proxies for 

past environmental change in tropical settings, where high temperatures and variable rainfall 

challenge the preservation and integrity of many traditional palaeoenvironmental proxies.  

I.1	 Thesis	Overview	

This thesis forms part of the larger research program of the Australian Research Council-funded 

Centre of Excellence for Australian Biodiversity and Heritage–CABAH. One of the aims of CABAH is to 

provide the definitive long-term environmental records required to disentangle natural and 

anthropogenic drivers of palaeoenvironmental change before, during and after the peopling of 

Australia. The primary focus of this thesis is the reconstruction of past landscape and environment 

characteristics at a rockshelter site (Gledswood Shelter 1-GS1) in tropical North Queensland using 

records from terrestrial open-site sediments in the Australian savannah. Particular emphasis is placed 

on bridging the archaeological sequences inside the rockshelter with surrounding (beyond the 

dripline), non-archaeological sequences, outside the shelter. Four research questions are addressed 

in this thesis: (1) What were the main geologic and geomorphic processes that created the 

surrounding landscape and GS1? (2) What is the chronology of the non-archaeological sediments 

outside GS1? (3) How has the environment changed in the study area? (4) How do sedimentary 

records from deposits inside and outside GS1 complement or differ from each other and how does 

this contribute to a better, broader, understanding of sedimentary and palaeoenvironmental archives 

at the GS1 site? 

This multi-layered thesis has been written as a series of individual manuscripts to be submitted 

as journal articles. It is organised into four standalone chapters, each representing an added 'layer' in 

the reconstruction of past landscape and environmental change at the GS1 site. This introductory 

chapter outlines the aims and objectives, focus and main approaches of the thesis as well as the 

geography of the area and previous research. Since this thesis focuses on archaeological rockshelter 

deposits and paleoenvironmental reconstruction, background information about the archaeological 

and palaeoenvironmental context is also included. Chapters 1–4 address each research question as 

listed above, with Chapters 1 and 2 focusing on non-archaeological open-site sediment sequences 

outside (beyond the drip line) GS1. In Chapters 3 and 4, the non-archaeological open-site sediment 

sequences outside GS1 are further correlated and integrated with archaeological sequences inside 

GS1. The Thesis Summary chapter summarizes the major findings of the thesis and demonstrates how 
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the aims and objectives were met. A single reference list is provided for all chapters following the 

Thesis Summary at the end.  

This structure results in some repetition in the introductory sections of each chapter, such as 

the study area and sampling location details. However, since each paper has a different focus, this 

repetition is necessary. Moreover, the thesis covers various areas of knowledge. As such, each chapter 

includes relatively comprehensive theoretical background information, which will be rearranged or 

excluded for future publications. A brief introduction to the four chapters is listed as follows: 

Chapter 1 (the landscape layer) Geologic and geomorphic setting of the Gledswood Shelter 1 

(GS1) site, North Queensland, Australia. This chapter utilises geomorphology and sedimentology—

particle size, optical microscopy, and cosmogenic nuclide techniques—to provide a geomorphic and 

geologic framework for the GS1 study area. This chapter is the first study to present a geomorphic and 

geologic context for the area where the GS1 is situated, which is crucial for a better understanding 

site formation processes.  

Chapter 2 (the time layer) Luminescence and radiocarbon chronologies of sediments at the 

Gledswood Shelter 1 (GS1) site, North Queensland, Australia. This chapter presents the work 

undertaken to establish a reliable chronology for the terrestrial non-archaeological open-site 

sediments outside the GS1 shelter. The objective here is to produce solid chronological foundation for 

the sedimentary sequence outside the shelter using a two-method approach: single-grain optically 

stimulated luminescence (OSL) dating of quartz grains and radiocarbon dating of two charcoal 

fractions. This study has implications for better understanding how these two methods and their 

combination work together in analogous environments to deepen our understanding of the impact of 

post-depositional disturbance processes on single-grain OSL distribution patterns and how 

degradation and mixing can impact radiocarbon dates.  

Chapter 3 (the vegetation layer) Vegetation reconstruction at Gledswood Shelter 1 (GS1) site in 

North Queensland, Australia, combining phytoliths and δ13C. This chapter presents a comprehensive 

analysis of palaeovegetation using phytoliths and δ13C signatures in charcoal. The analysis includes 

non-archaeological sedimentary sequences outside GS1 and archaeological sequences inside the GS1 

rockshelter to reconstruct changes in vegetation (and, by implication, climate) in the study area 

through time. This work also discusses the discrepancies in results between the inside and outside 

sample collections and suggests possible sources for these differences. 

Chapter 4 (the integration layer) Bridging palaeoenvironmental archives from outside to the 

inside: Gledswood Shelter 1 (GS1), North Queensland, Australia. This chapter integrates the results 

obtained from both non-archaeological sedimentary sequences outside GS1 and archaeological inside 
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GS1 sedimentary sequences. It does this by comparing and correlating the findings established in 

Chapters 1, 2 and 3 with previous archaeological studies conducted inside GS1. Based on this 

integration, interpretation of site formation processes, palaeoenvironmental change and site 

significance is provided to improve our understanding of the drivers of change and observed 

differences between the two archives. 

I.2	 Study	area	context		

I.2A	 Regional	setting		

The study area is based at Gledswood Shelter 1 (GS1) and its surroundings in the western 

foothills of the Gregory Range in inland North Queensland, approximately 130 km north of the small 

township of Richmond (Figure FI.1). The site lies within the traditional lands of the Woolgar Valley 

Aboriginal Corporation (WVAC), on Strathpark pastoral station, the homestead for which is located 10 

km south of the GS1 site (Figure FI.2). 

The topography of the broader area comprises low and gently undulating plains but locally 

includes strongly dissected plateaus and outcrops of Jurassic sandstone and conglomerate. The 

vegetation is primarily open woodland and grassland, that is to say, broadly typical Australian semi-

arid savannah. Meandering its way across the sandy plains, around 1.6 km south of the GS1, is the 

Norman River, with headwaters in the Gregory Range to the east (Figure FI.2).  

 

Figure FI.1: Study area (red circle) location. 
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Figure FI.2: The study area with marked locations: Gledswood Shelter 1 (GS1), Norman River, Flying Fox Hydro 
Station (now abandoned), and Strathpark Station. 

 

I.2B	 Climate	and	Hydrology	

The study area lies within the northern Australian semi-arid tropics, characterised by a short, 

hot, wet season and a longer, cooler dry season. Daytime temperatures are relatively high all year 

round, averaging 36oC in summer (November–April) and 26oC in winter (May–October) (Source: 

Australian Government, Bureau of Meteorology Portal, Site name: Richmond Post office). The region 

experiences a low annual rainfall (median 432.5 mm) and high evaporation (average~3000 mm) 

(Source: Australian Government, Bureau of Meteorology Portal, Site name: Richmond Post Office).  

Surface water is typically abundant during the wet summer season but becomes extremely 

scarce during the dry winter months. The hydrology of the region is, therefore, dominated by 

ephemeral river systems, with significant episodic flooding during the wet season (November–April) 

and minimal (often subsurface) or no flow during winter (May–October). A twenty-year Norman River 

water level and discharge record shows high water levels and discharges during the wet seasons, 

periodically exceeding 4 m in height (250 Cumecs) (Figure FI.3), followed by extremely low water levels 

and zero discharge during the dry season (source: Queensland Government, Water Monitoring 

Information Portal, Historic Streamflow Data, 916002A, referred to as Norman_R Strathpark). This 

pattern is typical for a monsoon-driven river in the region. The data were measured at the Flying Fox 
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hydro station on the right bank of the Norman River, approximately 6 km southeast of the GS1 site, 

and operated from 1968 to 1988 (Figure FI.2).  

 

Figure FI.3: A twenty-year Norman River water level and discharge data measured at the former Flying Fox 
Hydro Station 

 

The seasonal variability is typical of the present climate of much of tropical northern Australia 

and is governed largely by the annual migration of the Intertropical Convergence Zone (ITCZ) (Reeves 

et al., 2013a) (Figure FI.4). The ITCZ is a tropical zone, often called the monsoon trough in the Southern 

Hemisphere. On satellite images, the ITCZ appears as a band of clouds, usually thunderstorms that 

encircle the globe, migrating seasonally north and south of the equator. The ITCZ follows the sun and 

migrates north during the Northern Hemisphere summer and south during the Southern Hemisphere 

summer, thus influencing the tropical north Australian region most strongly during the Austral 

summer, from November to March (Kershaw and van der Kaars, 2012, Reeves et al., 2013a). During 

this period, the ITCZ migrates roughly 15º southward into northern Australia, bringing the summer 

monsoon rains. Tropical cyclones also occur in the summer months, often embedded in the monsoon 

trough that can penetrate the continent as significant rain-bearing depressions (Figure FI.4–right). 

During the winter months—June through September—the ITCZ moves northward over Southeast 

Asia, resulting in a dry winter in the northern Australian region. The ITCZ effect is modulated by the 

influence of the El Nino Southern Oscillation (ENSO) (Figure FI.4–right), especially in northern and 

eastern Australia, which introduces pronounced interannual variability to the Australian climate 

(Allan, 1988, Allan et al., 1996).  
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The northeast of Australia also receives moisture from the humid south-easterlies, sourced 

from the Coral Sea and equatorial Pacific (Figure FI.4–left), which extend the summer wet season in 

the adjacent continental areas. The Great Dividing Range in the northeast of the continent acts as a 

barrier to easterly rain, creating a rainshadow of the inland tropical Australian savannah (Sturman and 

Tapper, 1996) where the study area is located.  

Additionally, the Australian continent is placed latitudinally between the heat of the equatorial 

tropics from the Indo-Pacific Warm Pool (IPWP) and the cool waters of the Southern Ocean (Figure 

FI.4). This latitudinal position results in several large-scale controls on the climate, such as the ITCZ, 

the Sub-tropical High-Pressure Belt or the Australian subtropical ridge, the major ocean currents, 

fronts, and winds (see Figure FI.4). Being unaffected by major topographic barriers, the mean climatic 

conditions across Australia primarily respond to the seasonal zonal circulation resulting in continental 

heating/cooling and therefore seasonally variable land-sea temperature contrast (Gimeno et al., 

2010).  

I.2C	 Previous	research		

GS1 is a small south-facing overhang at the base of a large sandstone outcrop (Figure FI.5). The 

interior floor area is approximately 15 m2, and the shelter roof is 3–5 m high. The overhanging 

sandstone outcrop extends about 8 m above the shelter and provides protection for a sandy and 

vegetation-free floor, except for sparse grasses and occasional low herbs. The southern outlook faces 

a lightly wooded sandy plain, extending beyond the dripline and further away from the outcrop to the 

south and west.  

Lynley Wallis and her team have been conducting research at GS1 since 2006 (Wallis, 2008). 

Between 2006 and 2008 a total of 6 m2 (six 1 m2 squares) were excavated and the maximum depth to 

bedrock is approximately 250 cm in the shelter. The archaeologists worked in arbitrary 5 cm layers 

('spits'), from which numerous stone artefacts, ochre and wood charcoal were recovered. Owing to 

poor preservation conditions, they did not retrieve significant amounts of bone or other organic 

remains. Apart from six squares inside GS1, the team also excavated five test pits outside GS1 to a 

fixed maximum depth of 120 cm, not always reaching bedrock. These test pits served to enable 

collection of sediment samples for comparison of records from inside and outside GS1 in future 

palaeoenvironmental and archaeological research.  
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Figure FI.4: The large-scale controls on the Australian climate. Left: The map shows average modern sea surface 
temperatures and the major oceanographic features. Solid lines represent the major currents – IPWP: Indo-Pacific 
Warm Pool, ITF: Indonesian Throughflow, SEC: South Equatorial Current, LC: Leeuwin Current, EAC: East Australian 
Current, ACC: Antarctic Circumpolar Current. The mean positions of the major fronts are shown in dotted lines – 
TF: Tasman Front, STF: Subtropical Front, SAF: Subantarctic Front, PF: Polar Front. Right: The map shows the major 
features of the modern climate of the Australian region – ITCZ: Inter-tropical Convergence Zone, ENSO: El Niño 
Southern Oscillation, IOD: Indian Ocean Dipole, SAM: Southern Annular Mode. Red circle marks the GS1 site. Both 
images adopted from Reeves et al. (2013b) 

 

Wallis et al. (2009) published an initial report on the GS1 excavations which focused on 

establishing a chronology based on radiocarbon dates from macro charcoal collected inside GS1. In 

this initial paper, the occupation date for the shelter was estimated to be 28,419±320 BP (before 

present), uncalibrated. Subsequent calibration using OxCal v 4.2 (Ramsey et al., 2010) against SHCal13 

(Hogg et al., 2013) and IntCal13 (Reimer et al., 2013) and the addition of more dated radiocarbon 

samples have pushed the site back to about 38 ka (Kiloannus; 1ka = 1,000 years) (Wallis et al., 2014a).  

Following the initial report, multiple papers (Lowe et al., 2016, 2018, Lowe and Wallis, 2020), 

unpublished reports (Wallis, 2008, Wallis et al., 2014a, 2014b) and an honours thesis (Keys, 2009) 

were produced. Several analyses were conducted, including particle size and shape, optical 

microscopy, quantification of organic matter (by Loss on Ignition [LOI]), biologically available 

phosphorous (P), FTIR and μ-FTIR on loose sediments as well as quantification of the cultural materials 
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(artefacts and charcoal) (Lowe et al., 2018). Particular emphasis was placed on the analysis of 

sediment magnetic properties to determine the onset of Pleistocene human settlement at GS1 (Lowe 

et al., 2016) and ground penetrating radar (GPR) to determine sediment depths (Lowe and Wallis, 

2020). 

Overall, the chronological, archaeological and geoarchaeological data indicate that GS1 was 

occupied from approximately 38 ka, through and beyond the Last Glacial Maximum (LGM). Lowe et 

al. (2018) stated that the resultant dataset highlighted the benefit of using a multi-proxy approach to 

understand sandstone settings in analogous environments better. The analyses and results from this 

large body of previous research are brought into this thesis where appropriate to compare the 

sedimentary archives inside the shelter with the results obtained in this thesis from outside the 

shelter, as discussed more in detail in the following chapters. 
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Figure FI.5: First image: a bird’s eye view of the outcrop where GS1 formed and its surroundings 
(size of the tarpaulin is approx. 2.7 x 4m); Second image: a closer view of the GS1. 

 

I.2D	 Archaeological	context		

The	significance	of	the	tropical	north	in	Australian	prehistory		

Since the first humans set foot in northern Australia, approximately 65,000 years ago, and for 

most of the period of human occupation, the Australian continent was part of Sahul, the combined 

Pleistocene landmass comprising today’s mainland Australia, Tasmania, New Guinea and the Aru 

Islands (Figure FI.6). Lower sea levels exposed an extensive area of the north of the Australian 

continent—today a submerged shelf—connecting the Kimberley, Arnhem Land and Cape York 

Peninsula regions into one vast area separated only by the great Lake of Carpentaria (Figure FI.6).  

For decades, considerable debate has surrounded the role these now partially submerged 

northern areas may have played in early human arrival on the continent and, in particular, in human 

dispersal into the semi-arid and arid north interior as well as towards the south (e.g. Allen and 

O’Connell, 2008, Bird et al., 2018, 2019b, Bowdler, 1977, Bradshaw et al., 2021, Kealy et. al, 2018, 

Norman et al., 2018, O’Connell et al., 2018, O'Connor, 2007, O'Connor and Veth, 2000, Veth et al., 

2017, Wild, 1986). In this regard, numerous models proposed different pathways and drivers of human 

dispersal throughout the Australian continent, such as woodland-riverine corridors (Horton, 1981, 

Tindale, 1981), foraging resource availability/depletion (O'Connell and Allen, 2012, 2015), food access 
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(Smith, 2005) and palaeohydrological corridors (dispersal along well-watered routes) (Bird et al., 

2016), all of which were variably dependent on a matrix of biogeographic (Veth, 1993), 

ecological/climatic (Veth et al., 2000) and sociological/technological (Lourandos and Ross, 1994) 

factors. These postulates were summarised into conceptual models that view the vast interior of the 

continent as a mosaic of potential oases, corridors and barriers, with the viability of a specific region 

for occupation or transit also depending on the trajectories of environmental change (Hiscock and 

Wallis, 2005, Smith, 1993, 2013, Veth, 1993). Based on this concept, archaeologists inferred that in 

response to climatic instability in the terminal Pleistocene, human populations contracted to oases 

'refugia', well-watered ranges and major riverine systems, most notably around the LGM (~23−18 ka) 

(Dortch et al., 2019, Hiscock, 1988, Hiscock and Wallis, 2005 , O'Connor et al., 1993, Slack et al., 2018, 

Veth, 1993).  

 

 

Figure FI.6: The palaeocontinent of Sahul, from Bradshaw et al. (2021). Note 
the exposed extensive lands at the north of the continent along with the shelf, 
which is today submerged. 

 

These archaeological models were evaluated by Williams et al. (2013) with emphasis on human 

responses to climate change in the Late Pleistocene in Australia, who established that some regions 

could be considered refugia as study results showed they were preferred by people through the LGM 

and the terminal Pleistocene. Of these areas, some are consistently highlighted as of importance to 

people, including the Gulf Plains and Einasleigh Uplands in northeastern Australia, based on bioregions 
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(Thackway and Cresswell, 1995) that correspond to the Gulf Country and North and Far North 

Queensland (Figure FI.7), including the area of GS1.  

Other areas were used less consistently but still contain several periods of activity, including 

those of the Central and North Kimberley and the Arnhem Plateau in the north. Additionally, the study 

identified several areas that were abandoned and/or never used that can be considered ‘barriers’ in 

accordance with the examined models. Overall, the results from Williams et al. (2013) correlated well 

with the earlier models proposed by Veth (1993) and highlighted a number of regions that were 

probably refugia during periods of climatic instability (Figure FI.7). These areas should therefore form 

a focus of more detailed future archaeological and palaeoenvironmental research as they potentially 

hold evidence for early human entry points to Australia and corridors to the continent interior, but 

also for their role as refugia during periods of climatic deterioration throughout the Late Pleistocene.  

In contrast, the archaeological and palaeoenvironmental record that was not submerged by the 

rising sea levels during the flooding of Sahul in the early Holocene (~10 ka ago) is dominated by 

sandstone and limestone rockshelters in the Kimberley, Arnhem Land and Wet Tropics (Williams et 

al., 2015) and by lake, fluvial, marine sediments and corals from the northern coastal area (Figure FI.8). 

However, large inland areas of the Gulf of Carpentaria, Cape York Peninsula, Northern Territory and 

North Queensland are scarcely represented in either archaeological or palaeoenvironmental archives 

(Figure FI.8).  

 

GS1 

Pilbara 
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Figure FI.7: Upper: map showing likely refugia (green) based on bioregions after Thackway and Cresswell 
(1995) and the analysis undertaken by Williams et al. (2013); Bottom: Map of refugia, barriers and 
corridors for human occupation through the Last Glacial Maximum after Veth (1993). 

 

The lack of archaeological knowledge for the inland tropical north has led to debates about 

peopling and settlement patterns and strategies, which continue with minimal supporting evidence. 

In addition, the limited understanding of localised palaeoenvironmental conditions has hindered 

researchers from rigorously interrogating competing hypotheses. In most cases, investigations must 

rely on sedimentary archives of low stratigraphic resolution, such as dunes, playas, river terraces, 

caves and rockshelters, which, while potentially discontinuous, broadly preserve records of past 

human and environmental responses to climatic change (Fitzsimmons et al., 2013). Despite 

unfavourable research conditions, numerous authors (Reeves et al., 2013a, Ulm, 2013, Williams et al., 

2013) emphasized an urgent need to extend the palaeoenvironmental record into the Australian 

savannah region, which represents the majority of the tropical environments of the north. However, 

a ten-year data comparison shows that the situation regarding the palaeoenvironmental and 

archaeological record from the inland tropical north has not changed significantly (Figure FI.8). This 

thesis addresses the gap by focusing on landscape formation and palaeoenvironmental reconstruction 

at an inland tropical archaeological rockshelter site in North Queensland.  

GS1 
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Figure FI.8: Palaeoenvironmental archives from the Australian tropical north. A) from Reeves et 
al. (2013a) and B) courtesy borrowed from Wall A. (2023, unpublished work). The blue star with 
the arrow marks the location of the GS1 rockshelter. 

 

Regional	framework	

The GS1 study site lies adjacent to a number of archaeologically significant areas: Cape York 

Peninsula to the north, the Gulf Country to the northwest, Riversleigh and Mt. Isa to the west, while 

to the south are the Mitchell Grass Downs and to the southeast are the basalt-capped sandstones of 

the Upper Flinders region (Figure FI.9). The latter also referred to as the 'North Queensland highlands' 

by initial researchers (Morwood and Godwin, 1982, Morwood, 1990, 1992).  

The earliest systematic archaeological investigations in the region were undertaken by 

Morwood and Godwin (1982), who conducted surveys across a widespread area between Hughenden 

and Torrens Creek in the south to Georgetown and Croydon in the north (Figure FI.9). These surveys 

recorded the presence of numerous sites in the region, primarily rockshelter art/occupation sites, 

some axe-grinding grooves, hearths and open artefact scatters. This initial work suggested a strategic 

position of the surveyed area in archaeological terms for the distribution of specific cultural traits. It 

was followed by a more detailed investigation that included a number of excavations immediately 

north of Hughenden (Morwood, 1990, Morwood, 1992, 2002), on Esmeralda Station near Croydon 

(Gorecki et al., 1992), on Middle Park Station 30 km south of the GS1 site (Cooke, 1995), and around 
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Sandy Creek south of Cloncurry (Davidson et al., 1993) as well as further west at Lawn Hill–

Boodjamulla (Hiscock, 1988) and Riversleigh (Slack et al., 2004) (Figure FI.9). Excavations at Mickey 

Springs 34 rockshelter, located 67 km northeast of Hughenden in Mickey Gorge (a tributary of the 

Flinders River) (Figure FI.9), revealed occupation dated to about 10 ka (Morwood, 1990, p.13). 

Occupation in three other shelters in the area (Mickey Springs 33 and 31 and Quippenburra Cave) also 

dated to the mid- and late Holocene. In the Selwyn Ranges, 120 km south of Cloncurry, the Cuckadoo 

Shelter yielded a maximum date of 15,270±210 yrs BP, providing further evidence for the occupation 

of the inland north Queensland upland area since at least the terminal Pleistocene (Davidson et al., 

1993). Further afield, excavations of two cave sites at Lawn Hill–Boodjamulla gave ages of first 

occupation around 18 ka BP (Hiscock, 1988). Whereas radiocarbon dating results from two excavated 

sites adjacent to the Gregory River at Riversleigh (Figure FI.9), just south of the Lawn Hill caves, showed 

an age of ~15 ka BP at the OLH midden site and suggested continuous occupation from at least 35 ka 

ago of the GRE8 rockshelter (Slack et al., 2004).  

 

 

Figure FI.9: Map of North Queensland. The blue square marks the GS1 site and the adjacent archaeologically 
significant areas: Cape York (N), Gulf Country (NW), Riversleigh and Mt. Isa (W), Mitchell Grass Downs (S), Upper 
Flinders (SE). 

 

Overall, the studies showed that the regional archaeological record of inland north Queensland 

is dominated by surface scatters of stone artefacts, often associated with hearths, followed by 

rockshelters, typically in sandstone outcrops, containing abundant stencilled rock art. Axe grinding 

grooves and grinding surfaces are also very common in geologically suitable areas. The upland areas 
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were occupied by at least the terminal Pleistocene, 15 ka, probably as early as 35 ka, corroborating 

the proposition that the uplands country experienced early occupation and, in at least some places, 

afforded better-watered refuges capable of supporting human populations through the LGM. There 

also appears to be some evidence for a suite of mid-Holocene changes, including more regular use of 

sites, a broader range of activities (i.e. the introduction of seed-grinding technology), a shift in rock 

art styles and an increase in local population and productivity (Gorecki and Grant, 1994, Gorecki et al., 

1992, 1996, Morwood, 1992, 2002). 

Following the initial work, the majority of archaeological investigations in the area continue to 

focus on identifying new sites and their regional distribution. Excavations have concentrated 

predominantly on GS1 rockshelter (Keys, 2009, Lowe and Wallis, 2020, Lowe et al., 2016, 2018, Wallis 

et al., 2009, 2014a), open-hearth sites along Flinders River and Woolgar River (Wallis et al., 2004a, 

2004b), axe grinding grooves on Woolgar River and its tributaries (Munt, 2013) and skeletal remains 

in the low-lying plains country—the Mitchell Grass Downs—south of Richmond (Domett et al., 2006) 

(Figure FI.9). These investigations, however, have not produced dates beyond the last 2 ka, apart from 

the 38 ka BP occupation age obtained from the archaeological sequence inside GS1. Besides the 

scientific research, a number of cultural heritage management surveys were undertaken in the 

Mitchell Grass Downs (Bird, 1997, 1998, 1999, 2000, Crothers, 1997, Davidson and Fife, 1994, 

Davidson et al., 1991, Spencer, 1994) related to various activities planned in the area by different 

corporations and institutions. As the number of sites excavated and dated in the Norman River and 

Woolgar River area is very low, the connection of these sites with those in the neighbouring low-lying 

plains and upland areas remains unclear. So does the possibility that the area of Norman River was 

indeed a refuge during the LGM. 

I.2E	 Palaeoenvironmental	context		

Today, northern tropical Australia experiences a mild dry winter with moderate strength 

southeasterly trade winds. Moisture is brought in from the north by the summer monsoon, which 

provides most of the annual precipitation in the wet season between December and March (Bowler 

et al., 2001). As these rains penetrate inland from the north, mean annual rainfall decreases to the 

south, although low-pressure troughs and cyclones can generate significant episodic rainfall in the 

continental interior (Hesse et al., 2004). The climate in the region is governed mainly by the seasonal 

movement of the Intertropical Convergence zone (ITCZ) (Figure FI.4). The climate boundary of the 

monsoon tropics, however, cannot be rigorously defined. The boundary is mobile from year to year in 

the present day and is likely to have been in the past, with climate zones shifting by multiple degrees 
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of latitude during past glacial and interglacial times throughout the Quaternary period (Metcalfe and 

Nash, 2012).  

Below, I present an overview of environmental change in the Australian tropical north across 

various significant late Quaternary timeframes, with a focus on climate. The overview is summarized 

from earlier works (Bowler, 1976, Donnelly and Wasson, 1989, Hesse et al., 2004, Nanson et al., 1992, 

Thomas et al., 2001, Webster and Streten, 1978) as well as more recent significant contributions in 

this region (Burrows et al., 2016, De Deckker et al., 2019, Fitzsimmons et al., 2013, Kershaw and van 

der Kaars, 2012, Moss et al., 2017, Reeves et al., 2013a, Reeves et al., 2013b, Williams et al., 2015). 

The section is divided into three parts: 1) Before the LGM, 2) The LGM, and 3) After the LGM, where 

the LGM marks a global change in climate, which serves as a turning point for this overview.  

Before	the	LGM	

Palaeoenvironmental evidence from the tropical north is comparable with other parts of 

Australia in showing recognizable, alternating wet and dry episodes superimposed on a clear drying 

trend over at least the last 300 ka (Burrows et al., 2016, Hesse et al., 2004, Nanson et al., 1992). These 

episodes are generally recorded as enhanced runoff records in the form of extensive alluvial sand 

deposits indicating stronger precipitation and wetter climate in interglacial stages and as a diminished 

presence of water in the landscape enabling expanded dune building in dry phases, the glacial stages 

(Bowler et al., 2001, English et al., 2001, Nanson et al., 1992).  

In the Gilbert River system in northeast Queensland (Figure FI.10), extensive luminescence 

dating supported by some U-Th ages yielded a record of fluvial activity dating back to 130 ka (Nanson 

et al., 1991, Nanson et al., 2005). Basal sands indicate that the most marked fluvial episode occurred 

during the last interglacial (MIS 5e,c), extending to about 85 ka (Kershaw and van der Kaars, 2012). 

Whereas evidence of several phases of lake floor dunes and reworking of shoreline deposits into dune 

fields have been recorded at Lake Gregory (Bowler et al., 2001) and also Lake Lewis (English et al., 

2001) in periods of increased aridity and limited fluvial activity, such as MIS 5b,d and MIS 4 (Figure 

FI.10). 

During the following stage, MIS 4 global sea level was reduced by ~100 m and the extent of 

glaciers in high-elevation parts of Sahul was more significant compared to the LGM (Barrows et al., 

2001, Williams, 1996), sea-surface temperatures were lower and the dust signal record increased (De 

Deckker et al., 2019). These glacial conditions peaked at around 65 ka. Northern Australian lakes were 

apparently dry during MIS 4 (Hesse et al., 2004), although evidence suggests that in the Gilbert River 

system in northeast Australia (Figure FI.10) late Austral summer moisture peaked at ~65 ka (Kershaw 

and van der Kaars, 2012). This might be because the ITCZ during MIS 4 extended further south over 
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Australia (Wang et al., 2001) and this southward shift may have peaked around 65 ka (Miller et al., 

2016). By ~59 ka, the conditions at sea and on land progressively returned to those recorded before 

the sea-level drop and drop in temperature. The significant climatic changes during the MIS 4 glacial 

period coincide with the earliest human occupation of Sahul at about 65 ka, based on evidence from 

the Madjedbebe rockshelter (Clarkson et al., 2017) (Figure FI.10). These uncertain and harsh 

conditions must have represented a serious challenge for the early humans entering the north of 

Australia at the time.  

 

Figure FI.10: Map of tropical north Australia's main modern day climatic classifications and systems (after Williams 
et al. (2015). Lakes, rivers, marine cores and archaeological sites referred to in the text are also shown. The width 
of major rivers has been exaggerated for visibility. 

 

At the beginning of MIS 3 (~55 ka), the Australian tropics returned to warmer and wetter conditions. 

A recent 60 ka record of environmental change for the Wet Tropics comes from a marine core ODP 

820 study (Moss et al., 2017) (Figure FI.10). Based on these records, a sea-level transgression from 

MIS 4 to MIS 3 is reflected in a relatively high abundance of mangroves from at least 58 to 50 ka ago, 

also supported by lower carbonate concentrations indicating greater terrestrial inputs and a decrease 

in foram δ18O value. There is, however, a notable absence of a solid climate signal for MIS 3 in tropical 

north Australia (Kershaw and Nanson, 1993, Thomas et al., 2001), especially in the north semi-arid 

savannah interior. The main reference for late Quaternary environmental change in northeast 
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Australia and beyond is provided by Lynch’s Crater on the Atherton Tableland in North Queensland 

(Figure FI.10). Lynch’s Crater is a crater of volcanic origins filled with at least a 60 m deep sequence of 

lake and peat sediments that contains one of the most complete environmental records of the last 

two glacial-interglacial cycles on the continent (Kershaw, 1974, 1976, 1978, 1986, Kershaw et al., 2007, 

Turney et al., 2001). The revised comparison between the Lynch’s Crater and the ODP 820 records 

shows a charcoal peak at around 44 ka, followed by a more sustained increase in burning from 40 ka, 

a possible indicator of increased human activity. 

The late MIS 3 period from ~40 to 30 ka appears to have been broadly characterized by 

relatively cool and wet conditions evident in pollen, lake, fluvial and speleothem records of the 

northern Australian region (Reeves et al., 2013a) (Figure FI.8). The ODP 820 marine core record, on 

the other hand, shows an increase in dry rainforest taxa from around 40 ka and suggests a trend to 

drier conditions in the Wet Tropics (Moss et al., 2017). The authors, however, explain that the 

relatively high percentages of ferns combined with reduced grass pollen abundance do not support 

the evidence of drier conditions and it may be that increased variability was the central environmental 

influence at the time.  

In comparison to the present day, late MIS 3 indicates cooler climatic conditions in the northeast 

tropics. Wet conditions, however, are evident throughout most of the region due to decreased 

evaporation under these cooler conditions (Bowler and Wasson, 1984, Galloway, 1965). Both the lake 

level and speleothem records from the tropical north show a close correlation between effective 

precipitation and regional insolation through the late MIS 3 up to the early glacial period (35‒22 ka) 

(Reeves et al., 2013a). There is no evidence of a strong monsoon penetrating the Australian mainland 

at this time (Devriendt, 2011, Lewis et al., 2011, Reeves et al., 2013a); however, there is, some 

evidence for a short-lived expansion of rainforest taxa in North Queensland ~26–24 ka (Moss and 

Kershaw, 2007, Moss et al., 2017) implying increased effective moisture.  

Leading up to the LGM, much of inland Australia periodically had large permanent lakes in 

catchments with lakes that are presently dry or ephemeral (Bowler et al., 1976, 2012, Cohen et al., 

2011, 2012, Fitzsimmons et al., 2013). Relatively high lake stands prevailed in the tropical north (Veth 

et al., 2009) and temperate regions (Bowler and Hamada, 1971, Coventry, 1976). Cool and humid 

conditions are inferred, with increased effective precipitation (Kemp and Rhodes, 2010). It is 

important to note that despite this comparatively wet period, it was dwarfed by the wet intervals of 

MIS 5 (Cohen et al., 2011, 2012, Nanson et al., 1992). Lake systems at all scales maintained perennial 

conditions through to or intermittently up to ~30 ka, coeval with peaks in river activity (Fitzsimmons 
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et al., 2013). Eventually, regardless of the drivers, lake levels appear to have fallen earlier in the north 

than in the south of the continent. 

The	LGM	

The LGM occurs in MIS 2 (~22–18 ka) and is a period of universally cooler and drier conditions. 

Palaeoecological data from northern Australia support dry conditions during the LGM, with the 

disappearance of palm trees (indicators of wetter climates) from the phytolith record in Carpenter’s 

Gap 1 (Wallis, 2001) and evidence of a drier vegetation assemblage from Indian Ocean deep-sea 

marine core FR10/95 pollen record (van der Kaars and De Deckker, 2002) in the Kimberley (Figure 

FI.10). Although pollen records reveal universally drier conditions in conjunction with cooler 

temperatures for much of the lowland regions of tropical Australasia during the LGM, unambiguous 

evidence for drier glacial conditions is missing. In contrast, plunge pool and fluvial records of northern 

Australia reveal that the LGM was characterized by episodic and sometimes extreme rainfall events 

but with dry conditions in northwestern Australia and south of the Gulf of Carpentaria (Reeves et al., 

2013a). In this period, the monsoon is considered inactive or greatly weakened. 

In the Coral Sea marine core, ODP 820, extreme conditions during the last glacial in the Wet 

Tropics are marked in the sedimentary and pollen records. In the sedimentary data, the driest 

conditions are recorded by a sand layer and more positive foram δ18O values as well as increased 

carbonate abundances in the record during the LGM (Moss et al., 2017). The pollen record 

demonstrates drier conditions through the disappearance of the freshwater aquatic taxa, a reduction 

in rainforest and mangrove taxa, as well as a more open landscape, with increased representation of 

grass and a decline in sclerophyll arboreal taxa (Moss et al., 2017). Moreover, the authors suggest that 

in this period, low charcoal values may indicate little burning activity, probably the result of a marked 

reduction in fuel loads associated with lower woody biomass.  

After	the	LGM	

During the deglacial period toward the end of MIS 2, warmer conditions returned on both land 

and sea. This initially brought greater precipitation to Indonesia and then to northern Australia with 

the expansion and intensification of the monsoon due to the southward migration of the ITCZ (Reeves 

et al., 2013a). The first evidence of warming following the LGM comes from the sea-surface 

temperature (SST) increase in the Coral Sea at around 20 ka, with 80% of the deglacial warming 

achieved at about 18 ka (Tachikawa et al., 2009). Generally, warming in the Indian Ocean lagged 

behind the Pacific Ocean, not commencing until ~15 ka (Martıńez et al., 1999). The decline in ice 

volume reflected in foram δ18O values, due to increased temperature and decreased salinity, occurred 

rapidly from 18–15 ka in the east, but lagged in the seas to the northwest of Australia, where it 
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commenced around 15 ka. Despite an expansion in Lake Carpentaria from 18 ka, the northern plunge 

pools were considered non-functioning and Lake Gregory may have been dry (Reeves et al., 2013b). 

The post-LGM arid phase appears to have prevailed in the north until 14 ka when the monsoon 

resumed (Spooner et al., 2005, Wyrwoll and Miller, 2001).  

SSTs rose significantly again at the end of the deglacial period, associated with peak flooding of 

the continental shelf, re-initiation of coral reef growth and the development of large estuarine 

systems. This period coincides with the early stages of MIS 1 and is marked by rapidly rising sea levels 

and extensive mangrove forest expansion over the shelf (Grindrod et al., 1999, 2002). In marine core 

ODP 820 the highest levels of mangroves were recorded during this period (Moss et al., 2017). Open 

environments are still well represented in the ODP 820 record with the continued dominance of 

grasses. Rainforest taxa in the Wet Tropics greatly declined, but an increase in sclerophyll arboreal 

taxa, with a peak in Melaleuca, possibly indicates the formation of local paperbark swamps behind the 

mangroves (Moss et al., 2017).  

In most archives from tropical Australia, evidence of cooling during Younger Dryas chronozone 

(12.9–11.7 ka) is not discernible, overlapping with the time when the intensification of the austral 

summer monsoon occurred (Kuhnt et al., 2015, Tibby, 2012). In a recent study from Lake Barrine, close 

to Lynch’s Crater in the Wet Tropics (Figure FI.10), brGDGT compounds were used to reconstruct mean 

annual air palaeo-temperatures and the analysis recorded a potential slight decrease in temperature 

during the Younger Dryas (Li et al., 2023). 

In the early Holocene (~11.5−8 ka), warmer and wetter conditions were established across 

tropical Australia, the sea level peaked and Sahul no longer existed as a single continent (Figure FI.6). 

The trade winds re-invigorated, the monsoon was at its maximum through this time, with the ITCZ in 

a southward position with its effects on rainfall extending into the Australian continent. By 8 ka, SSTs 

and the continental land mass had reached essentially modern values in the tropical regions (Lewis et 

al., 2013, Petherick et al., 2013, Reeves et al., 2013a).  

Wet conditions are evidenced by the active plunge pools in north Australia and vegetation 

similar to the modern day in northeast Australia by 9 ka, with the establishment of rainforest taxa in 

the Wet Tropics (Reeves et al., 2013a). There is an increase in charcoal in the north at 8 ka, associated 

with a switch from grass-dominant to rainforest taxa in the northeast (Mooney et al., 2011, Moss and 

Kershaw, 2007). The mangrove swamps and estuaries along the eastern seaboard had been 

established along with the renewed growth of the Great Barrier Reef (Moss et al., 2017, Reeves et al., 

2013a). Evidence from the ODP 820 marine core (Figure FI.10) also exhibits a sharp increase in major 

complex rainforest taxa and fern spores as well as reductions in sclerophyll canopy and ground layer 
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taxa around 9.5 ka ago, indicating a substantial increase in rainfall (Moss et al., 2017). According to 

the authors, the vegetation landscape stabilized around 8.5 ka ago with a dominance of complex 

rainforest developed under high rainfall and temperature. While this refers to the coastal Wet Tropics 

and hinterland, this implies increased effective moisture further inland in the savannah regions. 

Human populations began to expand from ~12 ka and more so from ~8–6 ka, corresponding to 

increased temperatures and rainfall as the Australian monsoon strengthened and peaked (Griffiths et 

al., 2009, Wyrwoll and Miller, 2001, Wyrwoll et al., 2000). The mid-Holocene period represents the 

maximum temperature in terrestrial records throughout the Australasian region, yet it was expressed 

in different places at different times (Li et al., 2023, Reeves et al., 2013b).  

Through the late Holocene, increasing variability with enhanced periods of drier conditions was 

the overall characteristic of much of the Australian tropics, which is indicative of ENSO being more 

frequently in the El Niño mode. The evidence comes from coral (e.g. Gagan et al., 2004, McGregor and 

Gagan, 2004, Tudhope et al., 2001) and speleothem (Griffiths et al., 2009, 2010a,b) records in the 

north as well as evidence of the reactivation of dunes and dust deposits in the northern, interior and 

temperate regions (e.g. Fitzsimmons and Barrows, 2010, Fitzsimmons et al., 2007, Marx et al., 2009, 

2011, Shulmeister and Lees, 1995). This is consistent with arguments for an at least periodically 

weakened monsoon after this time (Lees, 1992b, Wyrwoll and Miller, 2001) and has been attributed 

to the late Holocene weakening of the Walker circulation over the tropics (Shulmeister, 1999). Across 

much of the continent, the fluvial activity decreased (e.g. Cohen and Nanson, 2007), as evidenced by 

lower interior lake levels (e.g. De Deckker, 1982, Wilkins et al., 2013).  

To conclude, Figure FI.11 provides an illustrated synthesis of palaeoenvironmental change in 

tropical northern Australia during the late Quaternary.  
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Figure FI.11: A synthesis of late Quaternary palaeoenvironmental change in Australian tropical north from MIS 5 to 
MIS 1. The conditions are represented in comparison to the previous and following periods. For illustrative 
purposes, bigger drops depict stronger precipitation. Human silhouettes are included to show what conditions the 
first humans, according to Clarkson et al. (2017), would have encountered. The population growth line is placed 
solely for interpretative purposes, to illustrate the decrease in population numbers during the LGM, and the 
subsequent rapid expansion in the Holocene, based on Williams et al. (2015) (authors do not provide any numbers). 
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Abstract	

Northern Australia comprises stable, extensively weathered landforms dating back to the 

Precambrian era as well as more recent dynamic sediments that have shaped Quaternary alluvial 

deposits, sand dunes and estuarine sediments. Geomorphically, these materials are distributed in 

particular ways, knowledge of which improves our understanding of their formation processes. 

This study is one of the few conducted in tropical north Australia that focuses on the immediate 

surroundings of an archaeological rockshelter, Gledswood Shelter 1 (GS1), to better understand of the 

formation processes and past landscape conditions. GS1 is an archaeological rockshelter site situated 

in the semi-arid savannah inland in North Queensland, in the vicinity of the Norman River. The surface 

consists of weathered Jurassic sandstone pediments, rugged outcrops, sand plains and fluvial deposits. 

Two sampling locations were selected: 1) the non-archaeological open-site sediment deposits 

extending south of the GS1 dripline (referred to as 'Outside GS1'), and 2) the river terraces exposure 

along the nearby Norman River, to establish a geologic and geomorphic context to the GS1 site and 

investigate the past dynamics of the Norman River. GPS data and drone images were acquired for 

geomorphic analysis and to construct a digital elevation model (DEM). Multiple sediment and rock 

samples were collected from excavated pits, auger holes and river terraces for particle size analysis 

and optical microscopy. 10Be cosmogenic nuclide analysis was applied to estimate denudation rates 

and exposure ages.  

A comparison of sediment and rock samples demonstrates that the local sediments originate 

from the weathering of Jurassic Hampstead sandstone, the underlying lithology across the wider area. 

The sediments from both sampling sites predominantly consist of fine and medium sand. The 

sediment and rock samples were classified as sub-litharenite and quartz-dominated lithic greywacke. 

Evidence of post-deposition disturbances, clay illuviation and redoximorphic features were recorded 

by macro- and microscopic optical analysis. The calculated denudation rates of 8–11 mmka-1 Outside 

GS1 indicate a slowly denuding surface and the estimated exposure ages show that the area 

surrounding the GS1 site has been exposed to surface cosmic rays for at least 70 ka. The evidence 

suggests that the sediments outside GS1 have been episodically, in cycles, accumulated, moved 

around, removed and redistributed by gravitational processes, precipitation and bioturbation. At the 

Norman River site, the stratigraphic evidence indicates 'fill-cut terrace' form, suggestive of periodic 

shifts in river dynamics from aggrading to incising, induced by changes in water discharge and 

sediment load at the upstream end of the Norman River.  
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1.1	 Introduction	

Landscape processes can be considered in terms of entropy, as a measure of the deposition, 

erosion, degradation or disorganization of material in a depositional environment by physical, 

chemical, biological or anthropogenic activity (Ward and Larcombe, 2003, pg. 1225). It is virtually 

impossible to account for all the various processes and combinations of processes that influence the 

formation of a site. In response, Ward and Larcombe (2003) suggest that investigating and quantifying 

some of the most significant processes in an area can contribute greatly to a deeper understanding of 

site formation. They highlighted the need for a greater emphasis on of process studies in connection 

with archaeological site research throughout northern Australia. 

The Gledswood Shelter 1 (GS1; see Wallis et al., 2009) is an archaeological rockshelter in north 

inland tropical Queensland. It lies approximately 1.6 km north of the Norman River, in a typical 

Australian semi-arid savannah (Figure F1.1). The wider area is composed of two distinct 

geomorphological elements: rugged plateaus and residual hills of dark, dissected sandstone up to a 

few tens of meters high stretching to the north and east, with lowland sandy plains adjoining the 

Norman River to the south and west. The residual outcrops (Migoń et al., 2020) are confined mainly 

to residual hills, scarp retreats and tablelands of the Gregory Ranges that fringe the area on the east 

side (Figure F1.1). At the base of the backing escarpments and residual hills, stretching to the south 

and west, are the gently sloping, timbered sand plains, named Strathpark Plains, which flank the 

Norman River. A view of the area is shown in Figure F1.1 and the images of the described 

geomorphological elements are given in Figures F1.2a and F1.2b. 

This study aims to provide more detailed insights into the geologic and geomorphic 

characteristics of the area where the GS1 archaeological site has formed. The main research was 

carried out in the area where the GS1 is located, immediately beyond the GS1 rockshelter dripline, to 

understand the development of the geologic and geomorphic structure of the GS1 rockshelter’s 

surroundings. The geogenic processes that have been operating at the site in the late Pleistocene and 

Holocene were also investigated, particularly the last 50 ka (Kiloannums; 1ka = 1,000 years) as the 

time frame of relevance to early human presence on the former mega-continent of Sahul (mainland 

Australia, Tasmania, New Guinea and Aru Islands, joined at times of lowered sea level) and now 

Australia. Additionally, a subsidiary project was conducted on the Norman River terraces to obtain 

initial information on the dynamics of the river channel as well as water and sediment discharge in the 

past. These records can offer insights into past environmental conditions in the region, thereby 

complementing the data obtained at the GS1 site from previous archaeological studies. As an initial 

step, a summary of the geologic and geomorphic evolution of the region is given below.  
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Figure F1.1: The wider area where Gledswood Shelter 1 (GS1) is situated. The red circle marks GS1 located at a 
topographic boundary between the foothills of the Gregory Ranges to the east and the Strathpark plains sloping 
gently to the west and south. About 1.6 km to the south of GS1 flows the Norman River, whose headwaters are 
in the Gregory Ranges and which drains westward into the Gulf of Carpentaria. 
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Figure F1.2a: Rugged residual hills and outcrops spread of dissected, cross-bedded sandstone found in the 
area of study. 
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Figure F1.2b: Top: scarp retreats and dissected plateaus of Gregory Ranges. Middle: an image showing the 
transition from residual hill slopes on the right to the Strathpark Plains on the left and Norman River in-between. 
Bottom: the gently undulating, timbered Strathpark Plains that flank the Norman River. 

 

1.1.1	 Geologic	background		

For a significant part of the past, the Australian northeast's geology was driven by subduction 

along a long-lived convergent margin on the eastern side of the continent. This subduction zone was 

active from the early Cambrian (~510 Ma) until, at minimum, the Late Triassic (~230 Ma), but possibly 

up to the Late Cretaceous (~100 Ma) (Hoy and Rosenbaum, 2017, Hoy et al., 2018, Tucker et al., 2016, 

Veevers, 2006, Wainman et al., 2015, 2018a,b). Collision and subduction controlled the rise of the 
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orogens to the east from the Cambrian to Triassic Periods and the subsidence and formation of 

sedimentary basins in the region afterwards (Todd, 2020). These sedimentary basins belong to two 

major groups in connection to the time of their formation: the older ‘Carboniferous to Triassic’ basins 

and the overlying ‘Jurassic to Cretaceous‘ basins (Todd, 2020). The latter are often considered parts 

of a single superbasin system called the Great Artesian Basin. Within this structural framework, the 

position of the GS1 rockshelter is on the Euroka Arch, a ridge that separates two ‘Jurassic to 

Cretaceous’ sedimentary basins, the Eromanga Basin to the south and the Carpentaria Basin to the 

north (Figure F1.3). Buried beneath the Eromanga Basin lies the older Galilee Basin, which is part of 

the ‘Carboniferous to Triassic’ basin group.  

1.1.1.1	 The	Galilee	Basin:	Carboniferous	to	Late	Triassic	(~320‐230	Ma)		

The Galilee Basin developed between the late Carboniferous and Middle Triassic (de Caritat and 

Braun, 1992). During the late Carboniferous to early Permian, glaciogenic fluvial and lacustrine 

sediments were deposited in the Galilee Basin (Gray, 1977, Jones, 2004) followed by non-deposition 

or non-preservation throughout the middle Permian, ~270–260 Ma (Allen and Fielding, 2007a, Evans, 

1980, Phillips et al., 2017a, Van Heeswijck, 2004, 2010). Widespread deposition resumed in the late 

Permian, dominated by volcanolithic fluviatile sandstones, carbonaceous shales and coals (Allen and 

Fielding, 2007a, b, Phillips et al., 2017a). In the Early to Middle Triassic coal formation ceased and a 

shift to slightly drier fluvial-dominated sandstone and pedogenic floodplain shales is documented 

(Balfe, 1979, Gray, 1977).  

Sedimentary deposition into the Galilee Basin ceased in the early Late Triassic (~235–230 Ma) 

as a result of a large-scale deformation and uplift of the eastern Australian convergent margin. This 

uplift was followed by a period of tectonic stability during the Late Triassic and into the Early Jurassic. 

The stratigraphic boundary marking the contact between the Galilee and Eromanga Basins is, 

therefore, characterized as a paraconformable surface (Todd, 2020), with parallel strata on either side 

of the unconformity and little apparent erosion of the contact. The position and extent of the Galilee 

Basin is shown in Figure F1.4.  

1.1.1.2	 The	Eromanga	Basin,	the	Carpentaria	Basin,	the	Euroka	Arch	and	the	formation	of	the	Jurassic	

Hampstead	Sandstone:		Jurassic	to	Cretaceous	(~201‐100	Ma)	

Following Late Triassic tectonic stability, the younger Eromanga and Carpentaria Basins started 

to evolve in the region coevally. Localized sedimentary deposition was initiated in places in the latest 

Triassic, whereas widespread deposition of these sedimentary basins commenced in the Early Jurassic 

(Draper and Mines, 2002). 
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Figure F1.3: Geologic structural framework of Queensland, Australia 
showing the positions of Palaeozoic and Mesozoic sedimentary 
basins and orogenic belts. from Todd (2020). The green colour 
represents the Mesozoic basins, all other colours represent the 
Palaeozoic structures. Light grey dotted lines indicate portions of 
Carboniferous to Triassic basins that are buried beneath the Jurassic 
to Cretaceous basins. The red circle marks the GS1 area of study, 
the dark green dashed line marks the Euroka Arch 

 

The Euroka Arch is a structural boundary between the Carpentaria Basin to the north and the 

Eromanga Basin to the south (Figure F1.3, Figure F1.6). It represents a passive basement high on either 

side of which subsidence occurred, but upon which deposition was generally continuous (Smart et al., 

1980). The Euroka Arch consists of a core of pre-Mesozoic rocks across which the Jurassic-Cretaceous 

rocks of the Carpentaria Basin continue into the Eromanga Basin. The Eromanga Basin overlies the 

older - Galilee and Cooper Basins and covers 1.2 million km2 across Queensland and South Australia 

as well as parts of the Northern Territory and New South Wales. The saucer-shaped Eromanga Basin 

is commonly described as an intracratonic sag basin (Cook et al., 2013). The process and timing of its 

formation remain unclear, which is often the case with cratonic basins (Allen and Armitage, 2012, 
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Middleton, 1989). Most of the existing hypotheses about its formation, however, imply that an active 

convergent margin was located along the eastern Australian continental margin during the Jurassic 

(Todd, 2020). This supports the theory mentioned earlier about the eastern subduction zone being 

active until the Cretaceous (see section 1.1.1).   

 

 

Figure F1.4: Position and extent of the Galilee Basin as 
well as the other two contemporary basins - the 
Cooper and Bowen Basin, from Todd (2020). The red 
circle marks the GS1 study area 

 

From the Early Jurassic to Early Cretaceous the sedimentary infill of the Eromanga Basin was 

dominated by continental depositional systems consisting of highly permeable fluvial sandstones and 

carbonaceous floodplain deposits (Balfe, 1979, Draper and Mines, 2002, Wainman et al., 2015). The 

only exception is represented by two short-lived episodes of marine influence recorded in the 

Eromanga Basin deposits during this period, one in the Early Jurassic (Bianchi et al., 2018, La Croix et 

al., 2019, Wang et al., 2019) and another in the Late Jurassic (Wainman and McCabe, 2019). During 

this long period, the Late Jurassic Hampstead Sandstone, which constitutes the plateaus scarps, 

residual hills and outcrops in the GS1 area, was deposited in the north of Eromanga Basin and in the 

Carpentaria Basin (Smart and Senior, 1980).  

Lithologically, the Hampstead Sandstone is described as fine, medium and coarse quartzose 

sandstone with some pebbly beds and conglomerate, strongly cross-bedded and interbedded 

micaceous siltstone, mudstone and very fine sandstone (Smart and Senior, 1980). The sandstone is 

grey to brown or white in places. The formation is massive and cliff-forming. The dark tone and strong 
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jointing visible on air and satellite photos (Figure F1.5) distinguish it from the overlying Loth Formation 

(Smart et al., 1971). The latter also belongs to the Late Jurassic period and conformably overlies the 

Hampstead Sandstone in Eromanga and Carpentaria Basins. In outcrop, the Loth Formation is 

predominantly white, soft, locally ferruginized sandstone and siltstone, less resistant than the 

adjacent formations and therefore differential erosion has formed a prominent topographic bench on 

top of the Hampstead Sandstone. Together the Hampstead Formation and the Loth Formation form a 

continuous sequence known as the Eulo Queen Group (Smart et al., 1971, Smart and Senior, 1980). 

 

 

Figure F1.5: The dark tone and the strong jointing of the Jurassic Hampstead Sandstone 

 

In the Early Cretaceous (Aptian, ~120 Ma), a marine transgression blanketed the Eromanga 

Basin in shallow marine mudstones (Cook et al., 2013). The Euroka Arch remained a relatively stable 

area between the sagging Carpentaria and Eromanga Basins throughout the Early Cretaceous (Smart 

et al., 1980). In the Late Cretaceous the sea retreated and deposition continued through a progressive 

shift to continental depositional systems (e.g. Tucker et al., 2017) until a switch to an extensional 

regime beginning ~83 Ma. Rifting of the eastern Australian margin led to isostatic rebound and 

created significant relief in the form of the present-day Great Dividing Range and its northern section, 

the Einasleigh Uplands, thereby terminating deposition that filled and closed the Eromanga Basin 

(Cook et al., 2013). Figure F1.6 shows the position and extent of the Eromanga and Carpentaria Basins 

with the location of GS1 marked. 
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Figure F1.6: The position and extent of the Eromanga and 
Carpentaria Basin, from Todd (2020). The red circle marks 
the GS1 study area. 

 

1.1.1.3	 The	Karumba	 Basin	 and	 geomorphic	 cycles:	 Cainozoic,	 Tertiary	 and	Quaternary	 (~65	Ma	 –	
recent)	

The uplift and warping of the highlands on the east margin of the Australian continent in the 

Late Cretaceous and early Tertiary initiated the development of the Karumba Basin, a dominantly 

Cainozoic, epicratonic basin superimposed on the Mesozoic Carpentaria Basin and northmost parts of 

the Eromanga basin (Bain & Draper, 1997, Grimes, 1979, Smart et al., 1980) (Figure F1.7). The Tertiary 

and Quaternary period of the Australian northeast is hence controlled by activity in the Karumba 

Basin. The basin originated due to changes in tectonic dynamics (e.g. Smart et al., 1980, Twidale, 1966) 

on the eastern continental margin and its development can be divided into three major cycles, each 

characterized by a similar sequence of erosional, depositional and weathering events.  
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Figure F1.7:  The position and extend of the Cenozoic Karumba Basin (olive 
green colour). The Mesozoic Eromanga and Carpentaria Basins shown in dark 
green colours and outcrops of Palaeozoic basins in blue and purple. The picture 
is from Bain & Draper (1997). The red circle marks the GS1 study area. 

 

In general, each cycle in the evolution of the Karumba Basin started with uplift or some other 

event during which times erosion occurred in the higher, uplifted areas and the eroded material was 

transported and deposited in the lower, downwarped areas (e.g. Grimes, 1979, Smart et al., 1980). As 

the depositional area expanded or shifted, it buried parts of the erosional area to form a diachronous 

unconformity surface. Erosion and deposition continued until the uplands were worn down and the 

geopotential energy of the system was reduced. The final or passive phase of a cycle is equivalent to 

the 'old age stage’ of a geomorphic cycle during which both erosion and deposition are reduced and 

a more or less stable planar surface results. This terminal surface was generally deeply weathered. 
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The weathering of the stable surface continued until renewed tectonism or some other event initiated 

the next cycle of erosion and deposition.  

The basic cycle, however, was often modified by subsidiary events, resulting in several episodes 

in either phase of the main cycles. The three cycles recognized in the Karumba Basin are: 1) the 

Bulimba Cycle (Early to Middle Tertiary, ~65(?)−30 Ma) during which the Bulimba Formation 

accumulated and the terminal Aurukun Surface formed, 2) the Wyaaba Cycle (Middle Tertiary to 

Pliocene, ~30−5 Ma) during which the Wyaaba Beds and other deposits were laid down and the 

terminal Kendall Surface formed; and finally, the present Claraville Cycle which began in Pliocene 

times and it is continuing (e.g. Bain & Draper, 1997, Grimes, 1979, Grimes and Doutch, 1978, Smart et 

al., 1980). The geological evolution of the study area from Palaeozoic to Quaternary is illustrated in 

Figure F1.8.  

 

 

Figure F1.8: A figurative representation of the geological evolution of the study area, from the oldest Palaeozoic 
Galilee Basin at the bottom and the youngest Karumba Basin at the top. The red circle represents the evolution 
cycle stage at the GS1 study area. 

 

A detailed description of these cycles, their corresponding deposits and terminal surfaces is 

provided in various contributions (e.g. Bain & Draper, 1997, Grimes and Doutch, 1978, Grimes, 1979, 

Smart et al., 1980, and citations therein) but exceeds the purpose of this chapter. In connection with 

the Karumba Basin evolution, it is relevant to this study that the GS1 area is located within the 

Strathpark Plain (Perry et al., 1964) (Figure F1.9). The Strathpark Plain belongs to a group of narrow 

lateritic plains that occur as marginal strips between the depositional plains and the erosional areas 

from which the deposits were derived (Grimes and Doutch, 1978). Hence, these plains are little 
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disturbed remnants of old land surfaces, in particular, the early Kendall Surface. The Kendall Surface 

is of Pliocene age and represents the planation surface preserved in the interfluves, developing as a 

depositional surface towards the end of the Wyaaba Cycle. The surface has undergone some erosional 

modification since its formation, having been lateritised, ferricreted and silicified in some places 

(Grimes, 1979).  

 

 

Figure F1.9: The position and classification of Strathpark Plain and GS1 within the Karumba Basin 
evolution cycles. The detail was taken from the map published in Smart et al. (1980). The red circle 
marks the GS1 study area. The arrow identifies the Norman River meandering through the Strathpark 
Plain. The dark yellow coloured unit with encircled symbol TQs/Tpf covering the Strathpark Plain and 
the GS1 indicates quartzose sands with minor gravel, clay and silt that form the deep weathered 
Kendall surface. The yellowish orange spotted TQc area further west, marks the Claraville beds, 
belonging to the last cycle in Karumba basin evolution. The blue colour unit marked Jue on the east 
of GS1 represents the slopes and plateaus of Jurassic quartzose sandstone, siltstone and 
conglomerate – the Gregory Ranges. The GS1 position at the topographic boundary between the 
slopes on the east and the Strathpark Plain on the south and west is evident. The green colour marks 
the outcrops of upper Jurassic-Lower Cretaceous sandstone (the Gilbert River Formation), while the 
pink and brown colours represent the outcropping old Palaeozoic and Precambrian units. The 
numbered orange contours mark the height of the terrain above the sea level and the number at the 
bottom of the map indicates the geographical longitude. 
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The Strathpark Plain and the study area are currently experiencing the passive part of the 

evolution cycle as the relief of the area is reduced and the terminal planation surface develops. These 

surfaces can have both erosional and depositional components, the former being most common near 

the margins of a sedimentary basin (Grimes, 1979), such as the Strathpark Plain situated in the 

transitional area between the Karumba Basin and the footslopes of the Einasleigh Uplands. Subsidiary 

changes in erosion and deposition in the study area are therefore limited to a local level. 

1.1.2	 Geomorphic	background	

The geologic background described above defines the context for the geomorphic processes 

that resulted in the formation of the study area, contributing to the landscape we perceive today. The 

position of GS1 within the geologic and geomorphic structures generates an array of long-term 

processes that constantly reform and shape the site. The Euroka Arch, although buried deep 

underneath the Cainozoic Karumba Basin deposits, contributes to the general structural stability of 

the area, as it appears to have been left upstanding as the two Mesozoic sedimentary basins sagged 

away from it (Smart et al., 1980). The Gregory Ranges footslopes (rising on the east and the Strathpark 

Plain expanding to the south and west along with the Norman River) give the site a distinct transitional 

character between the higher and lower lands. Perry et al. (1964) described these highlands as 

dissected and rugged plateaus and stepped scarps of the Torwood Land System and the lowlands as 

the Strathpark Land System, a very gently undulating plain. Although their pioneering work still 

represents an important reference source, the Land System classification is generally not in use 

anymore in light of new findings and approaches. Gravitational processes, rock denudation, sediment 

transport and deposition induced by weathering, precipitation and fluvial transport during the 

monsoon as well as by drought and wind in the dry season are the major factors that shape the area 

today. 

1.2	 Materials	and	Methods		

1.2.1	 Field	survey,	drone	imagery,	GPS	data	and	sampling		

Field survey was performed in July 2018, October 2018, May 2019 and July 2020 for sample and 

data collection. Aerial imagery was obtained in May 2019 and July 2020 using the Mavic 2 Pro/Zoom 

drone flown at a height of 51 m with camera angle at nadir and Pix4D software. Images were collected 

in a single grid pattern with 70% forward overlap and 60% side overlap. Rhino 750 GPS units were 

used for GPS data collection and a Hemisphere S321 for DGPS data collection. Drone imagery along 

with GPS and DGPS data were used to produce maps in ArcGIS Pro. Agisoft PhotoScan Professional 
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(v4.1) was used to stitch the drone images together and produce a high-resolution digital elevation 

model (DEM) and ortho-photo mosaic of the study area.  

Two locations were selected for sediment sampling and named as follows:  

1. Outside GS1: representing the non-archaeological open-site sediment deposit expanding up to 73 

m south and southwest beyond the GS1 shelter dripline (Figure F1.10), and  

2. Norman River site: representing a profile exposed in a meander bend at the Norman River, 

approximately 1.6 km south of the GS1 (Figure F1.10). This location was chosen as a subsidiary site to 

provide information about past changes in water and sediment discharge dynamics.  

The collected samples are described below and the complete sample catalogue is given in Table T1.1. 

1.2.1.1	 Bulk	sediment	samples		

Altogether, 47 bulk sediment samples were collected for sedimentologic analysis, 45 from the 

Outside GS1 site and 2 from the Norman River site. At the Outside GS1 site, bulk sediment samples 

were collected at various distances from the GS1 shelter’s dripline and from various depths to 

investigate changes in studied parameters, i.e. colour, particle size and microscopic features, with 

distance from the GS1 rockshelter and with depth. At the Norman River site, we were able to collect 

two bulk samples (along with other samples) to obtain essential information about the 

sedimentological characteristics of the larger sediment-contributing area. Information about the 

samples’ distance, depth and performed analyses are provided in Table T1.1.  

1.2.1.1.1 Outside GS1 

In 2008, five off-site shovel test pits (TP01, TP02, TP03, TP04, TP05) were excavated at the 

Outside GS1 site by L. Wallis’ team (Lowe et al., 2018) and made available for the current analysis 

(Figure F1.11). The maximum depth of these pits was 120 cm, regardless of the depth of the bedrock, 

apart from TP04, in which bedrock was reached at around 100 cm below surface. Multiple bulk 

sediment samples were collected at various depths for laboratory analyses. Of these, 20 samples were 

analysed in this study (Table T1.1).  

During fieldwork in 2019 and 2020, two additional pits (PA_10-M and C_1-CR) and ten augers 

holes (PA_1-M, PA_2-M, PA_3-M, PA_5-M, PA_5-M, PA_6-M, PA_7-M, PA_8-M, PA_9-M and PA_11-

M) were excavated (Figure F1.11). From these, 25 bulk sediment samples were collected for this study 

(Table T1.1), 10 were scraped from the profile using a hand trowel, 11 were collected by a hand auger 

and 4 were collected from the core head. The sampling was designed to observe changes in sediment 

characteristics with respect to the depth of the sediment deposit and increasing distance from the 
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GS1 shelter’s dripline. The locations of all pits and augers are given in Figure F1.11 and examples of 

excavations and profile sampling are shown in Figure F1.12.  

 

 

Figure F1.10: The two sampling sites. Upper: Outside GS1, the dashed red circle marks 
the sediment deposit expanding south from the GS1, the GS1 marks the Gledswood 
Shelter 1 and the red arrow points to the GS1 shelter’s dripline. On the small maps to 
the right the red dot marks the study area. Bottom: Norman River site marked with the 
red circle on the northern riverbank, the second red circle located north from the river 
marks the GS1 for the purpose of orientation, with scale provided in the lower right. 
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Figure F1.11: Sampling locations, pits and augers, Outside GS1. The test pits excavated in 2008 are labelled blue, 
the pits and augers excavated in 2019 and 2020 are labelled purple. Yellow label marks the locations of four rock 
samples, which correspond to two pits, one auger and one surface rock collected for petrography and 10Be 
cosmogenic nuclide analysis (see sample catalogue Table T1.1). 
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Figure F1.12: Examples of augers and pit excavations and samples collection from a profile Outside GS1. a-d) 
auger holes: PA_1-M, PA_3-M, PA_9-M, e-f) pit PA_10-M, south face: excavation and bulk sampling. 

 

1.2.1.1.2 Norman River site 

At the Norman River site profile four distinguishable units were recognised. They were marked A, B, C 

and D, where A represents the uppermost unit and D represents the lowest unit (Figure F1.13). Bulk 

sediment samples were collected from the top of Unit A and the bottom of Unit D. 
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Figure F1.13: The four units (A−D) at the Norman River site 
profile. Bulk sediment samples were collected from units A and 
D, hardened sediment units B and C were sampled for 
petrographic thin sections. 

 

1.2.1.2	 Petrographic	samples	

Nine samples were collected for optical microscopic petrographic analysis (Table T1.1). Out of 

these, seven samples were collected Outside GS1 and two at the Norman River site to investigate the 

sediment provenance and evidence of syn-depositional and post-depositional processes.  

1.2.1.2.1 Outside GS1 

Outside GS1, four sediment samples from the south face of the pit PA_10-M were collected for 

sediment thin sections (PA_10-M 1, PA_10-M 2, PA_10-M 3, PA_10-M 4) (Figure F1.11), using a rapid 

on-site method (Asscher and Goren, 2016). We applied Luci Clear Casting Resin, Crystal Clear–Bubble 

free Resin, and Hardener to impregnate and cut out the four sediment blocks from the profile. 

In addition, three rock samples were also collected for rock thin sections, as follows:  

1) bedrock at the bottom of the pit PA_10-M, depth ~170 cm (PA_10-M-BR),  

2) bedrock at the bottom of auger PA_2-M, depth 25 cm (PA_2-M-BR) and 

3) exposed surface rock sample (GS1-SR). 

Samples details are given in Table T1.1. Sampling locations are shown in Figure F1.11 and the 

rapid on-site method for sediment petrographic samples is shown in Figure F1.14.  
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1.2.1.2.2 Norman River site  

At the Norman River site, two samples were collected for optical petrographic analysis, one 

from unit B and one from unit C (Figure F1.13). Both units were firm enough to be sampled without 

the need for impregnation.   

 

 

Figure F1.14: Rapid on-site method used in pit PA_10-M Outside GS1 for sediment 
optical microscopic petrographic analysis. 

 

1.2.1.3	 Sample	collection	for	cosmogenic	nuclide	10Be	measurements		

Outside GS1 only, three rock samples, ~2–3 cm thick, were collected for cosmogenic nuclide 

denudation rate measurements to obtain information about the general ground lowering rate at the 

site. Two samples were cut from the bedrock at the bottom of the two pits:  

1) bedrock from pit PA_10-M, at depth ~170 cm: PA_10-M-BR, 

2) bedrock from pit C_1-CR, at depth ~85 cm: C_1-CR-BR  

and one rock sample was cut from the exposed surface rock: 

surface 

Bottom 172 cm 

50 cm 

100 cm 

60 cm 

120 cm 

80 cm 

60 cm 

150 cm 

120 cm 

80 cm 

150 cm 
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3) surface sample: GS1-SR. 

Shielding effects on cosmogenic dose rates were calculated online via CRONUS-Earth using 

azimuths measured in the field with a standard compass.  

The sampling locations are shown in Figure F1.11, sample details are given in Table T1.1 and the 

sampling procedure is shown in Figure F1.15.  

 

 

Figure F1.15: Sample collection for cosmogenic denudation rate measurements. a-b) bedrock in pit PA_10-M-BR 

(depth ~170 cm), c-d) exposed surface rock GS1-SR, e,f) bedrock pit C_1-CR-BR (depth ~85 cm). 
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Table T1.1
Sample    ID Sampling site Sampling method Depth Distance from Sample form Colour Depth

(cm) GS1 dripline (m) D50 D10 D[4,3] Munsell Chart (cm)
PA_1-M GS1 site auger 10 68 bulk 241 71.8 245 10YR 5/2 (greyish brown)
PA_2-M GS1 site auger 25 73 bulk 266 64 271 10YR 5/2 (greyish brown) 64-71.8
PA_3-M GS1 site auger 50-60 45 bulk 235 37.2 239 10YR 5/2 (greyish brown) 82.8-90.8
PA_4-M GS1 site auger 30-37 52 bulk 234 56.4 239 10YR 5/2 (greyish brown) 124-130.4
PA_5-M GS1 site auger 15 37 bulk 244 93.3 252 10YR 5/2 (greyish brown) 153.2-161
PA_6-M GS1 site auger 50-60 37 bulk 270 12.7 267 10YR 6/3 (pale brown) NA
PA_7-M GS1 site auger 55-65 32 bulk 243 66.1 246 10YR 6/3 (pale brown) NA
PA_8-M GS1 site auger 122-140 29 bulk 236 51.5 240 10YR 6/6 (reddish yellow)
PA_9-M GS1 site auger 150-160 22 bulk 224 2.38 218 7.5YR 7/3 (pink)
PA_10-M 42 GS1 site pit  PA_10-M 42-43 19 bulk 237 49.8 242 10YR 5/3 (brown) surface
PA_10-M 50 GS1 site pit  PA_10-M 50-52 " bulk 223 28.9 224 10YR 5/3 (brown) 25
PA_10-M 60 GS1 site pit  PA_10-M 60-65 " bulk 245 48.1 249 10YR 5/4 (yellowish brown) 170
PA_10-M 65 GS1 site pit  PA_10-M 65-67 " bulk 266 55.4 269 10YR 5/4 (yellowish brown)
PA_10-M 80 GS1 site pit  PA_10-M 80-82 " bulk 244 74.3 249 7.5YR 6/4 (light brown)
PA_10-M 100 GS1 site pit  PA_10-M 100-105 " bulk / core 242 74.8 247 7.5YR 6/6 (reddish yellow) surface
PA_10-M 102 GS1 site pit  PA_10-M 100-102 " bulk 235 4.38 230 7.5YR 6/6 (reddish yellow) 170
PA_10-M 120 GS1 site pit  PA_10-M 120-122 " bulk 264 34 266 7.5YR 6/6 (reddish yellow) 85
PA_10-M 150 GS1 site pit  PA_10-M 150-152 " bulk 264 38.1 266 7.5YR 6/6 (reddish yellow)
PA_10-M 160 GS1 site pit  PA_10-M 160-162 " bulk 232 24.3 233 7.5YR 6/6 (reddish yellow)
PA_10-M 172 GS1 site pit  PA_10-M 168-172 " bulk 276 11 275 7.5YR 6/4 (light brown)
PA_11-M 60 GS1 site auger 60 ±5 25 bulk 275 99.3 281 10YR 5/3 (brown)
PA_11-M 140 GS1 site auger 140-160 " bulk 232 71.2 237 7.5YR 6/4 (light brown)
TP01 0 GS1 site pit  TP01 0 10 bulk 264 109 274 10YR 5/2 (greyish brown)
TP01 40 GS1 site pit  TP01 40 " bulk 261 84.2 267 10YR 5/2 (greyish brown)
TP01 60 GS1 site pit  TP01 60 " bulk 220 7.17 218 10YR 5/3 (brown)
TP01 80 GS1 site pit  TP01 80 " bulk 253 48 255 10YR 6/3 (pale brown)
TP01 120 GS1 site pit  TP01 120 " bulk 241 4.99 237 7.5YR 6/3 (light brown)
TP02 20 GS1 site pit  TP02 20 20 bulk 255 86.5 261 10YR 5/2 (greyish brown)
TP02 40 GS1 site pit  TP02 40 " bulk 263 71.3 266 10YR 5/2 (greyish brown)
TP02 60 GS1 site pit  TP02 60 " bulk 256 65.6 260 10YR 5/3 (brown)
TP02 100 GS1 site pit  TP02 100 " bulk 262 128 266 10YR 6/4 (light yellowish brown)
TP02 120 GS1 site pit  TP02 120 " bulk 267 86.6 271 7.5YR 6/4 (light brown)
TP03 60 GS1 site pit  TP03 60 30 bulk 218 30.3 220 10YR 6/2 (light brownish grey)
TP03 120 GS1 site pit  TP03 120 " bulk 202 2.25 201 7.5YR 7/3 (pink)
TP04 20 GS1 site pit  TP04 20 40 bulk 241 68.8 246 10YR 5/2 (greyish brown)
TP04 80 GS1 site pit  TP04 80 " bulk 257 115 263 10YR 6/3 (pale brown)
TP05 0 GS1 site pit  TP05 0 50 bulk 252 58.3 257 10YR 6/2 (light brownish grey)
TP05 40 GS1 site pit  TP05 40 " bulk 241 29.6 241 10YR 5/3 (brown)
TP05 60 GS1 site pit  TP05 60 " bulk 224 26 224 10YR 6/3 (pale brown)
TP05 80 GS1 site pit  TP05 80 " bulk 253 97.8 257 10YR 6/3 (pale brown)
TP05 100 GS1 site pit  TP05 100 " bulk 249 20.9 248 10YR 7/3 (very pale brown)
TP05 120 GS1 site pit  TP05 120 " bulk 263 47 264 10YR 7/3 (very pale brown)
C_1-CR 100 GS1 site pit C_1-CR 100 68 bulk / core 261 58.3 264 10YR 6/4 (light yellowish brown)
C_1-CR 135 GS1 site pit C_1-CR 135 " bulk / core 253 44.7 256 10YR 7/3 (very pale brown)
C_1-CR 200 GS1 site core C_1-CR 200 " bulk / core 241 35.9 241 10YR 7/3 (very pale brown)
RT_1-CR Norman River site profile unit A NA bulk 227 23.2 253 7.5YR 5/8 (strong brown)
RT_3-CR Norman River site profile unit B NA hard sample NA NA NA 7.5YR 5/6 (strong brown)
RT_2-CR Norman River site profile unit C NA hard sample NA NA NA 10YR 8/1 (white to light grey)
RT_4-CR Norman River site profile unit D NA bulk 156 10.7 200 10YR 8/3 (very pale brown)

blue samples were collected by Walli's team
purple samples were collected by Zega's team

Petrography rock samples
GS1-SR

10Be Cosmogenic analysis
GS1-SR

PA_2-M-BR (bedrock)

C_1-CR-BR (pit bedrock)

PA_10-M-BR (pit bedrock)

PA_10-M 1

PA_10-M-BR (pit bedrock)

Particle size (µm) Sample ID
Sample Catalogue

Petrography sediment samples

RT_3-CR
RT_2-CR

(additional samples)

PA_10-M 2
PA_10-M 3
PA_10-M 4
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1.2.2	 Sedimentology	analysis	

	1.2.2.1	 Colour	and	particle	size	

Sediment colour was determined using Munsell soil colour charts (1994) on dry, untreated 

sediment samples. Particle size analysis was carried out using a laser diffraction particle sizing 

technique on a Malvern Mastersizer MS3000 analyser in the Earth and Environmental Sciences 

Laboratory facility at James Cook University, Townsville, QLD, Australia. Laser diffraction measures 

particle size distributions by measuring the angular variation in the intensity of light scattered as a 

laser beam passes through a dispersed particulate sample. Large particles scatter light at small angles 

relative to the laser beam and small particles scatter light at large angles. The angular scattering 

intensity data is then analysed to calculate the size of the particles responsible for creating the 

scattering pattern, using the Mie theory of light scattering. Due to machine requirements, the samples 

were first dry sieved using an 850 µm sieve. We applied the wet dispersion approach and water as a 

dispersant. The particle size is reported as a volume equivalent sphere diameter. 

1.2.2.2	 Petrographic	analysis		

Four block samples of impregnated sediment from the pit PA_10-M and two samples of Norman 

River B and C units were wrapped in bubble wrap, placed to sit tight in plastic boxes and sent to 

VanPetro, Vancouver Petrographics, Canada for thin section preparation. Petrographic analysis of the 

thin sections was carried out using a Motic petrographic microscope under transmitted and polarized 

light, following the classification and description of Pettijohn, Potter & Siever (2012) and Folk (1980). 

Images of the microscopic sections were taken using a Cannon 600D DSLR camera. 

1.2.2.3	 Cosmogenic	nuclide	methods	

1.2.2.3.1 General principles  

Cosmogenic nuclide methods can provide direct, quantitative information about the exposure, burial 

and denudation of the earth’s surface. Cosmogenic nuclide methods rely on the measurement of 

minute amounts of cosmogenic nuclides in a wide variety of natural samples, such as surface rocks, 

sediments, ice, rain, ocean water and meteorites. Cosmogenic nuclides form when surface rocks are 

exposed to the open sky and therefore cosmic radiation. High-energy cosmic radiation, mostly protons 

born in supernovae, enter the Earth’s atmosphere and trigger a cascade of particle reactions. These 

reactions create secondary cosmic rays, predominantly neutrons and muons, that impact the Earth’s 

surface. The collisions between these particles and target atoms, such as oxygen, silicon, potassium, 

calcium and iron, in near-surface minerals of exposed rocks, cause these atoms to fragment (a process 

known as spallation), resulting in the creation of new nuclides – terrestrial cosmogenic nuclides (Lowe 
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and Walker, 2015, Schaefer et al., 2022). These accumulate in the exposed surface of rocks and their 

abundance is directly related to the time of rock exposure to cosmic ray activity (Figure F1.16). Hence, 

the measurement of the concentration of cosmogenic nuclides in rock surface samples can provide an 

estimate of the time of exposure of that surface. This is the basis of cosmogenic nuclide dating, also 

known as terrestrial in-situ cosmogenic nuclide dating or surface exposure dating. The technique 

description varies according to the cosmogenic nuclides that are measured and the location of the 

sample used for dating (details in: Gosse and Klein, 2020) 

 

 

Figure F1.16: Cosmogenic nuclide formation in surface 
rocks due to cosmic radiation, from Schaefer et al. (2022). 

 

The Earth is constantly bombarded by cosmic rays, however, cosmogenic nuclide production is 

not the same nor constant across the Earth’s surface. In traversing the atmosphere, the flux of 

secondary particles steadily decreases when approaching the Earth’s surface, resulting in nuclide 

production rates in surface rocks being lower at lower altitudes (Ivy-Ochs and Kober, 2008). In other 

words, the cosmic ray flux decreases at lower altitude as air pressure and the shielding effect of the 

atmosphere increase (Stone, 2000). Moreover, most cosmic ray particles are deflected by the Earth’s 

magnetic field. Only the highest-energy cosmic rays can penetrate the atmosphere and eventually 

reach the surface. These particles encounter the greatest resistance when travelling perpendicular to 
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the field and penetrate most easily when travelling in the same direction. As a consequence, cosmic 

ray intensity and cosmogenic nuclide production are highest at the poles and decrease toward the 

equator (Gosse and Phillips, 2001, Ivy-Ochs and Kober, 2008). Production rates at sea level at the 

equator are about half what they are at the poles (Ivy-Ochs and Kober, 2008). Additionally, as the 

Earth’s magnetic field waxes and wanes in strength over time, the amount of cosmic radiation entering 

the atmosphere and reaching the surface also rises and falls. Therefore, the cosmogenic nuclide 

production rates vary on Earth spatially and temporally owing to variations in the geomagnetic field 

and atmospheric shielding, which results in a temporally varying dependence on latitude and altitude. 

Calculating cosmogenic nuclide production rates at a sample site requires: (i) a scaling function 

that describes the variation of the production rate with time, location and elevation, and (ii) a 

reference production rate at a particular time and place. Several physical models have been presented 

for the scaling of production rates (see discussion in Balco et al., 2008). For example, in their latest 

review, Schaefer et al. (2022) use the latitude and altitude scaling factors based on Lifton-Sato-Dunai 

(LSD) (Lifton et al., 2014) and Lal/Stone (Stone, 2000). In any case, it is crucial to use the same scaling 

formalities used for calculating the original production rate for all other calculations as well.  

In surface rocks, only certain minerals are suitable to measure cosmogenic nuclides, such as 

quartz for 10Be, 26Al, 14C and 21Ne, pyroxene and olivine for 3He and 21Ne, and feldspar and pyroxene 

for 36Cl. These minerals are ubiquitous in the Earth’s surface rocks, allowing for widespread application 

of cosmogenic nuclide techniques. The rates of production of cosmogenic nuclides are relatively well 

known (Balco, 2020a, Gosse and Phillips, 2001, Ivy-Ochs and Kober, 2008, Ivy-Ochs et al., 1997), as are 

the half-lives of the radioactive isotopes (10Be, 26Al, 14C, 36Cl). Thus, by measuring the concentration of 

cosmogenic nuclides in rock samples and accounting for production rate and half-lives, an estimate of 

exposure age, time of burial and erosion or denudation rate can be obtained, depending on the sample 

context. 

1.2.2.3.2 Cosmogenic nuclide surface exposure and denudation rate evaluation  

Cosmogenic nuclides can be particularly useful in the quantitative evaluation of the rate of 

erosion or denudation (Bierman and Caffee, 2002, Cockburn and Summerfield, 2004, Lal, 1991, Von 

Blanckenburg, 2005). In this study, we use the denudation rate to evaluate the loss of material from a 

surface, which includes both physical erosion and chemical weathering (solution loss). Denudation 

rates can be calculated from measurements of in situ-produced cosmogenic nuclides. The key to 

quantifying denudation rates using surface concentrations of cosmogenic nuclides is the changes in 

production rate with depth, since denudation involves progressively bringing up to the surface rock 

that was previously buried (Cockburn and Summerfield, 2004). This is possible under the assumption 
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that denudation is steady and that denudation has been taking place for an extended period compared 

to a denudation time scale (e.g. Cockburn and Summerfield, 2004, Darvill, 2013, Schaefer et al., 2022).  

In a continuously eroding rock outcrop after a long period, the production of nuclides will equal 

the removal of nuclides at the surface by denudation. Hence, the surface nuclide concentration of an 

eroding bedrock is inversely proportional to the denudation rate, as a result of constant production, 

losses by denudation and radioactive decay (in the case of radioactive nuclides) (Cockburn and 

Summerfield, 2004, Von Blanckenburg, 2005). Under these circumstances, a measured surface 

concentration of cosmogenic nuclides in an eroding rock outcrop can be accurately modelled (e.g. Lal, 

1991, Nishiizumi et al., 1986) and has been used to establish site-specific denudation rates in different 

geomorphic contexts (see: Cockburn and Summerfield, 2004, Table 3, pg. 22). The calculated rates 

represent total denudation, which includes both physical erosion and solution loss. 

Routine measurement of cosmogenic nuclides, as well as their use for determination of 

exposure histories and denudation rates, became possible after the development of accelerator mass 

spectrometry (AMS) and noble gas mass spectrometry between 1970 and 1980 and as of very recently, 

atom trap trace analysis (ATTA) (Schaefer et al., 2022). These technical developments enabled the 

measurement of exceedingly low nuclide concentrations. To measure cosmogenic nuclide abundance 

in surface rocks, high-purity mineral separates must be produced from the whole rock, ranging from 

tens of milligrams to 50-100 g in mass (Schaefer et al., 2022). In this study, we used 10Be concentrations 

for denudation rate evaluation, with 26Al also measured as a control. 10Be and 26Al are the two most 

widely used radioactive isotopes in cosmogenic dating and quartz remains the most commonly used 

mineral for 10Be and 26Al analyses as both isotopes can be extracted by dissolving a single quartz 

mineral separate from a rock or sediment sample (Ivy-Ochs and Kober, 2008, Schaefer et al., 2022).  

 Sample	preparation	and	measurement	of	cosmogenic	nuclides	10Be	and	26Al	

Rock samples collected for cosmogenic nuclide 10Be and 26Al measurements Outside GS1 were 

prepared and analysed at the University of Wollongong and the Department of Nuclear Physics and 

Accelerator Applications, The Australian National University, Canberra. 

Rock samples were first crushed and sieved and then sent to the University of Wollongong for 

further sample preparation involving quartz purification, carrier addition and complete sample 

dissolution in hydrofluoric acid (HF), isolation of Be and Al using column chromatography, and 

conversion to Be and Al oxides ready for accelerator mass spectrometry (AMS) (Figure F1.17). The 

250-500 µm fraction was purified to clean quartz by a combination of magnetic separation, froth 

flotation, and chemical leaching with dilute HF (to remove meteoric Be). Purity was checked by 
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measuring Al concentration by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), 

where values <200 ppm indicate sufficient purity.  

9Be and 27Al carriers were added and a weighed amount of purified quartz dissolved in 

concentrated hot HF. This study used 30 g of purified quartz from the surface bedrock sample and 60 

g for the two bedrock samples. An aliquot of this solution was taken for 'definitive' 27Al measurement 

by ICP-OES. Measured concentrations were 80 -100 ppm. Be and Al were extracted by separation on 

an ion-exchange column, precipitated as Be(OH)2 and Al(OH)3, then fired at 850oC to convert to oxides 

BeO and Al2O3. 

 

 

Figure F1.17: Sample preparation protocol for in-situ produced 10Be and 26Al 
cosmogenic nuclide analysis, simplified. Prior to complete HF dissolution, the sample 
may undergo sequential leaching steps to separate various Be fractions (adapted from 
Schaefer et al., 2022, pg. 5). For a more detailed step by step procedure see Corbett 
et al. (2016b, pg. 26). 

 

At this stage samples were sent to ANU for measurement. BeO was mixed with Nb (~1:4) and 

pressed into stainless steel sample holders. Al2O3 was mixed with silver (~1:2) and pressed into copper 

sample holders. 10Be/9Be ratios were measured by AMS using the 14UD Pelletron accelerator, as 

follows: 

a. BeO- negative ions were extracted from the ion source. Typical beam currents are 3-5 µA. 

b. Injected into the accelerator operating at 8 MV. 

c. The molecular ions are dissociated in a gas stripper canal in the terminal, using nitrogen gas, 

which also removes electrons from the Be atoms. 

d. With 10BeO- ions injected, 27 MeV 10Be3+ ions are selected after the second stage of 

acceleration. 10Be ions are counted in a gas ionization detector after a gas-filled magnet (using 

Ar gas). This very effectively removes interfering 10B ions. 
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e. Periodically, the 9BeO- beam is injected and the beam current of 9Be3+ ions is measured in an 

off-axis Faraday cup after the high-energy analysing magnet.  

 

Measured 10Be/9Be ratios were normalized relative to the NIST standard, assumed 2.79x10-11. 

 

Similarly, 26Al/27Al ratios were measured by AMS using the 14UD Pelletron accelerator at the 

ANU, as follows: 

a. AlO- negative ions extracted from the ion source. Typical beam currents are 3-5 A. 

b. Injected into accelerator operating at 13.5 MV. 

c. The molecular ions are dissociated in a gas stripper canal in the terminal using nitrogen gas, 

which also removes electrons from the Al atoms. 

d. With 26AlO- ions injected, 103 MeV 26Al7+ ions are selected after the second stage of 

acceleration. 26Al ions are counted in a gas ionization detector after a gas-filled magnet (using 

N2 gas). This effectively removes most of the interfering 26Mg ions and the detector 

discriminates against the residual 26Mg ions. 

e. Periodically, the 27AlO- beam is injected and the beam current of 27Al7+ ions is measured in an 

off-axis Faraday cup after the high-energy analysing magnet.  

Finally, the results were processed using the online University of Washington cosmogenic isotope 

calculator CRONUS-Earth (https://hess.ess.washington.edu/) to calculate the denudation rates. 

1.3	 Results	

1.3.1.	 Geomorphology,	drone	imagery	and	digital	elevation	model	(DEM)		

Field survey, drone imagery and elevation modelling revealed that the landscape is strongly 

governed by varying erosional, depositional and weathering features. Dissected and strongly 

weathered residual outcrops and scarps of Jurassic Hampstead sandstone are patchily covered by 

accumulated sediments. Escarpments and collapsed slopes fringe the expanding sand plains against 

the upland areas. Plane surfaces of exposed smooth bedrock appear in stretches on the west and 

northwest side of the GS1 outcrop and on the southern fringe of the sediment deposit Outside GS1 

(Figure F1.18). Outcrops of the Loth Formation, which overlies the Hampstead sandstone, were not 

observed in the study area. Drone imagery and the constructed DEM with recorded geomorphic 

elements Outside GS1 are shown in Figure F1.18. 

At the Norman River site, the field survey, inspection of the satellite imagery and geological map 

showed a distinct wide channel structure (P) located next to the current river channel on the north 
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side (Figure F1.19). A tributary channel structure (T) joining the Norman River from the north was also 

noted and inspected (Figure F1.19). The two-channel structures (P and T) showed no signs of active 

water flow, channel incision, flooding or visible connection with the contemporary Norman River 

channel. We therefore presume that the channel structure (P) is a paleochannel of the Norman River 

and the tributary (T) is a former Norman River tributary.  

 

 

Figure F1.18: Upper: drone image of the study area. Red arrow points to the GS1 dripline, red dashed circle 
marks the Outside GS1 sediment deposits. Bottom: DEM constructed from the upper drone image. Ac-
accumulated sediment, Cs-collapsed slope, Ouc-outcrop, Pe-plane bedrock exposures, Sc-scarp, Sp-sand plain. 
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Figure F1.19: A view of the Norman River. The palaeochannel and the tributary channel are marked 
along with the areas of sandstone outcrops. Two red dots mark the two sampling sites at this study, 
the Outside GS1 on north and the Norman River site to the south. 

1.3.2	 Stratigraphy	and	sedimentology	Outside	GS1	

1.3.2.1	 Pit	PA_10‐M	stratigraphy		

Pit PA_10-M was located 19 m southwest of the GS1 dripline (Figure F1.11). The maximum pit 

depth was 172 cm. The measured depth ranged from 172–162 cm because the bedrock at the pit 

bottom was dipping towards the northeast, in the direction of GS1, at an angle of 3−4o. The excavated 

pit faces were south, east, west and north (henceforth called pit profiles). The exposed profiles were 

homogeneous, without any visible changes in stratigraphy. No palaeosols or silcretes were noted. 

There was, however, a gradual change in the colour of the sediment, from greyish and greyish brown 

in the upper 40 cm to pale brown, pinkish or pale orange below 65 cm (Figure F1.20b).  

Evidence of post-depositional disturbance in the form of circular and ellipsoidal structures with 

crust rims was documented in the south profile (Figure F1.20a). Also, a line of rocks was recorded at 

a depth of 100–115 cm in three profiles (east, south and west), (Figure F1.20b). The single rocks were 

from ~2–10 cm long.  
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Figure F1.20: Profiles in pit PA_10-M. a: Post-deposition disturbance, light blue arrows point to noticed 
structures; b: Left: fieldwork sketch of the pit profiles. Middle and right: line of rocks recorded in south (S), 
southeast (SE) and northwest (NW) profile, red arrows pointing to single rocks. Note: the gradual change from 
greyish to pale brighter brown and pale orange in sediment colour with depth on the middle image. 

 

1.3.2.2	 Pit	C_1‐CR	stratigraphy	

Pit C_1-CR was located the furthest away, 65 m, from the GS1 dripline (Figure F1.11). No stratigraphy 

was apparent in the pit, apart from a gradual change in sediment colour. At the beginning of the 

excavation, the depth to the pit bedrock was 85 cm, but after the bottom of the pit was enlarged, a 

parallel opening appeared in the bedrock, approximately 22 cm wide (Figure F1.21). During a 

subsequent coring into the opening, a depth of 220 cm was reached. 
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Figure F1.21: A parallel opening in the bedrock in the pit C_1-CR. The 
opening is approximately 22 cm wide and 65 cm long.  

 

1.3.2.3	 Sediment	colour	

Munsell colour results are given in Table T1.1. They are consistent in both the pits and auger 

samples. The sediments are generally darker, greyish brown (10YR 5/2), from the surface to 40 cm 

depth. At depths 40–80 cm they gradually change to a lighter colour, either pale brown (10YR 6/3), 

brown (10YR 5/3) or yellowish brown (10YR 5/4). At depths below 100 cm, the colour changes 

gradually again, hues vary between reddish yellow (7.5YR 6/6), light brown (7.5YR 6/4, 6/3), light 

yellowish brown (10YR 6/4), very pale brown (10YR 7/3) and pink (7.5YR 7/3). 

1.3.2.4	 Particle	size	distribution	

Fine (62.5−250 µm) and medium (250−500 µm) sand-sized particles are the dominant fractions in all 

analysed sediment samples, constituting 80−90% of the total. The median grain size Dx (50) ranges 

from 202 to 276 µm and the mean grain size D [4,3] (volume mean diameter) ranges from 201 to 281 

µm. Clay (<3.9 µm) and silt (3.9−62.5 µm) particles make up to 15% of the samples, except for a few 

samples where they reached 20% (Table T1.1). Coarse sand (500−1000 µm) accounts for less than 6%. 

Apart from some minor trends in particle distribution patterns, such as a lower proportion of clay 

particles is generally detected in samples from shallow depths (0–20 cm), no obvious trends were 

observed in any fraction, either in relation to sample depth or sample distance from the GS1 dripline. 

The grain size distribution results (D50, D10, D[4,3]) of bulk sediment samples are given in Table 

T1.1. The particle size results for samples Outside GS1 are presented in Figure F1.22 in pie charts per 

fraction. Additionally, a few selected results are also shown in size distribution graphs in Figure F1.23, 

as provided by Mastersizer 3000 software.  
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Figure F1.22: Particle size distributions of sediment samples Outside GS1 in pie charts, numbers are also given 
under the graphics. A: Particle size distribution in auger holes and pit C_1-CR, B: Particle size distribution in pit 
PA_10-M, C: Particle size distribution in test pits TP01−TP05. 
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Figure F1.23: The selected grain size distribution graphs; Size Classes µm 0.01−10,000 are shown on the x-axis and 
the Volume density (%) of particle sizes on the y-axis 

 

1.3.2.5	 Petrography,	optical	microscopy		

 Sediment	samples	

Mineral grains in the four sedimentary petrographic thin sections are typically sub-angular to sub-

rounded, subordinately angular and rounded, and moderately sorted. They range in size from coarse 

to fine sand (the largest is 3.25 mm, most grains are size <0.4 mm). The samples are texturally sub-

mature. Petrography results are given in Table T1.2. Figure F1.24 shows the sampling profile and the 

microscopic texture of the samples. 

Quartz is the dominant mineral (~80%) across all samples but is most abundant in the thin sections 

from the upper part of the profile. Feldspars are of minor abundance, occurring as K-feldspar and 

rarely plagioclase grains. Lithic fragments are sparse and composed of chert, quartzite, sandstone and 

siltstone. The matrix typically consists of silt- and clay-sized materials, present in all samples in low 

abundances (<15%) (Figure F1. 25a). Iron oxides at moderate abundance occur in the matrix. In sample 

PA_10-M 3, collected at a depth of 124−130.4 cm, authigenic clays (pseudomatrix) were observed. 

They predominantly occur as pore linings and pore fillings (Wilson and Pittman, 1977) formed in what 

appears to be the infilled rim of a former burrow (Figure F1.25b−e). Amphibole, pyroxene, tourmaline, 

zircon, rutile, mica and chlorite are present as accessory minerals (Figure F1.25g−l). Cross sections of 
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root remains were also observed (Figure F1.25f). Importantly, the grain size characteristics and matrix 

abundance match the particle size analysis results (section 1.3.2.4). 

 

 

The quartz fraction is dominated by monocrystalline grains, some of which display an undulose 

extinction, indicating a metamorphic protolith (Figure F1.26a). Polycrystalline quartz is also 

represented, some being semi-composite with undulose extinction (Figure F1.26b,c), which also 

suggests a metamorphic and/or plutonic source (Pettijohn et al., 2012, pg. 300, Scholle, 1979). 

Microcrystalline quartz−chert and metamorphic quartz or quartzite are also present in low abundance 

in all samples (Figure F1.26d,e,i). Phytoliths were also detected. Additionally, quartz detrital grains 

with an authigenic overgrowth originating from an episode prior to the last deposition of the grains 

were observed (Figure F1.26f). Compared to quartz and lithic grains (Figure F1.26g,h,ii), K-felspar 

grains in thin section are generally highly weathered and show significant alteration (Figure F1.26j,k). 

Mineral grains typically have a thin coating containing iron oxides and occasionally clay-to-silt-sized 

material, responsible for the more intense orange colour at the edges (Figure F1.25a, F1.26f,g,l). The 

coatings exhibited internal layering, particularly in deeper profiles (PA_10-M 3 and PA_10-M 4). 

Table T1.2
Sample    ID Sample origin Depth Classification* Texture ** Sorting

(cm)
PA_10-M 1 pit sediment 64-71.8 sublitharenite submature moderately

PA_10-M 2 pit sediment 82.8-90.8 sublitharenite submature moderately

PA_10-M 3 pit sediment 124-130.4 sublitharenite submature moderately

PA_10-M 4 pit sediment 153.2-161 sublitharenite submature moderately

RT_2-CR river terrace 
sediment NA quartz dominated 

lithic greywacke submature poorly

RT_3-CR river terrace 
sediment NA quartz dominated 

lithic greywacke submature poorly

GS1-SR surface rock surface sublitharenite submature moderately

PA_2-M BR auger bedrock 25 sublitharenite submature moderately

PA_10-M BR pit bedrock 170 sublitharenite submature moderately

* Classification after Dott modified by Pettijohn, Potter & Siever (2012)

** Texture after Folk (1980)

Petrography results
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Figure F1.24: Pit PA_10-M south profile. Right side: blue squares mark the locations of 
collected sediment petrography samples; Left side: microscopic images of corresponding 
sediments in thin sections showing moderately sorted submature texture and predominantly 
subangular to subrounded grains as well as subordinately angular and rounded grains. The 
scale on the images is 1 mm.  
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Figure F1.25: Components identified in four sediment petrographic thin sections. a) Matrix, clay and silt sized 
material, appears as yellowish to brownish coatings surrounding mineral grains (PPL). Blue arrows point to strong 
orange coloured iron oxides. Crescent layered coatings are also visible in the area marked by the blue arrow on 
the right side; b) Marked with dashed line the rim of a former burrow or tunnel infilled with clay matrix (PPL); c) 
Detrital and authigenic clay matrix filling the burrow rim shown on picture b, a closer view (PPL); d,e) Authigenic 
clays in the matrix that fills the burrow rim shown on picture b were identified under crossed Nicols (XN); f) cross 
section of a root in decomposition process (PPL); Accessory minerals: g) tourmaline (PPL), h,i) mica inclusions in 
a quartz grain (PPL, XN), j) chlorite and zircon (PPL), k,l) amphibole (PPL, XN). 

 



64 
 

 

Figure F1.26: Assorted mineral grains identified in sediments by optical microscopic analysis. Blue arrows mark the 
strong yellow-orange coloured iron oxides in orange-brown clay coatings and matrix. a) Quartz undulose extinction 
(XN); b,c) Polycrystalline quartz grain (PPL,XN); d,e) Metamorphic quartz grain, quartzite (PPL,XN); f) Authigenic 
overgrowth on a detrital quartz grain (PPL). The well-rounded nucleus is outlined by a thin layer of inclusions 
(probably clay and iron oxides) on its surface. The authigenic overgrowth shows euhedral crystal shape; g,h) Lithic 
sandstone grain composed by quartz, chert, clay and silt (PPL,XN); i) Quartz grain composed by two cemented parts 
– a monocrystalline quartz (left side) and quartzite (right side) (PPL, XN); ii) Lithic sandstone grain (PPL,XN); j,k) 
Feldspar grain with clay coatings (PPL, XN); l) Mineral grains with clay coatings (PPL); 

 

 Rock	samples		

In thin section, the three rock samples from Outside GS1 display the same mineralogical and textural 

characteristics as the sediment samples described above. Samples are moderately sorted and 
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texturally sub-mature. Quartz is the dominant mineral and is present in various forms, as mono, poly, 

microcrystalline (chert) and metamorphic quartz. Lithic grains and feldspars are also present, although 

compared to quartz, they are significantly less abundant (Figure F1.27 d−f). In rock samples, however, 

the clay-to-silt matrix is present, but mineral grains do not exhibit the clay and iron-oxide coatings 

around the edges found in the unconsolidated sediments. 

 

 

Figure F1.27: Rock samples in thin section. a) Surface rock sample (GS1-SR) (PPL); b) Pit PA_2-M bedrock sample 
(PA_2-M-BR, depth 25 cm) (PPL); c) Pit PA_10-M bedrock sample (PA_10-M-BR, depth 170 cm) (PPL). Note the 
matrix is evidently pale in colour at surface and shallow covered rock samples (a,b) compared to deep buried 
rock sample (c); d) Mineral grains (quartz, metamorphic quartz, chert, clay-silt matrix) (XN); e) Mineral 
composition of PA_2-M-BR under crossed Nicols (note: quartz, chert, feldspar, metamorphic quartz) (XN); f) Clay 
matrix, altered feldspar and amphibole in rock sample PA_10-M-BR (PPL); g,h) Presence of hematite in clay 
matrix in surface rock sample GS1-SR (PPL,XN); i) Figure (f) under crossed Nicols, blue arrows pointing to 
authigenic clays. 

 

Matrix is present in low abundance (<20 %) and consists of dark brown to pale orange coloured clay- 

and silt-sized material. In the surface rock sample (GS1-SR) and shallow covered rock sample (PA_2-M 

BR, depth 25 cm), the matrix is considerably paler in colour compared to the pit PA_10-M-BR bedrock 

sample taken at a depth of 170 cm (Figure F1.27a−c). Authigenic clays (pseudomatrix) were also 

observed in the PA_10-M-BR rock sample (Figure F1.27i). A very dark brown to opaque matrix was 

observed in the surface rock sample (GS1-SR) that was attributed to hematite (Figure F1.27d,h). 
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1.3.3	 Stratigraphy	and	sedimentology	at	the	Norman	River	site	

1.3.3.1	 Stratigraphy		

Four stratigraphic units (designated A, B, C, and D) were documented at the Norman River 

meander bend exposure (Figure F1.28). They are described as follows:  

A. The upper unit is reddish brown, loose sandy and silty material, approximately 150 cm 

thick, named 'the top red unit'.  

B. Underneath lies 'the mottled transition unit'. It is a reddish to orange-brown hardened 

sediment layer approximately 183 cm thick, with strong reddish mottles and areas of pale, 

low chroma colour.  

C. An approximately 65 cm thick whiteish, sparsely mottled hardened sediment named 'the 

white crust unit' was documented below the transition unit.  

D. The bottom unit ('the bottom grey unit') is constituted by light grey to brown loose sand 

material with sparse mottles. 

For units B and C, the term hardened sediment is used as a general term for any indurated zone 

resulting from cementation at or below a land surface as a part of a weathering process. The mottles 

present in units B, C and D are identified as redoximorphic features. They form by the reduction and 

oxidation of Fe and Mn compounds. The term redoximorphic features replaced the former expressions 

''mottles'' and ''low chroma colours'' in Soil Taxonomy (Stoops et. al, 2018). Macroscopically, the 

redoximorphic features appear in units C and D as redox concentrations masses (soft bodies like 

mottles), coarse (5 to <20 mm), yellowish red and irregular (after Schoeneberger et al., 2012) (Figure 

F1.29 left). In unit B, the surface looks reddish brown, but when cleaned using a shovel, areas of low 

chroma colour appear on a fresh exposure (Figure F1.29 right). This could be due to redox depletion 

along a root channel or reduced matrix occurrence (Stoops et. al, 2018, Vepraskas, 2015). 
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Figure F1.28: Four stratigraphic units at Norman River site. The dashed yellow line marks the 
constructed boundary between the units for the purpose of presentation, the solid yellow line marks 
the actual boundary between the C and D unit in nature. 

 

 

 

Figure F1.29: Redoximorphic features. Left: redox concentrations−masses or 
soft bodies; Right: redox depletion or reduced matrix. 
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1.3.3.2	 Sediment	colour	

Sediments at Norman River site exhibit colours as follows (Figure 1.28): unit A strong brown 

(7.5YR 5/8), unit B strong brown (7.5YR 5/6), C is white to light grey (10YR 8/1-7/1) and D very pale 

brown (10YR 8/3). 

1.3.3.3	 Particle	size	distribution	

In the two bulk sediment samples from the Norman River site, from units A and D, fine and 

medium sand fractions are dominant (Table T1.1, Figure F1.13, Figure F1.30). They account for ~78% 

in unit A and ~65% in the lowest unit D. Clay-sized particles make up less than 5%, whereas silt-sized 

particles are more abundant at 10–23%. The coarse sand fraction represents 6% and 8% in units A and 

D respectively. The median grain size Dx (50) in the upper A unit was 227 µm and the mean grain size 

D [4,3] was 253 µm, which falls in the same range as Outside GS1 size distributions (Figure F1.22). On 

the other hand, Unit D exhibited a slightly different grain size distribution, with parameters Dx (50) at 

156 µm and D [4,3] at 200 µm and a wider span. The latter is shown on the size distribution graph in 

Figure F1.31. 

Results of sedimentological analyses from the Norman River site are summarised in Tables T1.1 and 

T1.2. 

 

 

Figure F1.30: Grain size distribution in unit A (RT_1-CR) and 
D (RT_4-CR) in pie charts; numbers are also given under the 
graphics. 
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Figure F1.31: Grain size distribution graphs in the A and D Norman River units; Size Classes µm 0.01−10,000 are 
shown on the x-axis and the Volume density (%) of particle sizes on the y-axis 

 

1.3.3.4	 Petrography,	optical	microscopy	

Mineral grains in the sediment samples from units B and C (Table T1.2: RT_3-CR and RT_2-CR) 

are angular to rounded, with the majority being sub-angular to sub-rounded. They are poorly sorted 

and texturally immature (Figure F1.32). The mineralogical composition is very similar to the sediment 

samples from Outside GS1. Quartz is the dominant mineral (~70%), followed by lithic grains and 

feldspars, the latter occurring as K-feldspar and plagioclase. Lithic grains are composed of sandstone, 

siltstone and mudstone. The quartz fraction is typically represented by mono, poly to microcrystalline 

(chert) and metamorphic quartz. Some quartz grains show signs of recrystallization. Accessory 

minerals are typically mica and amphibole; small opaque grains and tourmaline were also present. In 

general, mineral grains appear highly weathered and altered. Mineral composition, texture and other 

components of the sediments that constitute units B and C are shown in Figure F1.32. 

The matrix component in the Norman River samples is more abundant (>20%) compared to the 

Outside GS1 samples, composed of clay and silt material that in colour ranges from pale yellow and 

brown to strong orange (Figure F1.32). Iron oxides are present in the clay matrix as well as authigenic 

clays in the form of pore fillings between the grains and pseudomorphous replacements (Wilson and 

Pittman, 1977) (Figure F1.32d,e). Crescent-shaped, layered coatings around primary grains were also 

observed (Figure F1.32f). Under the microscope, redoximorphic features occur as Fe/Mn coatings and 

infillings as well as redox depletion zones or Fe oxide depleted groundmass (after: Stoops et. al, 2018, 

Table 1, p. 428) (Figure F1.32g). 
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Figure F1.32: Norman River sediments unit B and C in thin section. a) Poorly sorted, immature texture (PPL); b,c) 
Mineral composition under PPL and XN, quartz, chert, lithic grains, silt, isotropic grains, clay matrix; d,e) Blue arrows 
mark the authigenic clays, pseudomorphous replacement under PPL and XN; f) Crescent, layered coatings in unit C 
marked by blue arrows, multiple layers representing multiple episodes (PPL); g) Redoximorphic features in unit C, 
blue arrows marking Fe/Mn coatings and infillings, note also the pale right half of the figure representing a redox 
depletion zone or Fe oxide depleted groundmass (PPL); h) Zoom-in into the redox depletion zone or depleted 
groundmass on the image (g). 

 

 

1.3.4	 Cosmogenic	nuclide	 10Be	 concentrations,	denudation	 rates	and	minimum	

exposure	time		

Cosmogenic nuclide 10Be concentrations in quartz from three rock samples (PA_10-M-BR, C_1-

CR-BR, GS1-SR) are given in Table T1.3. 26Al/10Be values are also provided as a double check (where 

26Al:10Be=6.75:1), showing a very good alignment of both isotopes. The calculated denudation rates 

and the minimum exposure age calculations for estimating the length of time that the rock sample 

has been exposed at or near the Earth’s surface are also provided in Table T1.3. Figure F1.33 recalls 

the field sampling locations Outside GS1. 
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Figure F1.33: Sampling locations for 10Be cosmogenic nuclide analysis. Red arrow 
indicates the GS1 dripline. In pits PA_10-M-BR and C_1-CR-BR the sample was cut 
from buried bedrock at depths of 170 cm and 85 cm, respectively. At the GS1-SR 
location, the sample was cut from the surface rock. 

 

10Be concentrations ranged from 1.97 to 2.73 x 105 atoms g-1 (Table T1.3), with the lowest 

concentration measured in the bedrock sample PA_10-M-BR, from the greatest depth ~170 cm, and 

the highest concentrations measured in the bedrock sample C_1-CR-BR, located at depth 85 cm.  

 

 

The concentrations of cosmogenic radionuclides are a function of exposure time and 

denudation rate and can be expressed as (Lal, 1991): 

(1)   𝑁 ൌ   

ሺఒା
ഐഄ
౻
ሻ
 ቂ1 െ 𝑒ିቀఒା

ഐഄ
౻
ቁ௧ቃ  𝑁𝑒ିఒ்  

 
N = concentration of cosmogenic radionuclide (atom/g) 

Table T1.3 10Be concentration data for surface and pit bedrock samples Outside GS1 and calculated denudation and minimum time of exposure

Sample ID Sample origin Depth Altitude 10Be concentration 26Al/10Be Max. denudation rate * Min. exposure age *
(cm) (m asl) (104 atoms g-1) (mm ka-1) Lm (years) 

GS1-SR surface rock surface 409 22.2 ± 0.8 6.36 9.96 56141 ± 2051
C_1-CR pit bedrock 85 411 27.3 ± 0.7 6.63 8.05 69263 ± 4394
PA_10-M BR pit bedrock 170 412 19.7 ± 0.6 6.87 11.3 49739 ± 1534

* The 10Be concentrations, max. denudation rate and exposure ages were calculated using U.Washington cosmogenic isotope calculator online program CRONUS-Earth
Time-dependent Lm scaling (Balco 2020b) was used with max. denudation rates. The max. denudation rates were calculated under the assumption of no burial and no 
inherited concentrations; the min. exposure ages were calculated under the assumption of no burial, no inherited concentrations and no denudation.  



72 
 

P = production rate (atom/g-1yr-1) 
λ = decay constant of the nuclide (yr-1) 
Λ = attenuation length, the exponential absorption depth dependence of cosmogenic nuclide production (g/cm-2) 
ρ = rock density (g/cm3)  
ε = erosion (denudation) rate (cm/yr) 
t = exposure age (yr) 
T = burial age (yr) 
N0 = inherited concentration  

With measured cosmogenic nuclide concentrations from a rock sample, equation (1) is typically 

used to calculate either the denudation rate or exposure age. Under the assumption of prolonged 

(t=∞) exposure where the concentration has reached a steady-state value and does not contain 

inherited concentrations of cosmogenic radionuclides (N0=0), the equation used to calculate the 

constant denudation rate can be written as: 
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The results allow the calculation of denudation rates range of 8.05−11.3 mMyr-1 (8.05–11.3 

mmka-1), using a time-dependent Lm scaling (Balco, 2020b) (Table T1.3). The lowest denudation rate, 

8.05 mmka-1, derives from rock sample C_1-CR-BR from 85 cm depth, whereas the highest, 11.3 mmka-

1, was calculated for the rock sample PA_10-M-BR from 170 cm depth. 

Under the assumption that there has not been denudation since exposure (ε=0), and there are 

no contain inherited cosmogenic radionuclides (N0=0), equation (1) can be used to calculate the 

minimum exposure age, expressed as: 

(3)   𝑡 ൌ  െଵ

ఒ
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ሻ  

Calculated minimum exposure times (t) at three rock samples from Outside GS1 (Table T1.3) 

showed the longest minimum exposure age 69.3 ±4.4 ka for the rock sample with the highest 10Be 

concentration C_1-CR-BR, taken from bedrock at a depth of 85 cm. The shortest minimum exposure 

time, 49.7±1.5 ka, was estimated for the deepest rock sample PA_10-M-BR, today buried at a depth 

of 170 cm under sand sediment. The rock sample that is today exposed at the surface (GS1-SR) showed 

a minimum exposure age of 56.1±2 ka.  

Finally, to make the equation (2) or (3) valid, two other conditions must be satisfied: (i) the 

surface production rate (P) is constant through time and (ii) the surface is continuously exposed to the 

cosmic-ray flux and has not been buried after exposure (T=0). For many actual geological cases, 

however, it is hard to judge whether the assumptions behind the equations are met from field 

observations. In this study, the assumptions are not fully met since the two pit bedrock samples are 

currently buried under 85 cm and 170 cm of sand. Therefore, in these cases, the calculated exposure 

ages represent minima and denudation rates are maxima. 
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1.4	 Discussion	and	conclusions		

1.4.1	 Outside	GS1		

1.4.1.1	 Stratigraphic	and	sedimentological	evidence		

Sedimentological characteristics of the non-archaeological open-site sediments Outside GS1 

reflect the local rock characteristics, fine to medium and coarse quartzose sandstone with interbeds 

of siltstone, mudstone and very fine sandstone (Smart and Senior, 1980). This is evident in the particle 

size analysis (section 1.3.2.4) by the dominance of fine and medium sand with subordinate coarse 

sand, clay and silt as well as in the optical microscopy, by dominant quartz presence over lithics and 

feldspars, low clay-silt matrix abundance (<20%) and sub-mature texture (section 1.3.2.5). The variety 

of quartz forms, monocrystalline grains with normal and undulose extinction, semi-composite quartz, 

polycrystalline, chert and metamorphic quartz, emphasises the geologically old and heterogenous 

nature of the source rocks contributing the Hampstead Sandstones. Features like feldspar alteration, 

authigenic overgrowth and recrystallization indicate the material was exposed to multiple cycles of 

diagenesis, weathering, transport and deposition. Therefore, the accumulated sediment at the GS1 is 

a major result of chemical weathering and physical erosion (i.e. denudation) of the surrounding 

Jurassic Hampstead sandstone. This is consistent with the geological evolution of the region, which 

was subjected to multiple cycles of erosion, deposition and weathering throughout Tertiary and 

Quaternary times (section 1.1.1). A certain amount of sediment movement and transport has probably 

occurred due to bioturbation, gravitation, wind and precipitation, although evidence of sediment 

transport by wind or water was not recorded. 

The coatings that surround quartz, feldspar and lithic grains in sediment thin sections are 

related to pedogenic processes, including clay illuviation. The coatings are predominantly composed 

of clay material, in which iron-oxides and internal layering occasionally occur. The coatings and the 

internal layering tend to increase with depth. The latter is common in clay illuviation, the process 

associated with the removal of clay from upper horizons and its redeposition as clay coatings and 

infillings in deeper horizons (Stoops et. al, 2018). In this process, the water from atmospheric 

precipitation mobilises the clay from the surface horizons and the suspensions infiltrates the sediment 

through macro voids. 

There are many factors required for the mobilisation of clay to occur. First, clay dispersion is 

needed because most clay particles are aggregated in small clusters up to 250 µm. Several factors 

affect clay dispersion, including the type of clay minerals, the particle size, pH, the types of cations 

present (affects clay absorption), the electrolyte concentration in the soil solution and the organic 
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matter content. Once dispersed and mobilised, the clays are transported as solid particles in 

suspension, controlled mainly by the quantity of percolating water and the porosity of the sediment. 

Clay redeposition within a sediment profile occurs when: (i) the infiltration of the suspension stops 

because the water supply has stopped due to the end of precipitation, or, for example percolating 

water can be hindered by active roots at the depth of high root concentration (Runge, 1973), (ii) a 

level of minimum microporosity is reached, (iii) a rise in the electrolyte concentration, due to a change 

in pH or enriched levels of iron and aluminium compounds, causes clays to flocculate (Dorronsoro and 

Aguilar, 1988), or finally (iv) a decrease in water velocity (Stoops et. al, 2018). In the analysed thin 

sections, the presence of iron oxides in clay coatings may indicate flocculation occurred, although a 

combination of multiple described factors cannot be excluded, considering the intermittent wet-dry 

monsoonal conditions and the presence of savannah vegetation (tree roots) in the study area. 

The clay illuviation process may repeat in the following wet periods, resulting in an increasingly 

thick clay coating on particles at depth. Layered coatings thus indicate different phases of clay 

illuviation. The thickness of clay coatings formed on sandy material is a direct function of the clay 

concentration of the suspension, which implies, in this type of material, that the higher the clay 

concentration the thicker the clay coatings (Stoops et. al, 2018, pg. 384). The general low thickness of 

clay coatings in this study, therefore, confirms low clay presence (<15%), which increases with profile 

depth as the clay was removed from upper to deeper horizons during multiple wet periods. Clay 

illuviation was one of the first pedogenic processes to be recognised and documented in microscopy 

of soils and sediments (e.g. Agafonoff, 1936, Frei and Cline, 1949, Kubiëna, 1943) and it has been 

widely studied since. Under a microscope, pure clay coatings are pale in colour and greyish, but the 

presence of iron oxides gives them the yellowish to reddish colour, which is the case in this study. As 

in most cases, iron oxides probably originated from alteration and weathering of iron bearing 

minerals, such as biotite, pyroxenes and amphiboles. Thus, the pale colour of the clay matrix noted in 

rock samples (GS1-SR, PA_2-M-BR; Figure F1.27a,b) most probably indicates the absence of iron 

oxides in the process of deposition and diagenesis. 

In relation to climate conditions, clay illuviation has been observed in sediments and soils from 

many climates, even in areas experiencing low temperatures. Indeed, snow melt water was found to 

be responsible for the formation of clay coatings and layered clay coatings in surficial sediments of the 

Transantarctic Mountains (van der Meer and Menzies, 2011, van der Meer et al., 1993). Therefore, 

the interpretation of clay coatings as proxies in palaeoclimatic studies is highly questionable and not 

applicable for the time being. 

Apart from allogenic clays forming the matrix and clay coatings, authigenic clays were also noted 

in sediment thin sections (Figure F1.25d,e). They occur as pore linings and pore fillings. Authigenic 
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clays are common in sand sediments and sandstones and they form either as a direct precipitate from 

formation waters or through reactions between precursor materials (e.g. feldspars) and the contained 

water (Wilson and Pittman, 1977). In general, an authigenic origin can be distinguished on the basis 

of clay composition, structure, morphology and distribution (Wilson and Pittman, 1977). In this case, 

the distinctly different characteristics of the authigenic clays under the microscope, such as the 

concentric colour zonation under crossed Nicols (Figure F1.25e), the radial arrangement of the detrital 

grain surfaces and the regular aggregate morphology, caused them to be easily distinguished from the 

allogenic component. 

1.4.1.2	 Post‐deposition	disturbances	and	the	stone	line		

Signs of post-depositional disturbance were documented during fieldwork in pit PA_10-M, in 

the form of circular, oval and ellipsoidal crusts (Figure F1.20a). They are evidence of bioturbation, 

most probably fossil remains of root and/or termite activity, both very typical of, and common in, 

Australian savanna regions. Furthermore, according to the Stoops et. al (2018 and citations therein), 

the origin of crescent-shaped layered coatings and infillings, as observed also at this study (Figure 

F1.25a), is unclear but they have often been linked to bioturbation as a result of earthworm and/or 

termite activity.  

Bioturbation by root and termite activity can relocate particles in sediment and soil profiles 

upward and downward after deposition, causing substantial post-depositional mixing. This mixing can 

have a significant impact on the interpretation of some analyses, for example OSL dating, radiocarbon 

dating or artefact distribution (e.g. Gabet et al., 2003, Phillips and Marion, 2006, Williams, 2019, 

Williams et al., 2021). The presence of signs of bioturbation in pit PA_10-M implies that the 

stratigraphic integrity of the sediment deposit is most probably disrupted to some degree and this 

should be adequately considered in the interpretation of all analyses. The effects of post-deposition 

disturbance on sediment particles and the geochronological, isotopic and phytolith analyses 

undertaken Outside GS1 are presented in Chapter 2 and Chapter 3 of this study. 

The origin of the stone line noted in pit PA_10-M (Figure F1.20b) is difficult to determine. 

Subsurface stone lines or stone layers are isolated layers of gravel-sized rock fragments that appear 

as a two-dimensional 'line of stones' in a gully or excavated pit profile (Johnson, 1989, Williams et al., 

2021). A stone layer may be one stone thick and thus appear as a "stone line" or several stones thick 

and appear as a "stone zone". They occur in sediments and soils in many parts of the world but are 

especially common in the seasonally wet tropical regions of Asia, Africa, Australia and South America 

(Johnson, 1989, Williams, 2019, Williams et al., 2021). Stone lines can form in a number of ways, in 

particular by (a) selective dissolution of bedrock material or dissolution from quartz veins by 
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subsurface flow (Braucher et al., 2004, Nehren et al., 2016), (b) residual surface accumulations that 

were later covered by colluvial, fluvial or aeolian sediments (e.g. Fairbridge and Finkl Jr, 1984, Lichte 

and Behling, 1999, Morrás et al., 2009, Ojanuga and Wirth, 1977, Parizek and Woodruff, 1957, Ruhe, 

1959), (c) parallel retreat of hill slopes (Ségalen, 1969), (d) buried terrace gravels (Rohdenburg, 1982, 

Veit and Veit, 1985), (e) episodic mass movements, such as soil creep and mudslides (Eargle, 1940, 

Moeyersons, 1989, Ruhe, 1959, Tricart, 1972) or the swelling of clay soils (Mabbutt, 1965, Moeyersons 

et al., 2006), (f) bioturbation, the burrowing and selective size-sorting activities of earthworms, ants, 

termites and other fauna (e.g. Bird et al., 2002, Johnson, 1989, Nehren et al., 2016, Nye, 1955, Ruhe, 

1959, Smith et al., 2020, Williams, 2019). In some cases, people may also be involved (e.g. Wallis et 

al., 2004b, Wesley et al., 2018). Most stone layers, however, are pedogenically-produced by 

bioturbation (Johnson, 2006). 

Due to the variety of processes that can lead to the formation of stone lines, Vogt (1966) and 

Thomas (1974) emphasized their polygenetic origin, discounting a universal explanation of their 

development. Stocking (1978: 121) highlighted that ''similar stone lines may be formed as a result of 

different combinations of environmental circumstance. '' After forty years of research, the processes 

leading to the formation of stone lines are still controversial (Braucher et al., 2004, Nehren et al., 

2016). The controversy is mainly between autochthonists proposing an in-situ chemical weathering 

genesis (e.g. Lecomte, 1988) and allochthonists explaining the presence of stone lines by mechanical 

transporting processes resulting from large-scale erosive cycles (e.g. Fölster et al., 1971). 

The stone line documented Outside GS1 in pit PA_10-M, at a depth of 100-115 cm, was initially 

thought to be of anthropogenic origin, or more precisely, that it represents sub-surface dispersed 

hearth remains, which are very common in the wider area (Wallis et al., 2004b). Yet, no macroscopic 

charcoal pieces were found along with the apparent heat retainers and no dark, charcoal rich sediment 

unit or red stained layer was found underneath the stone line, which could confirm this initial 

hypothesis. Alternatively, stone lines are interpreted as the basis of the active bioturbation zone, 

following the biomantle concept formulated by Johnson (1990). A biomantle is a differentiated zone 

in the upper part of soils produced primarily by bioturbation aided by subsidiary processes, where 

subsurface stone lines can occur. They can form, for example, via uprooting under an open woodland 

on a stable geomorphic surface (Johnson, 1990, pg.89, Fig.5), but in most cases, stone lines were linked 

with subsurface faunal activities, associated with earthworms, termites, ants and gophers (Johnson, 

1990, Johnson et al., 2005, Williams, 2019, Williams et al., 2021). In many parts of the tropics, termites 

and ants are the dominant agents of bioturbation. Under their inexorable and relentless 'bio-sorting' 
the stones are slowly displaced from the surface downward and become concentrated as the 

ubiquitous basal stone layer of tropical soils (Johnson, 1990, Johnson et al., 2005, Smith et al., 2020, 
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Williams, 2019). Therefore, the stone line in pit PA_10-M could have been formed by bioturbation. 

Additionally, Nehren et al. (2013), in their study from the Brazilian tropics, suggest that the formation 

of stone layers by bioturbation can only occur under open grassland or savannah vegetation, because 

the dense and relatively deep root system of rainforests prevents stone layer formation. Their study 

and others imply that stone layers may provide a climate-genetic interpretation under certain 

circumstances (Maley et al., 2018, Nehren et al., 2013 and citations therein).  

At this point, it is impossible to reach a discrete conclusion regarding the formation of the stone 

line in pit PA_10-M. Considering the diagnostic criteria for termite stone layers as suggested by Smith 

et al. (2020), the evidence in pit PA_10-M does not satisfactorily fulfill those criteria. For example, 

despite the direct evidence of termite activity in the profile (Figure F1.20, F1.25b), the evidence of an 

overlying fine-grained mantle with the profile fining upwards was not observed. Furthermore, 

substantial evidence of pedogenesis in the form of clay illuviation and mineral authigenesis was 

observed underneath the stone line, not above it as indicated by Smith et al. (2020). It might be that 

the stones in the pit PA_10-M are the remains of some other structure used in an Indigenous open 

camps in the past, such as a support for a sleeping platform or similar (e.g. Wesley et al., 2018). On 

the other hand, it might be a combination of processes, such as a cracked rock slab where individual 

pieces were parted and moved downward by the weight of the accumulating sediment as well as 

bioturbation. Additional field inspection might provide interesting insights. 

1.4.1.3	 10Be	cosmogenic	nuclide	evidence	

The 10Be cosmogenic nuclide results provide information about the sediment deposit and 

dynamics Outside GS1. The three rock samples, when compared, showed the lowest 10Be 

concentration in the deepest bedrock sample PA_10-M-BR (170 cm) (Table T1.3, Figure F1.33, Figure 

F1.15a,b). This is consistent with cosmic ray bombardment being the strongest at the surface. 

Therefore, samples at increasing depth will contain progressively decreasing nuclide concentrations, 

according to the normal attenuation of cosmic radiation (Anderson et al., 1996, Repka et al., 1997). 

Thus, the 10Be concentration should be the highest in the exposed surface rock sample GS1-SR (Figure 

F1.33, Figure F1.15c,d). Yet, the 10Be concentration was the highest in the bedrock sample C_1-CR-BR 

collected at a depth of 85 cm in pit C_1-CR (Table T1.3, Figure F1.33, Figure F1.15e,f). This result 

suggests that the GS1-SR location, which is currently exposed, was once protected from cosmic ray 

bombardment by over-burden that is not now present. Additionally, the site that experienced the 

most intense cosmic ray bombardment and remained closest to the surface for the longest duration 

is the buried bedrock site C_1-CR, located at a depth of 85 cm.  
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In the calculation procedure for obtaining exposure ages and denudation rates the basic 

assumption is that the surface has not been buried since exposure (section 1.3.4). This is even though 

two of the three measured rock samples are now buried, i.e. sample C_1-CR-BR under 85 cm and 

sample PA_10-M-BR under 170 cm of sediment. Under this assumption, the measured nuclide 

activities imply that the sample with the highest 10Be concentrations will reflect the highest (longest) 

minimal exposure age. According to the calculations, the bedrock sample C_1-CR showed an exposure 

age of 69.3±4.4 ka, followed by the surface bedrock sample GS1-SR 56.1±2 ka and the pit bedrock 

sample PA_10-M BR 49.7±1.5 ka (Table T1.3). Uncertainties included, there is approximately 20±5 ka 

difference between the highest and the lowest minimal exposure time. These results imply a similar 

exposure history for all three bedrock locations (GS1-SR, C_1-CR-BR and PA_10-M-BR). All three 

locations exhibit similar exposure times and short, relatively recent burial events; short and recent as 

understood in terms of geology and the production of 10Be cosmogenic nuclides. Following these 

results, the bedrock outside GS1 has been exposed to cosmic rays on the surface or buried under 

shallow sediment for roughly 70 ka. 

The calculated denudation rate range, 8.5–11.3 mmka-1 (Table T1.3), aligns well with 

denudation rates reported in analogous, semi-arid and arid environments in Australia and the world; 

for example, in quartzite and sandstone summit surfaces and slopes from Flinders Ranges, South 

Australia (6.3−11.4 mmka-1) (Heimsath et al., 2010, Quigley et al., 2007), in exposed sandstone 

surfaces from Tin Camp Creek, Arnhem Land, north Australia (6.3−11.4 mmka-1) (Heimsath et al., 

2009), in basalts in northwest (NW) Tibet (11 mmka-1) (Kong et al., 2007) and in sediments and surface 

clasts from the Namib desert in Africa (5−16 mmka-1) (Fujioka and Chappell, 2011). The rates are 

consistent with the median denudation rates (14.5 mmka-1) measured along the East Australian 

passive continental margin (Codilean et al., 2021). These rates are similar to those found in other post-

orogenic, tectonically-passive landscapes with a calculated global median of 12.4 mmka-1 (Codilean et 

al., 2021) and generally indicate a slowly eroding landscape (Fujioka and Chappell, 2011, Kong et al., 

2007). Kong et al. (2007) compared the low denudation rates from their study in arid NW Tibet with 

various arid regions worldwide that, on the contrary, exhibited high denudation rates, such as ~30 

mmka-1 or even >500 mmka-1 (Foster et al., 1994). They found out that those regions were all 

tectonically active. Furthermore, very high denudation rates (>3000 mmka-1) were determined at their 

study location in arid NW Tibet during an earlier, tectonically intense stage in the Early Pliocene (Kong 

et al., 2007). Based on these findings, they concluded that tectonic activity plays a more significant 

role in modifying denudation rates than climate shifts. A similar argument was proposed previously 

by Lal et al. (2003), Bierman and Nichols (2004) and Riebe et al. (2001) in their studies on landscape 

changes worldwide. 
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The argument that low denudation rates are related to low tectonic activity aligns relatively well 

with the current state at the Outside GS1 sampling location. Particularly considering the geomorphic 

and geological evolution of the region (Karumba Basin, section 1.1.1.3), which is currently 

experiencing the passive part of the evolution cycle with diminished tectonic activity and reduced 

relief. Codilean et al. (2021) found that denudation rates along the East Australian margin correlate 

with topographic metrics, suggesting that topography exerts the main control on rates of landscape 

lowering in this tectonically passive setting. Considering the calculated maximum denudation rates 

Outside GS1 and the calculated minimum exposure times (Table T1.3), it can be inferred that it takes 

approximately 51 ka for 500 mm of rock to be 'released into the surrounding environment through 

denudation'. 

1.4.1.4	 Geomorphic	evidence		

The geomorphic evidence suggests that the GS1 rockshelter and the immediate surrounding 

area are on an erosion remnant, a residual hill (Migoń et al., 2020). The GS1 outcrop is a dissected and 

deeply weathered residual outcrop of Jurassic Hampstead sandstone, crisscrossed by numerous cracks 

and joint lines (Figure F1.18). These have been subjected to solution weathering as subsurface and 

surface processes, producing deep openings along the major drainage lines, like those shown in 

outcrops in Figure F1.2a. Between these erosion lines, the bedrock has weathered into the remnant 

flat-topped block outcrop. Micro differences in the composition of the sandstone layers have also 

facilitated differential weathering rates, resulting in the sculpting of the outcrop.  

Exposed plane and smooth bedrock surfaces that were observed on the west and northwest of 

the GS1 outcrop as well as on the south fringe of the Outside GS1 sediment deposits (Pe in Figure 

F1.34) bear resemblance to mantled and bare rock pediments, as described by Twidale (2014), albeit 

on a significantly smaller scale. They are presumably erosion surfaces. Soluble parts were removed by 

dissolution while solid particles were physically detached and then removed by gravitational 

processes, rain wash or the combination of both, exposing a plane and smooth bedrock surface. The 

DEM of the study area in Figure F.34 also shows that a larger portion of the GS1 outcrop is exposed 

on the east side, where it is fringed by steep scarps. In contrast, the middle and west sides are lower 

in elevation, more denuded and covered by sediment. The sediment deposit Outside GS1 expands and 

deepens towards the southwest. Additionally, at the southeast edge of the site a backwaring slope is 

evident, a probable effect of a slope collapse, marked by blue arrows and a dashed blue circle in Figure 

F1.34.
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Figure F1.34: DEM of the study area. Red arrow indicates the GS1 dripline. Purple arrow indicates the scarps on the east edge of the outcrop, blue 
arrows indicate the backwaring slope and the dashed blue circle marks the slope collapse area. Dark brown dots indicate the 10Be cosmogenic nuclide 
sampling locations. Ac-accumulated sediment, Cs-collapsed slope, Ouc-outcrop, Pe-plane bedrock exposures, Sc-scarp, Sp-sand plain. The X-X' white dashed 
line marks the profile used to describe the scenario in Figure F1.35. 
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Changes in local geomorphology resulting from slope collapse and backward erosion, can have 

significant impacts on the morphology and formation processes of a site. However, the direct evidence of 

these processes is typically randomly preserved and frequently either removed or deeply buried. Figure 

F1.35 illustrates a reconstruction of a hypothetical cycle of geomorphic events further in the distant past 

for the Outside GS1 sampling site. This reconstruction is based on evidence from site morphology, 

geomorphic processes, sediment dynamics and 10Be cosmogenic nuclide data. 

 

 

Figure F1.35: The reconstruction of a hypothetical cycle of geomorphic changes at the Outside GS1 sampling location. 
X-X' dashed line outlines the profile position in Figure F1.35, the red arrow indicates the GS1 rockshelter’s dripline. A: 

~69 ka ago, the escarpment on the southeast edge was higher, forming a rock blockage and the sediment deposit was 
uneven and deeper on the north side, but shallower on the southwest where the bedrock at C_1-CR-BR was exposed. 

The bedrock at PA_10-M-BR and GS1-SR was shielded from cosmic rays. B: around ~56 ka, the southeast escarpment 
margin collapsed, the GS1-SR bedrock was exposed and the 10Be production commenced due to cosmic ray 
bombardment. Gradual reduction of sediment deposit by slope wash and sediment redistribution happened, due to 

changes in site morphology and very likely also changes in climate. C: about ~49 ka most of the bedrock was exposed 
and most of the accumulated sediment removed. The 10Be production commenced also in the bedrock at PA_10-M-BR. 
After the collapsed slope stabilised backwaring began on the exposed slope area. Eventually, the sediment removal 
ceased, and the new accumulation cycle began. 

 

Based on the 10Be calculated exposure times (Table T1.3), approximately 69 ka, ago the escarpment 

on the southeast of the Outside GS1 sampling location (GS1-SR location) was higher, forming a rock 

blockage for the sediment (Figure F1.35A). Most of the Outside GS1 was covered by an uneven sediment 

deposit that was shallower or absent at the southwest where the 10Be cosmogenic nuclide production in 

the bedrock C_1-CR-BR commenced in quantities that allow measurement. The possibility of past 

exposure of the C_1-CR-BR location is also supported by the parallel opening in the bedrock at the 
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fieldwork site (Figure F1.21). Similar parallel openings of various dimensions can be found in outcropping 

sandstone areas around the study area (Figure F1.2a right bottom). The two other locations were shielded 

from cosmic rays, either embedded in solid rock (GS1-SR) or buried under deep sediment (PA_10-M-BR).  

After the slope collapse (Figure F1.35B), the GS1-SR location was exposed at the surface which 

allowed the 10Be cosmogenic nuclide production in the surface rock GS1-SR to commence. The change in 

slope morphology and possible climatic effects set off a gradual reduction in sediment deposit, by slope 

wash or wind blow, causing a redistribution of the sediment in the study area. 

Over time, the collapsed material stabilized at the slope bottom and the backward erosion began 

on the exposed slope area (Figure F1.35C). At the Outside GS1 location, much sediment was removed and 

accumulated sediment was limited to the lower parts of existing depressions. Much of the bedrock was 

exposed and the 10Be cosmogenic nuclide production commenced in quantities that allow measurement 

also in the bedrock at location PA_10-M-BR, which is today covered by 170 cm of sediment. After some 

time, a new cycle of accumulation eventually began. Before reaching its current state, additional sediment 

redistribution likely occurred Outside GS1 throughout millennia, influenced by gravitational processes and 

climatic conditions. 

The depths of pits and auger holes at the Outside GS1 sampling location (Table T1.1) enable the 

delineation of the distribution of bedrock in the subsurface, as shown in Figure F1.36. Only the pits and 

auger holes excavated by Zega’s team (Table T1.1, purple circles in Figure F1.11) were included because 

they were dug all the way to the bedrock. The test pits excavated by Wallis’s team in 2008 were not dug 

to the bedrock, but to a defined depth of 120 cm (Table T1.1, blue squares in Figure F1.11); therefore, 

they were not included in the delineation. Figure F1.36 shows that sediment deposit Outside GS1 occurs 

on an uneven and undulating subsurface composed of dipping bedrock layers, bedrock slabs and 

depressions or basins. A general shallowing of the depth from the surface to bedrock occurs as the 

distance from the dripline increases. Beyond 40 m from the dripline, this depth is <50 cm, although the 

results from pit C_1-CR (bedrock at 85 cm 68 m beyond the dripline) indicate that there is also significant 

lateral variation in depth to bedrock. The uneven subsurface suggests the uneven deposition of sediment 

and the potential for post-depositional disturbances to occur. These include sediment mixing caused by 

slipping or washing of sediment from higher bedrock levels into depressions. 
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Figure F1.36: Top: undulating and uneven subsurface bedrock of the sediment deposit Outside GS1 
demonstrated in depth profile of pits and auger holes in relation to distance from the GS1 dripline. 
The orange dashed line connects the auger holes on the east line, the green dashed line connects 
the pit and auger holes on the west line of the sampling locations. Bottom: the locations of the two 
pits and ten augers on field linked by the east and west contour. Note: due to pit C_1-CR off-set 
position and peculiar bedrock opening at 85 cm it could not be connected to the two lines. Its 
structure, however, along with the two constructed contours confirms that the subsurface bedrock 
is dipping towards the west and that the sediment cover is thickening in the same direction. 
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In summary, the non-archaeological sediment deposit at the Outside GS1 site originated in situ by 

rock denudation and ex-situ by movement of colluvium derived from the weathering of adjacent outcrops 

and scarps. The sediment Outside GS1 has been deposited, redeposited and redistributed through time 

by gravitational movement, slope wash and bioturbation. The findings indicate a complex and dynamic 

setting despite the missing evidence. The area most likely experiences periods of sediment stripping and 

periods of accumulation of sediment at unknown intervals. The Outside GS1 location has been exposed 

to these geomorphic events for approximately 70 ka at least, as determined by the cosmogenic ray 

exposure age calculation. A visual summary of the results obtained in this study from the Outside GS1 

location is provided in Figure F1.37. To conclude, estimating the chronology of sediment accumulation 

Outside GS1 will provide information about when the last stripping event ended and consequently, when 

the current cycle of sediment accumulation began (refer to Chapter 2 of this thesis). 
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Figure F1.37: A visual summary of this study. Left side, the outline of the GS1 with the dripline. To represent the colour of sediments in pits the Munsell chart colours 
were transferred in RGB. The general particle size distribution is shown in form of pie charts only for auger holes and Norman River terraces due to transparency 
reasons. They exhibit the general trend. Note the stone line in pit PA_10-M, the root and termite post-deposition disturbances and the uneven subsurface bedrock as 

shown by pits and auger holes. Also note the default depth 120 cm of pits TP01-05, apart from TP04 (~100 cm). Due to its position (side-behind GS1) PA_11-M is 
missing. 
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1.4.3	 Norman	River	site		

1.4.3.1	 Stratigraphic	and	sedimentological	evidence	

The sedimentological analyses of the Norman River stratigraphic units demonstrate that the 

sediments originate from the main bedrock that constitutes the wider area, the Jurassic Hampstead 

sandstone. Recapping, four stratigraphic units, A, B, C and D, were identified from the exposed terraces 

in a meander bend at the Norman River site, out of which the uppermost A and the lowermost D units 

consisted of loose sand, whereas the two middle units B, C of hardened sediment (section 1.3.3.1, Figure 

F1.28). The upper units were reddish to strong brown, while lower units exhibited pale colours. According 

to Ollier (1988), the weathering profiles can usually be divided into two major zones: the upper, 

unsaturated zone and the lower zone, which is saturated with groundwater. These correspond to a red, 

oxidized upper zone, and a pale white to green reduced zone. The top of the saturated zone is the water 

table, the level of which may fluctuate with storms, with seasons, or in response to longer term changes 

in climate. At the Norman River site unit C likely marks the level of the former saturated zone. This would 

explain the distinct change in colour between units B and C. 

At least periodically, water-saturated and reduced conditions at the Norman River site are also 

confirmed by redoximorphic features−mottles and low chroma colours, visible in the field with the naked 

eye, as well as under the microscope (Figures F1.28, F1.29, F1.32). Redoximorphic features are formed by 

reducing, translocating and oxidizing iron and manganese compounds in the soil after water saturation 

and desaturation (Soil Science Society of America, 2001, Vepraskas, 2015). For redoximorphic features to 

form, specific conditions have to be established: (i) saturation of soil or sediment with stagnant, anaerobic 

(oxygen-depleted) water, (ii) presence of sufficient organic matter (e.g. from root exudates) and 

microorganisms (bacteria), and (iii) soil or sediment temperatures above biological zero (5oC) to allow 

biological activity (Vepraskas, 2015, Vepraskas and Vaughan, 2016). It is not unusual that different types 

of features may be found in the same unit, thus reflecting past and current hydrology (Stoops et. al, 2018 

and citations therein). The redoximorphic features in this study suggest higher river water levels and 

alternating conditions between periods of stagnant water and desiccation. Floodplain alluviation probably 

caused occasional water saturation and reduced conditions in sediment layers.  

Stratigraphic and redoximorphic evidence indicates that the water levels were higher in the past. 

The processes that accumulated the Norman River stratigraphic units were fluviatile, sediment particles 

were subjected to fluvial transport and fluvial deposition. The majority of the particles are subrounded to 
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subangular in shape, indicating that the fluvial transport did not last long enough to round the particles 

fully. 

1.4.3.2	 Geomorphologic	evidence	

Recently, the Norman River has been incising, exposing the studied profile in the meander bend. 

The site geomorphology, however, shows that prior to incising, the river was aggrading. The observed 

river terraces, palaeochannel and tributary channel (section 1.3.1, Figure F1.19) all provide evidence of at 

least one antecedent phase of river aggradation. The field survey showed that these two channels are no 

longer active, regardless of the wet or dry season. Only a few signs of occasional water flow were found 

in the tributary channel, disappearing into sediments after a short distance.  

Since the Norman River has been incising, the stream channel has lowered. The sediments 

deposited during the period of aggradation have been exposed as terraces, described in this study as 

stratigraphic units A, B, C and D. Additionally, the lowermost stratigraphic unit D exhibited a difference in 

particle size distribution pattern compared to A, B and C units at the Norman River site (Figure F1.31). 

Compared with other units, the particle size distribution pattern in unit D shows a higher contribution 

from the finer component (silt), suggesting a lower flow strength. This indicates that the strength of the 

Norman River flow was lower during the deposition of the lowermost unit D. Then, it increased during the 

deposition of units C, B and A until a shift in the river’s dynamics occurred from aggrading to incising.  

A fluvial terrace represents the former floodplain of a river that was abandoned when the river 

incised to a lower level (e.g. Bull, 1990, Charlton, 2007, Harden, 2004, Schumm, 1977). The surface of the 

former floodplain is known as the terrace tread, while the slope that rises to the tread is generally referred 

to as the terrace scarp, berm, or riser (Ritter et al., 2002). Geomorphologically, the Norman River profile 

matches a fill-cut terrace or cut-in-fill terrace form, as described by Larson et al. (2015, Figure 6.B, p.422) 

or Schirmer (2020, Figure 21.(b), p.17). A stream valley is initially filled with alluvium, a period of floodplain 

formation, followed by a subsequent incision of the stream channel into this floodplain (Figure F1.38). In 

this formation type, the highest terrace in a valley filled with alluvium, called a fill terrace, is depositional 

in origin, whereas fill-cut terraces are inset within this fill terrace and are erosional in origin, representing 

further incision events (Larson et al., 2015, Oshebi et al., 2017, Schirmer, 2020). Thus, the fill-cut terrace 

is classified as an erosional terrace (Schirmer, 2020). At the Norman River site the highest terrace is 

represented by the paleochannel (unit A) and the other stratigraphic units (B,C and D) represent the fill-

cut terraces.  
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Fluvial fill-cut terraces represent sites of transient sediment storage along river channels and are, 

therefore, an important component of the sediment-routing system (Allen, 2008). They are generated by 

variations in river-bed elevations due to sediment deposition followed by river incision into the formerly 

deposited sediments (Bull, 1990). In palaeoenvironmental reconstruction, changes in river dynamics, 

namely aggradation and incision, tend to reflect changes in water discharge and sediment load at the 

upstream end of the river (e.g. Buffington, 2012, Lane, 1955) or changes in river base level at the 

downstream end (e.g. Merritts et al., 1994, Shen et al., 2012).  

 

 

 

Figure F1.38: Fill-cut terrace form after Larson et al. (2015). 
It is considered an erosional landform. 

 

Tofelde et al. (2019) tested three potential mechanisms of fill-terrace cutting and sediment export 

in connection to changed conditions: (1) an increase in water discharge (Qw), (2) a reduction in sediment 

load (Qs,in), and (3) a fall in base level. They used a set of seven physical experiments in a braided channel 

system in non-cohesive sediment. The results showed that an increase in Qw, a decrease in Qs,in or a drop 

in base level, would trigger river incision and terrace cutting combined with an instantaneous reduction 

in channel width (Tofelde et al., 2019). At the Norman River site, one or a combination of two of these 

changes are responsible for initiating the shift in Norman River dynamics from aggradation to incision. An 

increase in the length and intensity of the monsoon season could have resulted in higher water discharge 

in the Norman River. On the other hand, a decrease in rainfall due to a weakened monsoon could have 

led to a reduction in sediment supply at the upstream end. However, more research is necessary to 

investigate which condition(s) are responsible for the change in dynamics of the Norman River. This would 

provide a much better understanding of past and present environmental conditions at the local and 

regional levels. This thesis returns to these issues in the following chapters (refer to Chapters 2 and 3). 
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Abstract	

Chronology is fundamental to palaeoenvironmental reconstruction. It bridges the gap between 

geomorphologic/sedimentologic evidence and the timing of environmental change. Palaeoenvironmental 

reconstructions from terrestrial sediments in open savannah contexts are rare in Australia because their 

stratigraphic evidence is often fragmented, post-depositionally mixed and generally incomplete. In 

contrast to lake or swamp deposits, establishing a reliable chronology of events from terrestrial sediments 

at open sites remains an experimental process with an uncertain outcome.  

This study establishes a geochronological framework for terrestrial, non-archaeological open-site 

sediments deposited outside the Gledswood Shelter 1 (GS1) site, beyond the shelter dripline. GS1 is an 

archaeological rockshelter located inland in semi-arid tropical savannah near the Norman River in North 

Queensland, Australia. Two sampling locations were selected for this study: 1) the non-archaeological 

open-site sediment deposits which extend south-southwest beyond the GS1 dripline and are referred to 

as 'Outside GS1', and 2) a river terrace exposure along the nearby Norman River referred to as the 

'Norman River site'. We used single-grain optically stimulated luminescence (OSL) dating of quartz grains 

and Accelerator Mass Spectrometry (AMS) radiocarbon dating of two fractions of charcoal (macro-

charcoal and SPAC-Stable Polycyclic Aromatic Carbon), to develop a chronology for selected sediment 

sequences. Altogether, sediment samples from five pits, one auger hole and two river terraces were 

measured. In addition to age estimation of the selected sediment sequences, we also investigated the 

reliability of the applied methods and the degree to which the results are in accord across techniques.  

The OSL results from the open-site deposit Outside GS1, in general, indicate that sediment has been 

accumulating for at least 15 ka. However, the presence of quartz grains older than 50 ka in some samples 

indicates that some of the sediment pool is at least that old. The equivalent dose (De) distribution graphs 

from Outside GS1 samples showed substantial scatter. Therefore, statistical models were applied, to 

reduce the scatter and obtain a more reliable chronological result. The De distribution graphs and 

evidence obtained through fieldwork were used to identify the most likely agents of scatter, 

predominantly attributed to post-depositional sediment mixing caused by bioturbation, specifically 

termite and plant activity. The radiocarbon (14C) ages obtained from macro-charcoal samples at the 

Outside GS1 sampling site conformed with OSL results. In contrast, the ages obtained from SPAC were 

inconsistent. The oldest date obtained from SPAC is ~5 ka, which proved to be substantially younger 

compared to ages obtained with OSL dating. Overall, the 14C results obtained from SPAC in this study 

question the applicability of this fraction for dating in field settings where significant mobility and mixing 
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of fine material can occur. The oldest terrace age estimation is ~40 ka at the Norman River site. The De 

distribution graphs showed less scatter suggesting that less post-depositional mixing occurred in 

sediments at the Norman River site.  

The OSL and macro-charcoal 14C dating results were applied to build an age-depth model for the 

non-archaeological open-site sediments outside GS1 and the sedimentation rates were calculated. Based 

on calculations sedimentation rates were noticeably lower during the early to mid-Holocene than in the 

late Holocene, which might indicate climate change.  

This comparative dating attempt provided valuable insights into the performance of the methods 

used, the complexity of disturbance in terrestrial sediments at open sites and how these complexities 

affect dating results. It also has implications for future studies conducted in analogous environments with 

similarly complex histories. 

2.1	 Introduction	

Terrestrial sediments in open savannah contexts cover a vast area of northern Australia. They 

contain important records of Australian climate and human prehistory, but they are notoriously difficult 

to date. The majority of chronologies for tropical Australia are derived from rockshelter contexts (e.g. Bird 

et al., 2002, Clarkson et al., 2015, David et al., 2007, O'Connell and Allen, 2004, O'Connor, 1995, Roberts 

et al., 1998, Wood et al., 2016), followed by records from marine cores (e.g. Dunbar et al., 2000, Holbourn 

et al., 2005, Jorry et al., 2008, Linsley et al., 2010, Martıńez et al., 1999, Moss et al., 2017, Spooner et al., 

2011, Stott et al., 2007, van der Kaars and De Deckker, 2002), lake sediments (e.g. Rivera-Araya et al., 

2022, Rowe et al., 2019, Shipton et al., 2021), fluvial terraces (e.g. Croke et al., 2011, Jones et al., 2003, 

Murray et al., 1992, Nanson et al., 1991, 1993, 2005, Nott and Price, 1994, 1999, Nott et al., 1996, Veth 

et al., 2009) and sand dunes (Hutton et al., 1984, e.g. Lees et al., 1990, 1992, 1995, Shulmeister and Lees, 

1992). However, most of the available records focus on coastal areas and the wet parts of the tropics, 

neglecting the large semi-arid interior. Bridging this gap is not a straightforward process.  

Rockshelters represent a focal point of Quaternary research in Australia and the main sites for 

establishing chronologies for the peopling of Sahul (O'Connell and Allen, 2004, 2015, O’Connell et al., 

2018). The obtained chronologies are, however, confined to the interior space of the rockshelters and 

typically do not extend to locations beyond the dripline. Areas surrounding rockshelters, where sediment 

records can potentially provide additional information, present an opportunity to establish new open-site 
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chronologies. These can subsequently be linked to chronologies from rockshelters, thereby contributing 

more fully to our understanding of change in the semi-arid interior of northern Australia.  

This study describes an attempt to establish the chronology of non-archaeological open-site 

terrestrial sediment deposits from the area surrounding an archaeological rockshelter. The Gledswood 

Shelter 1 (GS1; see Wallis et al., 2009) is a rockshelter located in the semi-arid inland of North Queensland, 

with sandy sedimentary deposits contiguous with, and expanding southward from, the dripline (Figure 

F2.1). The area is covered by a typical Australian savannah. The geography is given in the introduction 

(Chapter I.2A,B) and the geologic and geomorphic settings of the site are examined in Chapter 1. 

 

 

Figure F2.1: Aerial image showing the Gledswood Shelter 1 (GS1) site and the adjacent sediment deposits. The 
dashed line marks the non-archaeological sediment deposits expanding southward beyond the GS1 dripline, the red 
arrow points to the dripline; at the bottom right the reference scale for the image. The maps on the right show the 
location on a bigger scale. 

 

In these field settings, sediments tend to have an unknown history of stability and disturbance. 

Dating the sediments is challenging and selecting the most suitable method does not ensure a reliable 

outcome. Each of the dating methods currently employed in Quaternary research has its own distinctive 

set of limitations, leading to uncertainties in interpretation (Lowe and Walker, 2015). Given the 
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characteristics of the study area, i.e. quartzose sandy deposits (see Chapter 1), we used the single-grain 

optically stimulated luminescence (OSL) of quartz grains and radiocarbon dating of charcoal to develop a 

geochronological framework for the sediment sequences. We applied a two-method approach to cross-

check the results, investigate the reliability of chosen methods in this field setting and observe the degree 

to which the results are, or are not, in accord across techniques. The following paragraphs provide a brief 

insight into the general principles, advantages and constraints of the two dating methods applied to this 

study. 

2.1.1	 Single‐grain	Optically	Stimulated	Luminescence	(OSL)	dating	

2.1.1.1	 General	principles		

Luminescence dating is a geochronological technique used for age determination of Quaternary 

materials, such as soils and sediments from different environmental settings as well as archaeological 

artefacts. It is a set of analytical methods that measure the time elapsed since sediments, more precisely 

quartz and feldspar minerals in sediments, were last exposed to daylight. When sediments are buried and 

protected from sunlight at normal environmental temperatures, the energy in minerals begins to 

accumulate, induced by naturally occurring radioactivity. All sediments contain trace amounts of 

radioactive isotopes of elements, such as potassium (40K), uranium (238U) and thorium (232Th). These slowly 

decay over time. The ionizing radiation they produce is absorbed by mineral grains in sediments, such as 

quartz and potassium feldspar along with cosmic radiation. This charge remains within the grains in 

structurally unstable ''electron traps''. The instant the sediments are exposed to light or heat, for example, 

on the ground surface, the mineral grains emit the energy accumulated during the burial stage in the form 

of a luminescence signal. Once exposed to sunlight or a light/heat emitting body in a laboratory, any 

accumulated luminescence signal within the mineral grains is erased (optically bleached or thermally 

annealed) until completely removed (zeroed) (Preusser et al., 2008). By measuring the energy of the 

emitted luminescence signal, it is possible to determine for how long the mineral grains were hidden from 

daylight and with knowledge of the dose-rate of environmental radioactivity (i.e. background radiation of 

the location where the sample was buried), calculate the time of burial. 

Luminescence methods can be applied to samples ranging in age from a few years to hundreds of 

thousands of years. Therefore they can cover a time interval that encompasses important turning points 

in Quaternary history (Jacobs and Roberts, 2007). Luminescence dating includes thermoluminescence and 

optical dating, for which the principles are the same, the techniques differ in how the luminescence signal 
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is stimulated in the laboratory, i.e. by heat (thermo) or by light (optical). The choice of luminescence 

method depends on the availability of suitable minerals, the time period of interest, and the nature of the 

target event. In this study we used OSL to date quartz grains.  

 

OSL is generally used to determine burial ages for sediments and associated fossils and artefacts in 

the range of ~10 years to ~100 ka for quartz and up to ~300 ka for feldspar (Aitken, 1998, Athanassas 

and Wagner, 2016, Duller, 2004, Jacobs and Roberts, 2007, 2015, Preusser et al., 2008, Roberts et al., 

2015). The OSL age equation consists of two parts (1): 

(1) 

𝐴𝑔𝑒 ሺ𝑘𝑎ሻ ൌ  
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑜𝑠𝑒 𝑫𝒆 ሺ𝐺𝑦ሻ ∗

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑜𝑠𝑒 𝑟𝑎𝑡𝑒 𝑫𝒓 ሺ𝐺𝑦 𝑘𝑦𝑟ିଵሻ
 

 
* Gy is Gray, where 1 Jkg-1 = 1 Gy 

 

The numerator De represents the energy stored by the mineral grains since they were last exposed to 

sunlight. The denominator, Dr, is the rate at which the radiation energy was supplied, i.e. the background 

radiation in the material surrounding the grains to a distance of around 30 cm. The numerator (i.e. stored 

energy) is termed the Equivalent dose (De), it is measured in the laboratory and reported in Gray (Gy), the 

international unit for absorbed dose (Jacobs et al., 2022). The denominator (i.e. the rate at which the 

energy is supplied) is referred to as the Environmental dose (Dr) and reported as Gy/ka (Grays per 

thousand years) (Jacobs et al., 2022).  

2.1.1.2	 Environmental	dose	rate	Dr	

Dr represents the rate of inducing radioactivity from all the radiation sources to the grains from the 

surrounding material over the same time span (Roberts et al., 2015). These sources are (Figure F2.2):  

a) Internal: alpha particles (α−radiation) emitted by radioactive inclusions internal to the grains, 

b) External: the beta particle (β–radiation) and gamma-ray (γ–radiation) dose rates emitted by the 

decay of natural uranium (238U), thorium (232Th) and potassium (40K) from neighbouring grains, 

and  

c) Cosmic: protons, neutrons, electrons, muons, etc.−particles reaching the Earth’s surface from 

space.  

 

There are three ways to determine the Dr: 

a) measuring directly in the sediment using dosimeters,  
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b) measuring alpha, beta and gamma dose rates using radiation counting devices and  

c) measuring the relevant nuclides activity and/or concentration and estimating the Dr using well-

established conversion factors (Adamiec and Aitken, 1998, Preusser et al., 2008, Roberts et al., 

2015).  

In practice, most laboratories use the last c) approach.  

 

 

Figure F2.2: Different types of ionizing radiation. A-internal; B and C-external from 
neighbouring grains; D-cosmic. Note: the difference in the impact range for different 
radiation (A,B,C) as well as the impact of cosmic radiation (D) at different field settings, e.g. 
a rockshelter’s roof shielding the sediments from the impact of cosmic radiation and the 
decrease of cosmic radiation with depth (from: Jacobs et al., 2022, 66) 

 

Lastly, interstitial water in the sediment deposit absorbs some radiation energy that would 

otherwise have reached the grains (Aitken, 1985). Therefore, an estimate must be made of the sample 

water content integrated over the entire burial period, usually by measuring the water content in the 

modern sample. Some uncertainty is assigned to each estimate, sufficient to adequately cover the 

fluctuations in the mean water content over the investigated time span (Roberts et al., 2015). In most 

cases, the Dr is constant. 
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2.1.1.3	 Equivalent	dose	De		

De represents the sum of the radiation energy the surrounding material accumulated in mineral 

grains while buried and shielded from light. Mineral grains store energy in the form of an increasing 

number of electrons trapped at defects in their crystal structure. The number of trapped electrons 

increases over time due to induced radioactivity. Light sensitive traps can be bleached (zeroed) in a few 

seconds when the mineral grains are exposed to light again. This way, the OSL 'clock' is reset upon 

exposure to light (Figure F2.3).  

 

 
Figure F2.3: Principles of luminescence dating; (a) Luminescence is acquired in mineral 
grains with exposure to ionizing radiation and trapping of electrons (b) The luminescence 
for grains is bleached by exposure to sunlight with erosion and transport (c) With burial 
and exposure to ionizing radiation free electrons are stored in charge defects within grains 
crystal lattice (d) Further light exposure of grains with erosion and transport bleaches the 
luminescence (e) The grains are buried again and luminescence is acquired with exposure 
to ionizing radiation (f) Careful sampling without light exposure and measuring of the 
luminescence signal in the laboratory will yield a De (from: Mellett, 2013) 

 

When quartz or feldspar grains are exposed to sunlight or photon stimulation in the laboratory, the 

electron traps are quickly depleted by giving a rise to an emitted OSL signal. De is, therefore, a measure 

of the energy stored since the traps were last emptied by sunlight. The released OSL signal must be 

converted into a reliable estimate of De to obtain useful information about the burial age of mineral 

grains.  

2.1.1.3.1 Single-grain vs. Single-aliquot and Multi-aliquot procedures 

The procedures to estimate the De have changed over time. Early procedures in the 1990s involved 

taking measurements of the OSL signal from many subsamples, or aliquots, of each sample and then 

combining the measurements to obtain a single estimate of De (Duller, 2008). This is known as the multi–
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aliquot procedure, where an aliquot is a sample of grains mounted on a disk. The disadvantage of this 

method is that it cannot distinguish between well-bleached and insufficiently bleached samples. The latter 

can result in an age error, particularly in depositional environments where not all the mineral grains were 

exposed to daylight long enough for any pre-existing signal to be zeroed, such as rivers, glaciers or 

archaeological deposits (Duller, 2004, 2008, Hu et al., 2019, Jacobs and Roberts, 2007, Roberts, 2008). For 

this reason, the multiple-aliquot methods have eventually been replaced by single-aliquot methods.  

In a single-aliquot procedure all the measurements necessary to determine De are undertaken 

using a single subsample or aliquot (Jacobs and Roberts, 2007). This approach allows the generation of 

replicate measurements of De for the same aliquot, thereby facilitating the recognition of sample 

contamination or inconsistency. The aliquot size can vary from tens to hundreds to thousands of grains, 

referred to as micro-, small, medium and large single-aliquot, respectively.  

The single-grain OSL technique is a version of the single aliquot method where an aliquot is an 

individual grain and the De is estimated from the OSL signal produced by a single-grain. Single-grain OSL 

dating, of quartz grains in particular, is widely used for dating sediments. Intrinsic advantages of single-

grain over any other luminescence dating method are especially important when dealing with partially 

bleached samples and those affected by post-depositional mixing. The measurement of single grains 

maximizes the probability of finding those that had been bleached at deposition, significantly improving 

the precision of a sampler’s final age estimate (Olley et al., 1999). 

Finally, once De and Dr are estimated, the optical ages are calculated with equation (1) in calendar 

years and more precisely in sidereal years. There is no need for subsequent calibration, such as that 

required to convert radiocarbon years to sidereal years (refer to section 2.1.2.4).  

2.1.2	 Radiocarbon	dating	

Radiocarbon dating uses the decay of a radioactive isotope of carbon (14C) to date objects 

containing carbon-bearing material. Due to the 14C half-life, it applies to a small proportion of Quaternary 

time, to the last 55 ka BP, but it has been the most widely used of all radiometric techniques. 

2.1.2.1	 General	principles		

14C atoms are continually produced by secondary cosmic rays in the upper atmosphere. Free 

neutrons from nuclear reactions in the upper atmosphere collide with other atoms and molecules. One 

effect is the displacement of protons from stable nitrogen (14N) atoms to produce 14C atoms (Figure F2.4). 

14C atoms are rapidly oxidized to carbon dioxide (CO2) and mixed with other CO2 molecules throughout 
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the atmosphere. These molecules are absorbed by the ocean and assimilated by living organisms to 

become part of all organic and inorganic carbon-bearing materials. Once fixed in the organic tissues of 

plants via photosynthesis and in animal tissues through the food chain, the 14C concentration used to build 

new tissues will be in isotopic equilibrium with the contemporary atmosphere (environment) for as long 

as the organism is alive (Libby et al., 1949). This means a steady state exists for the organism’s lifetime 

between the 14C uptake and decay, whereby 14C decays back to stable 14N by emitting a ß-particle 

(electron) (Figure F2.4).  

Upon death, the uptake from the environment stops and the only remaining process is the ß - decay 

of 14C within the organic tissues, thereby starting the radiocarbon clock (t0). As the initial 14C content 

decays with a half-life of 5730±40 (t1/2) years, the remaining content 14C provides a measure of time 

elapsed from death (t0) (Hajdas et al., 2021, Lowe and Walker, 2015). Given the 14C half-life rate, the simple 

limit to radiocarbon dating is from 500 to approximately 55,000 years, before and after these, there is not 

enough radioactivity to be measured. Originally, the half-life of 14C calculated by Libby, who developed 

the method, was 5568±30 years but was subsequently more accurately determined as 5730±40 years. 

However, because a large number of 14C dates were published before the new half-life determination, 

Libby's value for the half-life is used to maintain consistency with early radiocarbon testing results. This is 

corrected during conversion to calendar ages (refer to section 2.1.2.4). This is the base for age 

determination using the radioactive carbon isotope 14C. 
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Figure F2.4: Life cycle of 14C; Formation of 14C atoms from 14N induced 
by cosmic radiation their incorporation (absorption) into living 
organisms and eventually decay to stable 14N by emission of ß-
particles (image from: Blog, 2013) 

 

2.1.2.2.	 14C	measurement	techniques	

In the atmosphere, the 14C content is the lowest, compared to the other two stable carbon isotopes 

(12C and 13C). Most of the carbon on Earth accounts for 12C (98.9 %), while the 14C/12C ratio is approximately 

10-12, in other words, for every one trillion atoms of 12C in a living organism, there is only one atom of 14C 

(Hajdas et al., 2021, Lowe and Walker, 2015). Therefore, extremely sensitive equipment is required to 

detect the remaining 14C activity in organic materials. For this, two approaches are used:  

a) ß−counting techniques, which involve the detection and counting of ß emissions from 14C atoms 

over a period of time to determine the rate of emissions and hence the activity of the sample, and  

b) Accelerator Mass Spectrometry (AMS), which uses particle accelerators as mass spectrometers to 

determine the isotope ratio of 14C relative to that of the stable isotopes of carbon (14C /12C or 

14C/13C). The age is then determined by comparing this ratio with a standard of known 14C content.  
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The AMS technique was demonstrated in 1977 (Bennett et al., 1977, Nelson et al., 1977, Purser et al., 

1977) and is today the most used technique in radiocarbon analysis. It resulted in much shorter 

measurement times, from days to tens of minutes, and reduced sample material, from grams to 

micrograms of carbon. Figure F2.5A shows a figurative representation of the AMS radiocarbon analysis 

process and AMS instrumental set-up.  

 

 

Figure F2.5: AMS radiocarbon analysis procedure and instrumentation. Carbon bearing samples are first pretreated 
according to the sample specifics. The purified material is combusted to CO2, which is then either graphitized or, when 
microgram sized (gas in source, GIS), transferred directly into the sputtering ion source of the accelerator 
system−AMS. The AMS system consists of the following parts: an ion source that generates negative ions, electrostatic 
analysers (ESAs) that bend the ions’ trajectories depending on their energy to charge ratio, a low-energy magnetic 
analyser (Magnet I) which separates pre-accelerated ions, a high voltage stage (stripper) that brakes up molecules 
and changes the charge of ions from negative to positive, a high-energy magnetic analyser (Magnet II) that separates 
molecular fragments from the required 14C and the stable carbon isotopes, and a detector (Faraday cup−FC) where 
the stable carbon isotopes are measured. The second ESA is used for further filter atomic ions allowing detection of 
14C by single ion detecting techniques. Obtained isotope ratios are compared with those from reference materials 
analysed under the same measurement conditions in order to calculate the normalised fraction of 14C (F14C) and 
radiocarbon age. (adopted from: Hajdas et al., 2021)   

 

2.1.2.3	 Sources	of	error	in	radiocarbon	age	determination		

In radiocarbon dating, age determination relies on the assumption that atmospheric 14C 

concentrations have not varied significantly over time. However, this is not the case. Comparisons 

between dendrochronological (tree-ring) chronologies and radiocarbon dating series indicate that 

atmospheric 14C activity has fluctuated markedly in the past, apparently in a quasi-periodic manner 

(Sonett and Finney, 1990). On a longer time scale, comparisons between 14C AMS determinations and 

uranium isotopes on carbonate materials, such as cave speleothems and corals, indicate that radiocarbon 

dates underestimate true age by as much as 3.5 ka at 20 ka BP (BP=Before Present, where present equals 

the year 1950, refer to section 2.1.2.4 for detail), with even greater discrepancies beyond 25 ka BP 

(Hughen et al., 2004). These divergences mean variations in atmospheric 14C production rate as well as 
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fluctuations in Earth’s carbon reservoirs’ exchange rates that impact the radiocarbon dates and should, 

therefore, be evaluated.  

2.1.2.3.1 Changes in atmospheric 14C production rate  

Of particular significance for long-term atmospheric variations in 14C concentrations are the 

variations in the strength of the Earth’s geomagnetic field and changes in the intensity of solar activity 

(Stuiver et al., 1991). For example, a reduction in the strength of the solar wind would enable more cosmic 

rays to enter the atmosphere, increasing 14C production (van Geel et al., 2003). Similarly, palaeomagnetic 

records suggest a close connection between changes in the Earth’s geomagnetic field and 14C production. 

More radiocarbon is produced during periods of low geomagnetic field intensity and less during periods 

of high magnetic field intensity (Muscheler et al., 2005). Changes in the production rate impact the 

exchange of radiocarbon between the Earth’s main carbon reservoirs.  

2.1.2.3.2 Carbon exchange reservoirs: Terrestrial sediments 

On Earth, most carbon is stored in rocks and sediments, while the rest is found in the atmosphere, 

ocean, freshwater and living organisms. They are referred to as carbon exchange reservoirs (Aitken, 2003), 

or sources and sinks, through which carbon cycles. Once the atmospheric 14C is oxidized to CO2 and mixed 

in the atmosphere the exchange with other carbon reservoirs takes place (Figure F2.6). The different 

elements of the carbon exchange reservoir vary in how much carbon they store and how long it takes for 

the 14C generated by cosmic rays to mix with them thoroughly (Figure F2.6). This affects the ratio of 14C to 

12C in the different reservoirs and, therefore, the radiocarbon ages of samples that originated in each 

reservoir (Bowman, 1990). Earth’s carbon exchange reservoirs and fluxes are shown in Figure F2.6. The 

following section focuses only on the role of terrestrial sediments as a carbon exchange reservoir, which 

is relevant to this study. 
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Figure F2.6: Carbon exchange reservoirs and fluxes. Simplified 
preindustrial carbon budget diagram, prior to humans adding significant 
carbon dioxide to the atmosphere. The boxes are reservoirs for carbon, 
numbers associated with reservoirs are in units of Petagrams Pg 
(1015 grams) of carbon stored. The largest reservoir is the lithosphere. 
Part of the organic carbon, the remains of organisms, has accumulated in 
the Earth's crust limestone and coral as well as fossil fuels (coal, gas, and 
petroleum). The arrows on the diagram indicate fluxes (or movement) of 
carbon between reservoirs. Numbers associated with fluxes are in units 
of Petagrams per year (Pg/a). Each flux arrow has a sink and a source 
component. A sink is a removal mechanism and takes carbon out of a 
reservoir and a source is a mechanism that adds carbon to a reservoir. 
Modified from: ATMO336 (UA, 2022). 

 

Sediments, including soils, can contain both organic and inorganic carbon in many different forms 

with many different ages and inbuilt reservoir effects; for example, as fresh organic matter in the form of 

roots and humic acids, as dead organic matter in the form of charcoal and as inorganic carbonate minerals 

(Bird, 2007). Sediments are dynamic systems receiving organic and inorganic carbon over long periods of 

time. Unreliable dates due to contamination can occur because younger or older carbon has been added 

to the sediment sample material due to, for example, bioturbation or infiltration (Lowe and Walker, 2015, 
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pg. 277). The continual addition of carbon throughout the development of a sediment profile means that 

the measured radiocarbon age can result in an average age (Pessenda et al., 1997, 2001). This can prevent 

the establishment of a radiocarbon age for the sediment profile. However, sediments are a complex mix 

of many different components and meaningful results have been obtained in the last decades through 

the application of several inventive approaches. Some of these include dating and comparing different 

organic components from the same profiles (Pessenda et al., 2001), isolating specific fractions to 

determine the rate at which they are cycled (Trumbore and Zheng, 1996), modelling the measured 14C 

content of soil organic matter (Wang et al., 1996) and verifying radiocarbon dates from sediments against 

results obtained from other dating methods (Dalsgaard and Odgaard, 2001, David et al., 2007).  

Pyrogenic	carbon	(PyC),	Charcoal	and	Stable	Polycyclic	Aromatic	Carbon	(SPAC)	in	terrestrial	sediments		

In terrestrial sediments, burnt organic matter is one of the most important materials for 

radiocarbon dating, particularly in savannah environments where fires occur regularly (Bird and Ascough, 

2012, Bird et al., 2015, Conedera et al., 2009, Libby, 1955). Pyrogenic carbon (PyC) is a general term used 

to describe thermochemically altered (pyrolyzed) carbon, derived from the incomplete combustion of 

organic matter during biomass burning and the consumption of fossil fuels (Bird and Ascough, 2012, Bird 

et al., 2015). Other partly equivalent terms for PyC include charcoal, black carbon, soot, char and biochar. 

Rather than a single combustion product, the components that make up PyC form part of a ‘combustion 

continuum’ (Hedges et al., 2000, Masiello, 2004), which represents a wide range of compounds of varying 

reactivity, from lightly charred plant material to highly condensed soot and microcrystalline graphite 

(Figure F2.7) (Bird et al., 2015). We used charcoal and Stable Polycyclic Aromatic Carbon (SPAC) (Figure 

F2.7) as the target compounds from which we obtained ages for sediment profiles in this study. The term 

‘charcoal’ is often used to describe a PyC component of macroscopic material resulting from incomplete 

combustion of woody plant tissue (Bird, 2007). It is highly resistant to decomposition and can persist in 

the environment over millennia (Ascough et al., 2018, Bird and Gröcke, 1997, Cope and Chaloner, 1980, 

Eckmeier et al., 2009, Pessenda et al., 2001, Skjemstad et al., 1996). Whereas SPAC is a highly resistant 

and homogeneous microscopic form of charcoal that forms at combustion temperature range 400–600°C 

(Figure F2.7) (Ascough et al., 2020, Bird et al., 2015, Fig. 3, pg. 281).  

The significant production rate of PyC in fires and its environmental persistence make PyC both 

abundant and ubiquitous in the natural environment (Bird et al., 2015, Coppola and Druffel, 2016, Cotrufo 

et al., 2016, Reisser et al., 2016, Santín et al., 2016). PyC, however, potentially contains all the components 

of the ‘combustion continuum’ (Figure F2.7) and it is extremely unlikely, in the context of its 



105 
 

environmental persistence, that all PyC components will be preserved in the same way in similar natural 

conditions (Ascough et al., 2018, Bird, 2007, pg. 2951). PyC stability is better understood as a 'degradation 

continuum' where the more stable and resistant PyC components, such as some forms of charcoal, 

including SPAC, are likely to persist in suitable depositional environments for longer periods (Ascough et 

al., 2020, Bird et al., 2015). For this reason, charcoal is among the most frequently used carbon-bearing 

materials in radiocarbon dating.  

 

 

Figure F2.7: The combustion continuum used to describe the multiple forms of PyC to be 
found in the environment. The two components used in this study are marked in yellow. 
Note the position of SPAC. Modified after Hedges et al. (2000), Masiello (2004) and 
Schimmelpfennig ang Glaser (2012). 

 

The age of a charcoal fragment does not date a fire event, but the average age of carbon in the 

plant structure (at the time of death) and the time of a fire. The two events often coincide closely, 

particularly in the case of burnt grass or leaves, but not always, for example, in the case of long-dead fallen 

timber where inbuilt age could be several centuries (Eckmeier et al., 2009). In the case of a fire event, all 

organic material exposed to fire is affected, i.e. decaying plants, living plants, previously charred biomass, 

etc. Hence, dating a pool of charcoal particles (macro or micro) delivers a mean age of charcoal in the 

assemblage that is dated. Moreover, charcoal produced during a single fire event is not necessarily found 

in the same sediment horizon. Particles can undergo relocation via physical transport and bioturbation, 

which influences the age distribution in a sediment profile. This is particularly important because charcoal 

dating is often used to reconstruct a chronology of events by stratigraphic association in 
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palaeoenvironmental and archaeological studies. The age of an event or events is deduced from a 

stratigraphic correlation between the charcoal component that is dated and an artefact or a change in the 

sedimentary composition or the stratigraphic superposition. Processes like bioturbation and water 

percolation through a profile can result in vertical translocation of particles with negligible (Pessenda et 

al., 2001) or significant effect on apparent age of a stratigraphic unit (Araujo, 2013, Bird et al., 2002). The 

latter becomes more likely as charcoal particle size decreases and sediment particle size increases (Bird, 

2007). 

Ultimately, the resistance of charcoal to physical, biological and chemical decomposition is 

influenced by several factors. These include the combustion conditions (Baldock and Smernik, 2002), the 

nature of the surrounding environment and charcoal compounds' physical and chemical recalcitrance 

(Krull et al., 2006). They undergo initial surface oxidation that makes them susceptible to decomposition 

(Eckmeier et al., 2009). Over time, the external and internal structures of charcoal will eventually break 

down (Bird et al., 2002, Cohen-Ofri et al., 2006). During the decomposition process, older degraded 

charcoal carbon or inorganic carbon products in the depositional environment (Hockaday et al., 2006) or 

the contamination of micropores in charcoal with younger organic carbon (Alon et al., 2002) can alter the 

14C ages and compromise the reliability of radiocarbon measurements. To ensure that the measured 

radiocarbon activity is directly related to the radiocarbon activity of the sample at the time of death, a 

series of pretreatments need to be applied during laboratory processing (refer to section 2.2.3.2.1) to 

remove younger and older organic and inorganic carbon from the sample. 

2.1.2.4	 Calibration	of	the	radiocarbon	timescale	

Calibration is the final step in radiocarbon dating of a sample. The raw radiocarbon date must be 

calibrated, i.e. converted to 'calendar' or sidereal years. This is because the radiocarbon activity of the 

atmosphere has varied in the past (refer to section 2.1.2.3.1). The age is calibrated using a curve (Hogg et 

al., 2020, Reimer et al., 2020) based on measurements of 14C from samples of independently known age 

appropriate to the sampling location; in this study, for example, to the terrestrial environment in the 

tropical semi-arid monsoonal region of the southern hemisphere. The most widely used technique uses 

Bayesian statistical chronological models available in different calibration software, such as OxCal, BCal 

and MatCal. The calibrated radiocarbon age is referred to in calendar years counted backward from 1950, 

such that 1950 equals 0 cal BP, the time before the nuclear testing (agreed convention based on the 

publication of the technique by Libby (1961)). The accuracy of a calibrated date is limited by the precision 
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of the radiocarbon date, the available calibration data and our knowledge of natural variations in 14C 

(Hajdas et al., 2021).  

2.2	 Material	and	Methods	

2.2.1	 Study	area	

For this study, two sampling locations were selected:  

1. Outside GS1: representing the terrestrial non-archaeological open-site sediment deposits 

expanding south-southwest beyond the GS1 shelter dripline (Figure F2.8), and  

2. Norman River site: representing a profile of river terraces exposed in a meander bend at the 

Norman River, approximately 1.6 km south of the GS1.  

The role of the Norman River site in this study is subsidiary, to obtain general information about 

the ages of the terraces and an insight into the timing of changes in river dynamics from which some 

inferences about hydroclimate can be made. The study area and sampling locations are shown in Figure 

F2.8 and the sample details are summarised in Table T2.1. Dating samples were collected during fieldwork 

in 2019 and 2020. Altogether, 15 samples were selected for OSL and 15 for radiocarbon dating. Both OSL 

and 14C samples were taken at some locations but not in all instances. 
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Figure F2.8: The sampling locations. Top: Outside GS1 sampling site, mix-coloured circles represent 
locations where samples were taken for both OSL and 14C analysis (PA_10-M and C_1-CR); the orange 
circles represent the 14C sampling locations only; the blue circles mark the location where only OSL 
samples were collected, the red arrow points to the GS1 dripline; on the smaller maps right side the red 
dot marks the GS1 area. Bottom: Norman River site where only OSL samples were collected. The metres 
scales belong to the main map in both cases. 
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2.2.2	 Single‐grain	OSL	dating	

2.2.2.1	 Sample	collection	

The study area was initially sampled in May 2019. Based on the preliminary results, financial budget 

and time constraints, two pits and two river terraces were eventually selected for OSL sampling. The 

objective was to capture a range of depths in the sediment deposit expanding south from the GS1 dripline 

(Figure F2.1). The two river terraces were included to obtain general information about the river 

dynamics, i.e. periods of aggradation vs. incising. Sample collection included (Figure F2.7, Table T2.1): 

 Pit PA_10-M, 18.5 m southwest of the GS1 dripline, 12 samples, 

 Pit C_1-CR, 68 m southwest of the GS1 dripline, 1 sample, and 

 River terraces RT_1-CR, at Norman River 1.6 km south of the GS1 site, 2 samples. 

Pit PA_10-M contains homogeneous quartzose sand that constitutes the sandy deposit extending south 

from the GS1 dripline (Figure F2.8). The pit was selected for OSL dating because it was the deepest pit 

Outside GS1 at 172 cm deep. The pit C_1-CR contained the same homogeneous quartzose sand and was 

located the furthest away, 68 m southwest of the GS1 dripline. It was selected to track changes with the 

Table T2.1

Sample ID Sampling Sampling Depth Distance from OSL 14C macro-charcoal 14C SPAC Date of sample
location pit face (cm) GS1 dripline (m) collection

PA_10-M 42 pit NW face 42-43 19 metal tube individual piece July 2020
PA_10-M 50 pit SW face 50-52 " metal tube July 2020

PA_10-M 65* pit SW face and NE 
face 65-67 " metal tube individual piece May 2019 and    

July 2020
PA_10-M 71 pit SW face 71 " individual piece July 2020
PA_10-M 80 pit SW face 80-82 " metal tube individual piece July 2020
PA_10-M 102 pit SW face 100-102 " metal tube bulk sediment July 2020
PA_10-M 120 pit SW face 120-122 " metal tube bulk sediment July 2020
PA_10-M 135 pit SW face 135-137 " metal tube July 2020
PA_10-M 150 pit SW face 150-152 " metal tube July 2020
PA_10-M 160 pit SW face 160-162 " metal tube July 2020
PA_10-M 172 pit SW face 168-172 " metal tube bulk sediment May 2019
C_1-CR 100 pit NW face 100 68 bulk sediment July 2020
C_1-CR 118 pit SE face 118 " metal tube July 2020
C_1-CR 135 pit SE face 135 " bulk sediment July 2020
TP02 40 pit NA 40 20 bulk sediment August 2008
TP02 120 pit NA 120 " bulk sediment August 2008
TP03 60 pit NA 60 30 bulk sediment August 2008
TP05 60 pit NA 60 50 bulk sediment August 2008
TP05 120 pit NA 120 " bulk sediment August 2008

RT_1-CR 124 river terrace - 
Unit A

124 (from 
terrace top) NA metal tube July 2020

RT_4-CR 60 river terrace - 
Unit D

60 (from 
terrace top) NA metal tube July 2020

A_1-CR 15 auger 109 NA bulk sediment July 2020

Sampling details

* three paralel OSL samples were taken for the purpose of reliabilty check
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increasing distance from the GS1 dripline. The river terraces constitute four distinguishable units, out of 

which the topmost (unit A) and the bottommost unit (unit D) were selected for OSL dating (Figure F2.9). 

An accurate description of Norman River terraces is given in section 1.3.3 (Chapter 1). 

 

 

Figure F2.9: OSL sample collection. Top: pit PA_10-M covered by 
tarps during sampling and the south profile−holes on the right are 
from metal tubes. Middle: Norman River topmost terrace unit A. 
Bottom: Norman River bottom terrace unit D, the arrow and the 
circle show the location of the collected OSL samples 

 

OSL samples were collected from the cleaned exposure profile using metal tubes, 2 cm in diameter 

and ~20 cm in length. The sediment deposits in all cases were uniform, without visible stratification and 

the tube diameter was chosen with the possibility of very low accumulation rates in mind. During the 

sampling process the pits were covered with dark tarpaulin and red cling wrap was placed on a head torch 

to prevent the bleaching of the signal. Once collected, the samples were immediately sealed with light-

proof plastic upon extraction. The tubes were filled tight to keep the sediment fill in place and avoid 

mixing. A 15 ml plastic tube of sediment was collected from each sampling hole for Dr determination.  
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Table T2.1 provides sample IDs, pit profiles, and depths below the surface. Figure F2.9 shows sample 

locations from pit PA_10-M's south profile and the Norman River terraces. 

2.2.2.2	 Sample	preparation		

All 15 samples were prepared and measured in the OSL dating laboratory at the University of 

Wollongong in NSW, Australia, following routine optical dating procedures (Aitken, 1998, Wintle, 1997). 

The sediments all consist of quartzose sand, therefore, quartz grains were used for single-grain OSL dating. 

The samples were first sieved for a range of sand-sized grain fractions. Quartz grains of 180−212 µm in 

diameter were recovered and purified using standard procedures. The selected fraction was initially 

treated with 10% hydrochloric acid (HCl) for carbonate removal and subsequently with 10% hydrogen 

peroxide (H2O2) to remove the organic matter. Sodium polytungstate heavy liquid separation was applied 

to separate the quartz grains from feldspars.  

The quartz grains were then etched using 40% hydrofluoric acid for 45 min to dissolve any remaining 

feldspar grains present in the quartz separates and remove the α–irradiated layer around each grain 

surface. After etching, the quartz grains were rinsed in HCl again to remove precipitated fluorides and 

then sieved again. Finally, the grains were carefully positioned one by one on five aluminium discs, each 

containing 100 holes, resulting in 500 grains from each sample being measured. 

2.2.2.3	 Equivalent	dose	(De)	determination	

De measurements were made between January and March 2021 using a single-aliquot 

regenerative-dose (SAR) procedure (Galbraith et al., 1999, Murray and Wintle, 2000, 2003). The SAR 

procedure involves measuring the OSL signals from the natural dose (Ln−the dose that the sample accrued 

during burial) and from a series of regenerative doses (Lx−radiation doses administered to the same 

mineral grain in the laboratory) that adequately bracket the De value. The procedure can be divided into 

two parts. Initially, an estimate of Ln signal and Lx signals is made. The second part estimates test dose 

signals Tn and Tx for sensitivity correction. These signals are obtained in the form of an OSL decay curve. 

Then, the sensitivity-corrected luminescence response for natural (Ln/Tn) and regenerative (Lx/Tx) doses 

is projected to the response curve to obtain an estimate of De for each quartz grain. A representation of 

a natural OSL decay curve and a SAR generated dose response curve for De determination is shown in 

Figure F2.10. 

OSL measurements were made on an automated Risø TL-DA-20 luminescence reader equipment 

with a focused green (532nm) laser for single-grain stimulation (Bøtter-Jensen et al., 2003). Luminescence 

emissions were detected using an Electron Tubes Ltd 9235QA photomultiplier tube. The OSL signals were 
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detected through Hoya U-340 filters. Single-grain measurements were made using aluminium discs 

containing 100 holes, each 300 µm in diameter and 300 µm deep. Irradiations were carried out inside 

each luminescence reader using 90Sr/90Y beta sources that have been calibrated using a range of known 

gamma-irradiated quartz samples. Spatial variations in beta dose rate to individual grain positions were 

taken into account for De determination (Ballarini et al., 2006).  

Grains were preheated at 260°C for 10 s prior to optical stimulation by an intense, green (532 nm) 

laser beam for 2 s at 125°C, with laser power set to 90%. A fixed test dose (~9 Gy), preheated at 160oC for 

5 s, was given to each natural and regenerative dose, and the induced OSL signals (Tn and Tx) were used 

to correct for any sensitivity changes during the SAR sequence. A duplicate regenerative dose was 

included in the sequence to check on the adequacy of this sensitivity correction and a 'zero regenerative 

dose' (0 Gy) measurement cycle was included to monitor the extent of any 'recuperation' induced by the 

preheat treatment. To check the possible contamination of the acid-etched quartz grains by other mineral 

inclusions, the OSL IR depletion ratio test was applied (Duller, 2003) to each grain at the end of the SAR 

sequence, using an infrared exposure of 40 s at 50°C. 

Ln, Lx, Tn and Tx values were estimated from the first 0.22 s of OSL decay, with the mean count 

recorded over the last 0.3 s subtracted as background. Sensitivity-corrected (Lx/Tx) dose response curves 

were constructed from the Lx and Tx OSL signals, using a general-order kinetic (GOK) function (Guralnik 

et al., 2015). The sensitivity-corrected natural OSL signal (Ln/Tn) was then projected on to the fitted dose 

response curve to obtain the De by interpolation (Figure F2.10). All data analyses, including curve fitting, 

De determination and error estimations, were achieved using the functions implemented in the R-package 

'numOSL' (Peng et al., 2013).  

Not every grain yields useful information on absorbed dose (Jacobs and Roberts, 2007). Most grains 

have inherent luminescence properties that make them unsuitable. The latter are identified based on 

known characteristics and rejected. A series of quality-assurance criteria (Jacobs et al., 2006a, Li et al., 

2017) have been developed to identify and reject such grains objectively, ensuring all accepted grains 

provide reliable estimates. 
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Figure F2.10: OSL decay and response curves. Top: a typical OSL decay curve. Note the 
representation of Ln and Tn signal on the right explanatory graph. Bottom: a 
representation of the dose-response curve or calibration curve for a single-grain of quartz 
De estimation. Note, the final De is estimated by projecting the natural luminescence 
signal (green square, Ln/Tn) onto this curve and the corresponding value is read from the 
x-axis. The calibration curve is constructed from a series of known radiation doses (Lx) and 
test doses (Tx) administered to the same mineral grain in the laboratory. (adopted from: 
Jacobs et al., 2022) 

 

2.2.2.4	 Environmental	dose	rate	(Dr)	determination		

To calculate an OSL age, it is assumed that the present-day radionuclide activities and dose rates 

have prevailed throughout the period of sample burial at each sampling location. For Dr measurements, 

we used the separate samples collected into 15 ml plastic tubes from the holes' walls left after removing 

metal tubes. 

The beta dose rate commonly contributes most of the total dose rate (Roberts et al., 2015). Beta 

particles can penetrate up to ~3 mm through sediment (Figure F2.2), so their ionising radioactivity can 

substantially affect on the calculated Dr over small distances. Inductively-coupled plasma mass 

spectrometry (ICP-MS) was used to measure the uranium (238U, 235U) and thorium (232Th) content, 

combined with inductively coupled plasma optical emission spectroscopy (ICP-OES) to measure the 

potassium (40K) content (Preusser et al., 2008, Roberts et al., 2015). The method measures the individual 
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radionuclide concentrations and converts them to dose rates using well-established conversion factors 

(Preusser et al., 2008, Roberts et al., 2015). 

The external alpha dose rate contribution was made negligible by etching away the alpha-irradiated 

outer rim (see section 2.2.2.2 Sample preparation) and the internal alpha dose from inclusions inside the 

quartz grains is generally so low that it was assumed negligible.  

Cosmic radiation typically accounts for only a small fraction of the total dose rate (Roberts et al., 

2015). It was calculated following Prescott and Hutton (1994) and adjusted for geomagnetic longitude, 

latitude, altitude, depth, and sediment density (assumed to be 1.8 g/cm3). The beta, gamma, and cosmic-

ray dose rates were adequately corrected for long-term water contents. 

2.2.3	 Radiocarbon	dating	

2.2.3.1	 Sample	collection	

Only the Outside GS1 sampling site was selected for radiocarbon dating. Samples were collected on 

different fieldwork occasions, first in August 2008 by Wallis’s team and later in May 2019 and July 2020 

by Zega’s team (Table T2.1). Samples for radiocarbon dating were obtained to isolate two different 

fractions: the macro-charcoal, where macroscopic particles (>0.5 cm) were collected individually, and the 

collection of bulk sediment for dating of SPAC (Figure F2.11, Table T2.1). Sampling locations include (Figure 

F2.8, Table T2.1): 

 Pit PA_10-M, 18.5 m southwest of the GS1 dripline, 7 samples (4 macro-charcoal and 3 bulk 

samples), 

 Pit TP02, 20 m south of the GS1 dripline, 2 bulk samples, 

 Pit TP03, 30 m south of the GS1 dripline, 1 bulk sample, 

 Pit TP05, 50 m south of the GS1 dripline, 2 bulk samples, 

 Pit C_1-CR, 65 m southwest of the GS1 dripline, 2 bulk samples, and 

 Auger hole A_1-CR 15, 150 m southeast of GS1 dripline under the escarpment, 1 bulk sample. 

Macro-charcoal samples (Table T2.1) were photographed in-situ and documented (Figure F2.11). They 

were then carefully extracted from the profile, wrapped in aluminium foil and placed in plastic tubes. Bulk 

sediment samples were collected in plastic bags. All bags and tubes were labelled and securely packed for 

transportation to the laboratory facilities. 
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Figure F2.11: Documentation and collection samples for radiocarbon dating. Top left: 
macro-charcoal as found in the west profile of pit PA_10-M. Top right: macro-charcoal, 
white cover marks the position of OSL tube. Bottom left: macro-charcoal samples sent for 
dating. Bottom right: bulk sediment samples. 

 

2.2.3.2	 Laboratory	methods	

2.2.3.2.1 Sample pretreatment 

Charcoal, due to its large surface area and porous nature, is a sorbent for a range of organic and 

inorganic compounds. In a natural terrestrial environment, contamination may happen through exposure 

to soil or sediment solutions containing organic compounds, such as carbohydrates, amino acids, 

phenolics (Pietikäinen et al., 2000) and microbial colonisation (Zackrisson et al., 1996) and the exchange 

with carbonates (Demeyer et al., 2001, Hatté et al., 2001).  

For macro-charcoal, the pretreatment techniques, such as acid-base-acid (ABA) and acid-base 

oxidation (ABOX), focus removing contaminants that can be bound to external and internal surfaces (e.g. 

Alon et al., 2002, Bird et al., 1999a, 1999b, De Vries and Barendsen, 1954, Gillespie et al., 1992, Hatté et 

al., 2001). In contrast, SPAC is molecular-scale fraction that cannot be physically separated from other 

particles, hence, hydrogen pyrolysis (hypy) technique centres isolating SPAC from other organic matter in 

a sedimentary matrix and its subsequent quantification (e.g. Ascough et al., 2009, 2010, Bird, 2007, 

Conedera et al., 2009, Hammes et al., 2007, Masiello, 2004, Meredith et al., 2012, Schmidt et al., 2001, 

Wurster et al., 2012, 2013).  
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This study used the ABA pretreatment to process four macro-charcoal samples (Figure F2.12). The 

samples were cleaned and washed in 1M HCl at 80°C for 1 hr; 1M NaOH at 80°C for 30 mins; 1M HCl at 

80°C for 1hr; 80°C, MilliQ water for 5 mins (pH>5), sonicated, then dried at 80°C. The supernatant was 

removed after each step by pipette. The chemical concentrations, number of NaOH treatments (which 

continues until the colour is no longer transferred from the sample to the liquid), temperature and length 

of pretreatment will vary depending on the quantity and condition of the sample. 

To eliminate other carbon compounds in the bulk sediments and keep the SPAC fraction only, the 

SPAC samples were pre-treated using hypy (Figure F2.12). The procedure was performed at the Advanced 

Analytical Centre, James Cook University, Cairns, Australia. Hypy is an established method for PyC analysis 

(Ascough et al., 2009, Wurster et al., 2012, 2013, 2021). The technique works in the temperature range of 

500–560°C to convert most organic matter to volatile products, which enables rapid isolation and 

quantification of SPAC in the sample (Bird et al., 2015). Samples were first sieved at 425 µm. Due to the 

low PyC content of all samples, heavy liquid floatation was applied to increase the micro-PyC mass content 

needed for AMS (> 0.3 mg). Approximately 250 mg of the sediment was mixed with a Mo catalyst using 

an aqueous methanol solution of ammonium dioxydithiomolybdate, sonicated and dried at 60°C 

overnight. The catalyst weight was ca. 10% of the sample weight, which gave a nominal loading of 1% Mo. 

The insert sample/catalyst mixture was placed in a reactor, pressurized with H2 to 150 bar with a purge 

gas flow of 5 L min−1 and heated at 300°C min−1 to 250°C and then at 8°C min−1 to final 550°C, held for 5 

min. Labile carbon is removed during the hypy reaction, and the remaining carbon is composed of a stable 

form with greater than seven condensed aromatic rings, referred to as SPAC (Bird et al., 2015, Wurster et 

al., 2013, 2015), which was then used in AMS analysis.  

 

 

Figure F2.11: Carbon fractions and corresponding pretreatment techniques 
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2.2.3.2.2 AMS procedure 

AMS radiocarbon age determinations on macro-charcoal and SPAC were undertaken at the 

University of Waikato Radiocarbon Dating Laboratory, New Zealand. The AMS Processing Technical Report 

(Waikato Radiocarbon Dating Laboratory, 2017) provides a detailed step-by-step report on the applied 

procedure and instruments. The lab reported 14C precision uncertainties (~±15 at Modern) including 

contributions from the normalizing standards, the background subtraction, the scatter in the repeated 

runs on each sample, and counting statistics. 

2.2.3.2.2 Calibration 

All samples were calibrated to calendar years (cal BP) using the OxCal Program 

(https://c14.arch.ox.ac.uk/oxcal.html) and the northern calibration curve IntCal20 (Reimer et al., 2020), 

with 0 calibrated years before present representing 1950 AD. The northern hemisphere calibration was 

chosen due to the influence of northern hemisphere air masses on the tropical north of Australia, when 

the Inter Tropical Convergence Zone (ITCZ) moves southwards during the Australian-Indonesian summer 

monsoons, resulting in cross-equatorial air flow into northern Australia from the northern hemisphere 

(Hogg et al., 2020). Although the study area is located slightly south of the current ITCZ, its position has 

been changing over time and it is rather unclear where to place the zonal boundaries at different times in 

the past. Therefore, the choice of calibration curve remains a matter of individual research decision. 

2.3	 Results	

2.3.1	 Single‐grain	OSL	dating		

The OSL dating results are presented in Table T2.2. The statistical models used to calculate the 

optical ages and estimates of over-dispersion (OD) are also included. The distribution of De estimated 

values for all 15 samples are displayed as radial plots (Galbraith, 1988) in Figure F2.13. The number of 

grains accepted and the applied models are also shown on the plots. 

In radial plots, each point represents a single quartz grain for which a De value can be read by 

extending a horizontal line from the 'Standardised estimate' axis on the left side across the point to 

intersect the radial axis on the right. The uncertainty of this estimate is shown in the form of relative 

standard error in % and precision by extending a vertical line from the point to intersect the horizontal 

axis at the bottom of the plot. In such plots, the most precise estimates fall to the right and least precise 

to the left. The label 'N' stands for the number of quartz grains accepted after applying the rejection 

criteria. 
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In single-grain OSL dating, it is common for the data to spread due to the natural variability of 

mineral grains and other complicating factors, such as random errors, which affect measurements in 

unpredictable ways (Jacobs et al., 2022). Over-dispersion (OD), also denoted as σb, is used to quantify the 

degree of the spread present in a De distribution of a sample. OD is usually expressed as a percentage and 

refers to the relative standard deviation of the distribution of true De values from a central De value after 

accounting for various measurement uncertainties (Galbraith and Roberts, 2012, Galbraith et al., 2005). 

The OD value on its own, however, does not say anything about the pattern of a De distribution. Instead, 

a high over-dispersion value (>20%) indicates the possible reasons for the additional scatter should be 

investigated (Jacobs et al., 2022). Hence, OD is applied in combination with De distribution patterns and 

knowledge of the context (Jacobs and Roberts, 2007). 

The radial plots of most samples exhibit significant scatter in the estimated De values (Figure F2.13). 

The OD values calculated using the central age model (CAM, Galbraith et al., 1999−further explanaƟon 

given below) range between 67±6% (sample PA_10-M_135-137) and 134±12 % (sample RT_4-CR) (Table 

T2.2), well above the global average for fully bleached and undisturbed single-grain De datasets (20±1%; 

Arnold and Roberts, 2009). To obtain more information about possible reasons for the additional scatter, 

three statistical modelling approaches were used: 

1. nMAD CAM was applied where there is a clear cluster of ages that make up the main population of 

grains with a few discrete outliers (Figure F2.13B,C,D,E,G,H,I,J N,O). Statistical outliers were identified 

using the 'Normalised median absolute deviation' (nMAD) method (Rousseeuw and Croux, 1993, 

Rousseeuw et al., 2006), shown in the radial plots as open triangles. The remaining values, shown as 

filled circles, were then combined using the weighted mean by applying the 'Central age model' 

(CAM) of Galbraith et al. (1999). The CAM assumes that the De estimates for all grains are centred 

on some average value of De and the estimated standard error takes account of any over-dispersion. 

This weighted mean estimate of the burial dose is usually similar to the median or geometric mean. 

2. FMM, the 'Finite mixture model' (FMM) of Roberts et al. (2000) was used where discrete components 

were present (Figure F2.13F,K) and post-depositional mixing was identified as the most likely reason 

for over-dispersion. To run the FMM it is necessary first to tell the model how many mixing 

components you think there may be and what the OD of each of these components might be. To do 

this, we used a standard statistical test combination of 'maximum log likelihood' and 'Bayes 

Information Criterion' (Jacobs et al., 2022). Once the optimum components and the OD were 

determined, the FMM estimated the weighted average of each component using CAM at a 
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predetermined OD (σb in the radial plots). These models are complicated but have been shown to 

work successfully in composite datasets (David et al., 2007, Jacobs et al., 2006b, 2008, 2011, Sivia et 

al., 2004).  

3. MAX, CAM and MAM, the 'Maximum age model' (MAX) and 'Minimum age model' (MAM) were used 

along with the 'Central age model' (CAM) where the spread was very broad and no clear target 

population was visible (Figure F2.13A,C,D,L,M). An estimate of over-dispersion must be added to the 

relative standard error of each De value prior to running any of the three models. The MAX age model 

has not been used much (Jacobs et al., 2022) and it is most appropriate for estimating the burial dose 

of sediment samples thought to contain grains bleached after burial. If we assume a normal 

(Gaussian) distribution of De values, the MAX age model assumes that the highest population of De 

values represents grains that have not been bleached after burial (Jacobs and Roberts, 2007, Olley et 

al., 2006). Opposite, the MAM is usually applied when insufficient or heterogeneous bleaching is 

thought to cause over-dispersion of single-grain De values (Arnold et al., 2009, Galbraith et al., 1999). 

This model assumes that the lowest population of De values represents those grains completely 

bleached before deposition. 

Table T2.2 (Age [ka]) provides the final De values determined using these approaches. OSL age 

estimates considered to be most reliable are shown in bold. Uncertainties on the ages are given at 1σ (the 

standard error of the mean) and were calculated by combining, in quadrature, all known and estimated 

sources of random and systematic error. The calculated nMAD CAM OD values after rejecting outliers 

using nMAD vary between 20−69 % (Table T2.2−provided in parentheses next to OD values). 
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No. Sample ID Depth Grain size Water Total Dr De Procedure Model OD Age
(cm) (µm) (%) Beta Gama Cosmic (Gy) (%) (ka)

1 PA_10-M 42 42-43 180-212 3 ± 1 (1) 0.27 ± 0.01 0.37 ± 0.01 0.212 0.87 ± 0.04 7.6 ± 1.1 SAR (Q) CAM 127 ± 10 8.7 ± 1.3
1.1 ± 0.2 MIN 1.2 ± 0.2
48.9 ± 7.2 MAX 55.9 ± 8.6

2 PA_10-M 50 50-52 180-212 3 ± 1 (1) 0.26 ± 0.01 0.36 ± 0.01 0.211 0.87 ± 0.04 1.8 ± 0.1 SAR (Q) nMAD CAM 87 ± 8 (43) 2.0 ± 0.2
3 PA_10-M 65.7/1* 65-67 180-212 3 ± 1 (1) 0.27 ± 0.02 0.42 ± 0.02 0.21 0.92 ± 0.06 2.96 ± 0.15 SAR (Q) nMAD CAM 72 ± 5 (46) 3.2 ± 0.3
4 PA_10-M 65.7/2* 65-67 180-212 3 ± 1 (1) 0.28 ± 0.02 0.47 ± 0.05 0.21 0.99 ± 0.06 2.56 ± 0.14 SAR (Q) nMAD CAM 79 ± 6 (51) 2.6 ± 0.2
5 PA_10-M 65-67* 65-67 180-212 3 ± 1 (1) 0.27 ± 0.01 0.37 ± 0.01 0.209 0.89 ± 0.04 2.5 ± 0.2 SAR (Q) nMAD CAM 79 ± 7 (65) 2.9 ± 0.3
6 PA_10-M 80 80-82 180-212 3 ± 1 (1) 0.26 ± 0.01 0.37 ± 0.01 0.207 0.87 ± 0.04 3.4 ± 0.2 SAR (Q) FMM-1 (78%) 76 ± 6 (33) 3.9 ± 0.3

16.9 ± 1.6 FMM-2 (22%) 19.4 ± 2.1
7 PA_10-M 102 100-102 180-212 3 ± 1 (1) 0.25 ± 0.01 0.33 ± 0.01 0.204 0.81 ± 0.04 5.9 ± 0.3 SAR (Q) nMAD CAM 75 ± 6 (38) 7.3 ± 0.5
8 PA_10-M 120 120-122 180-212 3 ± 1 (1) 0.29 ± 0.01 0.41 ± 0.02 0.202 0.94 ± 0.04 10.1 ± 0.5 SAR (Q) nMAD CAM 78 ± 7 (34) 10.8 ± 0.7
9 PA_10-M 135 135-137 180-212 3 ± 1 (1) 0.31 ± 0.01 0.41 ± 0.02 0.2 0.95 ± 0.04 12.5 ± 0.7 SAR (Q) nMAD CAM 67 ± 6 (44) 13.2 ± 0.9
10 PA_10-M 150 150-152 180-212 3 ± 1 (1) 0.29 ± 0.01 0.40 ± 0.02 0.198 0.92 ± 0.04 11.7 ± 1.3 SAR (Q) nMAD CAM 116 ± 12 (69) 12.7 ± 1.5
11 PA_10-M 160 160-162 180-212 3 ± 1 (1) 0.35 ± 0.01 0.47 ± 0.02 0.196 1.04 ± 0.04 12.0 ± 1.1 SAR (Q) FMM-1 (54%) 96 ± 7 (39) 11.5 ± 1.2

35.9 ± 4.6 FMM-2 (28%) 34.5 ± 4.6
2.5 ± 0.4 FMM-3 (18%) 2.4 ± 0.4

12 PA_10-M 172 168-172 180-212 3 ± 1 (1) 0.33 ± 0.02 0.51 ± 0.05 0.195 1.07 ± 0.06 15.6 ± 1.4 SAR (Q) CAM 84 ± 6 14.6 ± 1.5
4.10 ± 0.45 MIN 3.8 ± 0.5
54.4 ± 6.1 MAX 50.9 ± 6.4

13 C_1-CR 118 118-120 180-212 3 ± 1 (1) 0.27 ± 0.01 0.38 ± 0.01 0.2 0.89 ± 0.04 4.4 ± 0.06 SAR (Q) CAM 105 ± 9 4.9 ± 0.7
1.4 ± 0.02 MIN 1.6 ± 0.2
11.9 ± 1.6 MAX 13.5 ± 1.9

14 RT_1-CR 124 124 180-212 3 ± 1 (1) 0.48 ± 0.02 0.51 ± 0.02 0.2 1.22 ± 0.04 13.2 ± 0.3 SAR (Q) nMAD CAM 75 ± 5 (20) 10.9 ± 0.5
15 RT_4-CR 60 60 180-212 3 ± 1 (3) 0.39 ± 0.01 0.35 ± 0.01 0.15 0.92 ± 0.03 36.4 ± 1.2 SAR (Q) nMAD CAM 134 ± 12 (22) 39.7 ± 2.1

* Paralel samples 

Dose rate - Dr (Gy/kyr) 

OSL results 

B - most probable age estimates, based on the context, comparison and age depth model are marked in bold 

Table T2.2
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Figure F2.13: De distribution radial plots. The sample ID and the number of accepted grains (N) are in the top right of each plot, the applied models are given either 
next to N or in the top left. Filled circles mark the measured grains included in the final age estimation, open triangles mark the statistical outliers identified by nMAD 
model and excluded from the final age estimation. The ±1σ uncertainties are shown as a grey ribbon and a small vertical scale (2-0-2) in the middle left of the plots. 
Relative error (%) and precision are shown at the bottom of each plot. Note: (J) the '12 modern grains not shown' indicates zero or negative De values that cannot be 
shown on a radial plot. 
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The final OSL chronology of the analysed sediment profiles is shown in Figure F2.14 and is 

summarised as follows: 

 Pit PA_10-M (Table T2.2, Figure F2.13 A−L, Figure F2.14a, Figure F2.8 top) 

After modelling, the OSL age estimates from the pit PA_10-M showed a time span from the late 

Holocene, 2 ka in the upper 50 cm of the profile, to late Pleistocene >12 ka in the deeper parts (130–172 

cm).  

For the upper most sample, depth 42–43 cm and in the bottommost samples at depths 160–162 

cm and 170–172 cm the OSL dates were inconclusive, even after modelling; Sample ID: PA_10-M_42-43, 

PA_10-M_160-162 and PA_10-M_170-172 (Table T2.2, Figure F2.13A,K,L). The De estimates of these three 

samples ranged from 1.2±0.2 to 55.9±8.6 ka (at depth 42–43 cm) and from 2.4±0.4 to 50.9±6.4 ka (at 

depths 160–162 cm and 168–172 cm). Quartz grains older than 50 ka were present in the top and bottom 

of the pit profile, along with grains younger than 2 ka and those aged between the two extremes. The 

most reliable dates of these samples, marked bold in Table T2.2, were chosen based on the depositional 

context and by correlation with other age estimates in the profile. 

The results for sample PA_10-M_80-82, collected at depth 80–82 cm (Figure F2.13F, Table T2.2) 

indicated post-depositional mixing with two distinct populations of quartz grains after applying the FMM; 

78% of grains belonging to a younger population 3.9±0.3 ka and 22% grains accounting for an older 

population age of 19.4±2.1 ka. 

 Pit C_1-CR (Table T2.2, Figure F2.13M, Figure F2.14b, Figure F2.8 top) 

Only one sample, at depth 118 cm, was used for OSL dating from this pit. The results show a fair 

amount of scatter, which is why MAX, CAM an MAM modelling were applied. The De distribution 

remained inconclusive even after modelling (Figure F2.13M). The most probable OSL age estimate 

(13.5±1.9 ka, Table T2.2) is, however, in good agreement with the OSL age from the pit PA_10-M at the 

same depth. 
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Figure F2.14: OSL chronology results from sediment sequences in this study: a) Pit PA_10-M, b) Pit C_1-CR, c) Norman 
River site. Depths are given on the left, OSL ages are given on the right in ka. Locations where OSL samples were 
collected are shown as blue and purple circles. Blue circles represent samples that gave more reliable ages after 
statistical modelling, purple circles are samples where the results remained inconclusive. For the latter, the more 
probable ages are given in bold, while other age spans are given in brackets. Figure c) was adjusted to show the whole 
sequence of Norman River terraces; the thick dashed yellow line marks the constructed boundary between units B and 
C for the purpose of presentation and the smooth yellow line marks the real boundary between units C and D as seen 
in the natural profile. 
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 Norman River site samples: RT_1-CR and RT_4-CR (Table T2.2, Figure F2.13N,O, Figure F2.14c, 

Figure F2.8 bottom) 

The oldest age of 39.7±0.7 ka was estimated for the sample RT_4-CR 60 (Figure F2.13O), 

representing the Norman River bottom terrace (unit D) (Figure F2.14c). The topmost unit A showed an 

age estimate of 10.9±0.5 ka (Figures F2.13N, F2.14c), consistent with the Pleistocene–Holocene transition. 

Samples were collected from the lowest and the topmost terraces to provide a time frame for deposition 

at the currently exposed terraces. 

2.3.2	 Radiocarbon	dating	

A total of 15 radiocarbon dates were obtained from five pits and one auger hole from 12 different 

depths Outside GS1 (Figure F2.8 top). Four dates were measured on macro-charcoal and the reminder on 

SPAC. The results are shown in Table T2.3 and Figure F2.15. 

The calibrated ages of the four macro-charcoal samples ranged from 2247±90 to 4064±81 cal BP at 

corresponding depths of 42 cm and 71 cm (Table T2.3, Figure F2.15). In general, the 14C ages obtained 

from macro-charcoal samples showed a good alignment with the OSL ages obtained from the same depths 

in the same pit PA_10-M profile. 

The calibrated ages of the 11 SPAC samples exhibited ages that ranged between 1474±61 and 

5243±194 cal BP (Table T2.3, Figure F2.15). In general, the 14C ages obtained from SPAC did not show a 

good alignment, not within the same pit, nor between different pits (Figure F2.15). A comparison of the 

14C ages of SPAC with those from macro-charcoal indicated no distinctive correlation pattern between the 

two. However, the inconsistency between the results of the two charcoal fractions seems to increase with 

the distance from the GS1 dripline (Figure F2.15). Additionally, the oldest 14C age obtained was 5243±194 

cal BP from sample C_1-CR 100 at a depth of 100 cm (Table T2.3, Figure F2.15), which is significantly 

younger compared to the oldest OSL age estimate (14,600±1500, Table T2.2) obtained at Outside GS1 

sampling site.  
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The SPAC age result from test auger hole A_1-CR 15 was 1817±72 cal BP at a depth of 109 cm (Figure 

F2.15). This auger hole was placed in a former tributary channel of the Norman River (Smart, 1973 ), 

located east and underneath the escarpment where the GS1 has formed (Figure F2.8 top). The location 

was selected in an attempt to obtain additional chronologic control for the area of study. The plan was to 

excavate a pit after the auger hole. The location, however, was unsuitable for a pit, owing to the presence 

of many fresh roots and large rocks within a depth of a few tens of centimetres. Thus, we could not pursue 

this attempt any further in the time available. 

Table T2.3

Sample ID Depth Sample origin %C Conventional 14C dates Calibrated age Loaded weight 
(cm) (BP) (cal BP) (mg)

PA_10-M 42 42 macro charcoal 67.87 2247 ± 19 2247 ± 90 4.0
PA_10-M 65 65.7 macro charcoal 66.48 3366 ± 26 3591 ± 99 3.4
PA_10-M 71 71 macro charcoal 67.68 3715 ± 20 4064 ± 81 4.6
PA_10-M 81 81 macro charcoal 59.33 3538 ± 20 3807 ± 85 4.2
PA_10-M 102 100-102 SPAC 0.78 3312 ± 16 3525 ± 44 100.0
PA_10-M 120 120-122 SPAC 2.28 2912 ± 15 3058 ± 92 26.0
PA_10-M 172 168-172 SPAC 0.45 3899 ± 60 4334 ± 183 32.0
A_1-CR 15 109 SPAC 1.64 1921 ± 15 1817 ± 72 25.0
C_1-CR 100 100 SPAC 0.52 4553 ± 41 5234 ± 194 36.0
C_1-CR 135 135 SPAC 0.54 2883 ± 84 3051 ± 268 15.0
TP02 40 40 SPAC 0.56 2667 ± 15 2796 ± 45 80.0
TP02 120 120 SPAC 0.54 4130 ± 16 4675 ± 140 105.0
TP03 60 60 SPAC 2.28 3502 ± 14 3768 ± 68 30.0
TP05 60 60 SPAC 1.35 2365 ± 15 2383 ± 42 67.0
TP05 120 120 SPAC 0.76 1609 ± 15 1474 ± 61 118.0

Radiocarbon dating results 
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Figure F2.15: Radiocarbon dating results from sediment sequences in selected pits and auger hole. 
Four macro-charcoal samples are shown as black triangles, SPAC samples are shown as black rings. 
Reddish-orange circles represent iron-oxides found in bulk sediment samples. Calibrated 
radiocarbon dates (cal BP) are given on the left side of the pits, depths are given on the right. Depths 
are in proportion, distances from the GS1 dripline are informative. The narrowing of C_1-CR at 
depth 85 cm represents the transition from pit to core (see Chapter 1 for details). 

 

2.3.3	 Age‐depth	model	

An age-depth model was constructed using the rbacon software package with Bayesian statistics 

(Blaauw and Christen, 2011). The model was built using the twelve most reliable OSL age estimates and 

the four macro-charcoal radiocarbon dates from profile PA_10-M demonstrating good overall consistency 

(Table T2.2 in bold, Table T2.3). The age-depth model was produced by 9.46 million Markov Chain Monte 

Carlo (MCMC) iterations with prior information: accumulation (acc.) shape=1.5 and acc. mean=100 for the 
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gamma distribution. Age modelling was run to achieve a 1 cm final resolution and was further used for 

calculating the cm/ka sedimentation rate.  

 

 

Figure F2.16: Age-depth model from the PA_10-M pit profile constructed using Bayesian age 
modelling with rbacon package in R. The 12 OSL age estimates are shown in blue and the 4 macro-
charcoal radiocarbon dates are shown as black bars. kyr=ka. Purple bars (outliers) represent the 
younger and older grain populations in those OSL samples that were inconclusive. 

 

2.4	 Discussion		

2.4.1	 OSL	evidence		

The OSL evidence indicates that the sand deposit Outside GS1 (Figure F2.1 dashed circle) has been 

accumulating for at least 15 ka. Sediments derive from weathering of the Jurassic Hampstead sandstone 

that forms the outcrops, escarpments and exposed bedrock in the area (Chapter 1, section 1.4.1). The 
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overdispersion (OD) of De distributions, shown as scatter on radial plots (Figure F2.13), suggests a dynamic 

deposition history. Statistical models were applied to reduce the OD (section 2.3.1), which did not produce 

a satisfactory result for five samples, shown as purple circles in Figures F2.14a,b and F2.17. This further 

indicates a dynamic environment where post-depositional mixing takes place. 

 In addition, substantially older quartz grains, with luminescence signals above 30 ka and above 50 

ka, were present in the majority of the OSL samples collected Outside GS1. The contributing sediment 

pool to the profile must, therefore, at least in part, be significantly older, having been accumulating and 

relocating in the surrounding area of GS1 for over 50 ka. This observation supports the geomorphic and 

sedimentologic evidence discussed in the first chapter of this thesis that suggests that the GS1 study area 

likely experiences cycles of sediment removal and sediment accumulation at unknown but recurrent 

intervals. Based on the OSL evidence the last accumulation cycle commenced approximately 15 ka ago.  

The OSL ages obtained from the Norman River terraces indicate that favourable conditions for river 

terrace aggradation have persisted in the area for most of the past 40 ka. The oldest currently exposed 

river terrace (unit D) dates 39.7±2.1 ka and the youngest terrace (unit A) dates 10.9±0.5 ka, which 

coincides with the transition period between Pleistocene and Holocene (Figure F2.14c). Unit A sample 

was taken at a depth of 124 cm from the surface (Figure F2.14 c). There are no visible sedimentologic 

changes, such as changes in colour, grain size, texture or structure, in the unit A profile, therefore, we 

assume the aggradation was roughly constant without notable disturbance or interruption. The unit A OSL 

result indicates that after the start of the Holocene, the Norman River experienced an additional 

aggradation of 124 cm before shifting to the incision we observe today (Figure F2.17). 

2.4.2	 Radiocarbon	evidence		

Macro-charcoal samples have yielded the most reliable 14C-based ages in this study. Their 

stratigraphic positions in the PA_10-M pit profile are known and the coarser particles are the least likely 

to suffer from significant post-depositional movement. The 14C-based ages obtained on macro-charcoal 

samples also exhibit good stratigraphic coherence as do the OSL ages obtained from the same sections in 

the pit PA_10-M (Figure F2.17).  

On the other hand, the 14C-based ages on SPAC, did not follow a consistent age-depth trend, nor 

were they in agreement with the OSL ages. The SPAC results showed a general disagreement between 

themselves, whether within the same sediment sequence or between different sequences (Figure F2.17). 

The inconsistency in the SPAC 14C-based ages seems to increase with the distance from the GS1 dripline. 
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Figure F2.17 illustrates the single-grain OSL and 14C chronologies for the two sampling locations, Outside 

GS1 and Norman River site, along with other findings relevant to this study.  

Discrepancies in 14C results when using macro- and microcharcoal1 have been observed before, for 

example, in terrestrial archaeological contexts (Asscher and Boaretto, 2019, Bird et al., 2002), eolian 

sequences (Feng et al., 2013), alluvial and colluvial sediments (Schroedter et al., 2013), soils in Amazonia 

(Saldarriaga and West, 1986, Santos et al., 2000) and even in the same soil samples (Eckmeier et al., 2009). 

Several reasons have been suggested for this. The differences in the 14C-based ages obtained from macro- 

and microcharcoal samples are generally explained by charcoal heterogeneity, charcoal recalcitrance and 

charcoal particle relocation.  

A single macro-charcoal particle dates a single event in time. In contrast, a microcharcoal sample 

(e.g. SPAC in bulk sediment) is a mixture of different biomass compounds from various fire events, 

potentially with different 14C ages (Eckmeier et al., 2009). For this reason, data from macro-charcoal and 

microcharcoal fractions are not comparable and microcharcoal ages should not complement existing 

chronologies based on macro-charcoal data, as noted by Eckmeier et al. (2009). This finding has also been 

corroborated in this study. 

The oldest 14C age obtained in this study is 5243±194 cal BP from SPAC sample C_1-CR 100 at a 

depth of 100 cm (Table T2.3, Figure F2.17). In most cases, the SPAC 14C ages are significantly younger than 

anticipated from other dates obtained at similar stratigraphic levels. It has been recognised that tropical 

hot and moist conditions, along with monsoonal climates, deleteriously influence the preservation state 

of charcoal (Bird et al., 2002, Higham et al., 2009). Nonetheless, several robust 14C chronologies on 

charcoal collected within rockshelters in tropical north Australia prove that macro-charcoal can preserve 

for tens of thousands of years (e.g. Bird et al., 2002, Clarkson et al., 2015, David et al., 2007, 2017, Maloney 

et al., 2018, Turney et al., 2001, Whitau et al., 2017). Moreover, the 14C dates obtained by Wallis (Wallis 

et al., 2009) on macro-charcoal from the archaeological deposit inside the GS1 rockshelter yielded 

calibrated ages of about 38,000 years BP (Wallis et al., 2014a). It was, therefore, reasonable to expect that 

charcoal from the immediate proximity of the GS1 rockshelter should provide comparably old ages.  

 
 
1 SPAC is considered a form of microcharcoal  
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Figure F2.17: Chronologies in the study area, Outside GS1 and the Norman River site. On the left, the outline of the GS1 rockshelter. OSL ages are shown as 
blue and purple circles and corresponding numbers in ka. Purple are samples with less reliable result, where the age was determined on the overall context. 
Radiocarbon dates are shown in black, macro-charcoal samples as triangles and SPAC as rings, with corresponding ages in black. In pit PA_10-M note the 
good alignment of macro-charcoal ages with OSL ages. Bioturbation is shown as termite and root channels. Depth and distance are in proportion for the 
Outside GS1 location but not for the Norman River terraces, as marked by //. 
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The absence of these older 14C ages in the non-archaeological open-site sediments outside the GS1 

rockshelter, compared to those from the interior archaeological deposits, indicates that the charcoal 

present in the outside sediments was exposed to significantly less favourable preservation conditions in 

the seasonally wet, porous sandy sediments. As a result, coarse macro-charcoal was largely broken down 

into finer resistant SPAC-like material highly susceptible to vertical, and downward translocation by 

infiltrating rainwater (similar to the movement of clay particles through the illuviation process, refer to 

Chapter 1, section 1.4.1.1). The translocation of fine particles led to a mixing of SPAC of a variety of ages 

throughout the profile and a reduction in the maximum age obtainable because of the mixing of younger 

and older SPAC particles from higher sedimentary levels into lower layers. This is because smaller and 

lighter SPAC particles are easier to move downward through a relatively coarse and porous sand sediment 

profile, by percolating water. Therefore, the reduction in measured 14C SPAC age is partly due to a mixture 

of SPAC of different ages and partly a result of decomposition processes due to less favourable 

preservation conditions outside GS1. These processes cause older material to be further comminuted in 

size, limiting the amount that can be dated. This, in turn, suggests that SPAC radiocarbon dates that are 

younger than OSL dates in the same profile section are more likely to indicate mixing downwards of fine 

material than an erroneous OSL date. 

2.4.3	 Post‐depositional	mixing	and	implications	for	the	chronology	

The occurrence of substantial post-deposition mixing in the open-site sand deposits Outside GS1 

(Figure F2.17) is indicated by the scatter on the De radial plots (Figure F2.13) and the inconsistency and 

reduction of 14C SPAC age results (Figure F2.15). Soil and sediment post-deposition disturbances are a 

regular natural occurrence and the most common causes in the tropics are raindrop impact, surface 

runoff, soil creep, water percolation, subsurface lateral eluviation and bioturbation (Williams, 1976). 

These processes move particles around laterally and vertically and can mix sediments efficiently enough 

to impact the outcomes of both OSL and 14C dating. 

2.4.3.1	 Physical	factors	

Raindrop impact in the seasonally wet tropics is maximum at the start of the wet season, when 

plant cover is minimal and rainfall intensity from convection and monsoon storms is often very high. In 

semi-arid savannah, tree canopies provide little protection since they cover only about 15% of the ground, 

are often sparse and do not influence overland flow (McIvor et al., 1995). Moreover, they may also 

increase the drop size and the energy per mm rainfall available for erosion (Brandt, 1988, Bridge and Ross, 

1983). Particle displacement by raindrop impact is proportional to total raindrop momentum (Williams, 
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1969). In general, kinetic energy calculated from a measurement of drop sizes has been successfully 

related to the amount of splash erosion and, therefore, the displacement of particles (Brandt, 1988). 

Consequently, raindrop impact is the primary cause of particle detachment, which makes them more 

vulnerable to surface runoff. 

Different forms of water transport, such as surface runoff, eluviation, creep and subsurface lateral 

flow, are related to sloping land, the influence of gravity, water percolation and sediment (im)permeability 

(Williams, 2019). Erosion by surface runoff or slope wash comprises detachment of particles by raindrops, 

particle movement by rain splash and particle transport by runoff. In native savannah woodlands, the 

surface runoff increases with the size of the rainfall event and it is influenced by ground cover (McIvor et 

al., 1995). The ground cover of tall to mid-height annual and perennial grasses is characteristically sparse 

during the first downpours, which herald the wet season, but increases rapidly once the groundwater 

content is replenished (Williams, 1969). The cover reduces the amount of particles detached by raindrops, 

increases the flow depth and reduces the flow velocity (McIvor et al., 1995).  

2.4.3.2	 Bioturbation	

Following the early work published by Wood and Johnson (1978) and Cahen and Moeyersons 

(1977), the role of bioturbation in post-depositional particle movement through soil and sediment profiles 

has presented a major challenge (Araujo, 2013, Balek, 2002, Bateman et al., 2003, 2007a, 2007b, Leigh, 

1998, O’Connell et al., 2018, Williams, 2019, Williams et al., 2021). Particularly in terrestrial sediments, 

bioturbation complicates the measurement of reliable OSL doses, causes radiocarbon ages to have no 

direct relation with the sequence in the profile where they were obtained and leads to questions relating 

to whether artefacts are in their original position (Araujo, 2013, Cahen and Moeyersons, 1977, Kristensen 

et al., 2015, McBrearty, 1990, Smith et al., 2020, 2021, Williams, 2019, Wood and Johnson, 1978). Some 

forms of bio-disturbance of the sediment profile are very obvious and well documented, such as mammal 

burrowing or the impact of tree-fall and accompanying root-throw (Johnson, 1989, 1993, Gabet et al., 

2003, Paton et al., 1995, Schaetzl and Follmer, 1990). Others, mainly connected to the activity of termites, 

ants and earthworms, are much more subtle and difficult to recognize, though equally important.  

Various studies have confirmed that termites and ants in the tropics play the same part in soil 

turnover and soil fertility as earthworms in temperate regions (Viles et al., 2021, Williams, 2019 and 

citations therein). Thanks to the ability of termites to digest cellulose, they play a major role in the 

dynamics of the savannah ecosystem by consuming woody biomass (Andersen, 2005, Williams, 2019). 

Particles can be displaced horizontally by underground tunnels and animals pushing their way through 
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the sediment. Evidence shows that both termites and ants can move finer particles and mineral grains 

upward and downward in a profile (e.g. Araujo, 2013, Lee and Wood, 1971, Rink et al., 2013, Williams, 

2019). Upward, resulting from mound or nest building and downward, caused either by deliberate 

downward movement of particles or through the collapse and subsidence of termite mounds (Bird et al., 

2002−and citaƟons therein, Halfen and Hasiotis, 2010, Johnson et al., 2014, Rink et al., 2013, Williams, 

2019).  

Ant and termite bioturbation can have two possible adverse effects on age estimation: 

underestimation of particle ages due to subterranean transport of younger particles downward and 

overestimation due to transport of older particles upward. In OSL dating, various research implies that 

the effects of bioturbation by ants, especially over extended time periods, can be a significant contributor 

to the overdispersion of De, beyond values that can be associated with incomplete zeroing at burial 

(Halfen and Hasiotis, 2010, Rink et al., 2013, Viles et al., 2021). Nonetheless, researchers agree that careful 

analysis of single-grain OSL De distributions can still yield satisfactory dates from mixed sediments, where 

the sedimentary context and climatic characteristics of the area are well understood (Bateman et al., 

2003, Gliganic et al., 2015, Kristensen et al., 2015).  

Sediment is also influenced by the post-depositional effects of plants. Plants, trees particularly, can 

mix sediments in many ways: through root expansion during growth, with decay and infilling of former 

root channels, by settling of particles due to water extraction by roots, by plant movements during severe 

storms and by tree-fall or uprooting (Gabet et al., 2003, Schaetzl et al., 1989). Roots penetrate the soil or 

sediment and as they elongate and expand in diameter, they form a cylindrical sheath around the root 

that pushes away the sediment. The increase in size is promoted by the imbibition of water, which can 

exert enormous pressures on the surrounding sediment, sufficient to break up bedrock (Gabet et al., 

2003). For example, the roots of Eucalyptus and wattle trees can reach several meters in depth to get to 

water in savannahs (Moore, 2005). When a root dies it decomposes and leaves behind an empty space, 

eventually filled by sediment caving in from above. Brimhall et al. (1992) investigated the vertical mixing 

of soils and performed experiments with a pseudoroot buried vertically in a sandy matrix. It turned out 

that cyclic inflation and deflation of the pseudoroot caused the surface material to become mixed within 

the soil column and the mixing depth increased with the number of inflation-deflation cycles.  

In the case of uprooting, an uprooted tree falls over and the root mass with attached substrate 

rotates up, leaving a pit in the ground. As the root mass decays, the substrate accumulates underneath, 

mixing with the surface sediment in and around the pit, forming a mound. The relief of pit and mound 
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features becomes more diffuse with time until evidence of the event completely disappears, leaving 

behind a mixed sediment layer of a thickness that depends on the rooting depth and consequent root 

wad thickness (Jungers et al., 2009). Phillips and Marion (2006) showed that physical displacement of soil 

by root growth, tree uprooting and infilling of tree stump holes are significant processes that maintain a 

continuously mixed surface biomantle.  

Considering the various post-depositional effects of bioturbation on OSL dating some researchers 

attempted a different approach. They used the impacted OSL data from mixed sediment or soil profiles 

to identify and quantify sediment mixing (David et al., 2007, Gliganic et al., 2015, 2016, Heimsath et al., 

2002, Johnson et al., 2014, Kristensen et al., 2015, Stockmann et al., 2013, Wilkinson et al., 2009). By 

utilizing visual signs and calculating mixing rates, a few of these studies quite confidently attributed the 

sediment mixing predominately to plant bioturbation (floralturbation), such as displacement by root 

growth, uprooting and tree stump hole infilling (e.g. Gliganic et al., 2016), or termite activity (Johnson et 

al., 2014, Kaste et al., 2007). In some of these studies, the mixing processes were found to be strongest at 

the surface and become more diffuse with depth (Gliganic et al., 2015, 2016, Stockmann et al., 2013, 

Wilkinson et al., 2009). For example, Johnson et al. (2014) noted that termite activity seemed to mirror 

the vertical distribution of roots. They concluded this to be possible since termites are distributed relative 

to the abundance of their food source, including dead root material.  

It is difficult, however, to attribute the sediment mixing to one specific agent (Smith et al., 2021) 

unless the signs are very clear, for example, as in Gliganic et al. (2016). So far, there have been few 

attempts to collect field data that evaluates the impact of a range of different agents on sediment mixing 

and their impact on the reliability of dates obtained on the sediments. Kaste et al. (2007) calculated mixing 

rates from measurements of short-lived radionuclides, suggesting that the short-timescale processes of 

termite mixing may be the dominant agent compared to long-timescale processes such as uprooting. The 

mixing due to termite activity goes on for a few years before the mounds are abandoned (Williams, 2019), 

while mixing due to an uprooting may continue for several hundred or even thousand years (Schaetzl and 

Follmer, 1990).  

2.4.3.3	 Towards	a	better	comprehension	of	the	chronologic	results	in	the	study	area		

The ground in front of the GS1 rockshelter is flat and hosts typical open woodland savannah 

vegetation (Figure F2.1). The absence of sloping land at the site suggests that the possible impact of 

physical disturbances like creep and surface runoff on sediment mixing has been negligible. Additionally, 

there are no visible signs of past floods or water transport at the site or in the profiles. In terms of 
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subsurface flow as a possible major agent of post-depositional mixing, there was no visual proof of lateral 

relocation of particles in the profiles, such as particle size gradations or preferential particle orientation. 

Similarly, the raindrop effect and water percolation are difficult to confirm without evidence, such as 

particle sorting or the formation of impermeable surface crusts due to raindrop impact (Williams, 1969). 

However, the subsurface at the Outside GS1 location is uneven, undulating and composed of broken 

bedrock parts, bedrock slabs and depressions filled with sediment (Lowe and Wallis, 2020,Chapter 1 

section 1.4.1.4). Consequently, the sediment Outside GS1 also accumulated unevenly between the 

depressions, bedrock cracks and bedrock slabs, which might have resulted in sporadically mixed 

sequences. This might explain the presence of intrusive younger quartz grains in the lower parts of the 

PA_10-M pit profile (Table T2.2 No.11,12), but it does not explain the presence of reworked older quartz 

grains (>19 and >50 ka) in the uppermost and middle part of the profile (Table T2.2: No.1,6).  
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Figure F2.18: Evidence of bioturbation in the study area. Top left: the sandy deposits in front of GS1, GS1 roof seen 
in the top left corner, the arrow pointing to fallen trees (possible uprooting) and termite mounds - bottom right 
three in a diagonal; Top right: detail from pit PA_10-M profile, arrows pointing to root and/or burrows trace fossils; 
Bottom left: arrows pointing to tree stumps; Bottom right: termite mounds. 

 

On the other hand, sparse termite mounds, ant activity, trees, fallen trees and tree stumps were 

prominent at the surface Outside GS1 (Figure F2.18). Additionally, root trace fossils were documented in 

the PA_10-M pit profile (Figure F2.18). This evidence suggests sediment mixing due to bioturbation is the 

dominant cause of the observed overdispersion of De distributions associated with the OSL results. It is 

highly probable that SPAC particles, similarly to quartz grains, were also subjected to mixing and relocation 

due to bioturbation. Nonetheless, the absence of older SPAC (>5243±194 years) cannot be adequately 

explained by bioturbation only and implies that even resistant PyC was removed by degradation over 

millennial timescales, at least in the non-archaeological open-site sediments Outside GS1 beyond the GS1 

dripline. 

In general, however, the De distributions in this study suggest rather peculiar patterns of post-

deposition mixing. For example, De distributions in the PA_10-M pit profile indicate that sediment mixing, 

or ''scatter'' on the radial plots, occurred throughout the profile at similar intensity in all samples (Figure 

F2.13 A−L or as OD in Table T2.2). Additionally, in some samples, quartz grains were older than the average 

(Table T2.2: No.1,6,11,12). These patterns are not comparable with observations in some studies, where 

based on De distributions, mixing processes due to termite or plant bioturbation were found to be 

greatest close to the surface and more diffuse with depth (Bateman et al., 2003, 2007a, Gliganic et al., 

2016, Johnson et al., 2014, Stockmann et al., 2013, Wilkinson et al., 2009). They also do not comply with 

findings about post-depositional mixing due to ant activity where mixing was more intense in the upper 

part of the profiles, ~10−60 cm, and diminished gradually afterwards (Halfen and Hasiotis, 2010, Rink et 

al., 2013). However, these two studies were conducted in artificially formed profiles, while in the studied 

PA_10-M pit profile the surface has been gradually aggrading over the last 15 ka. This means all samples 

were once near the surface and subject to more intense bioturbation, possibly becaming more diffuse 

with increased depth over time. If so, we expect a similar sediment mixing pattern throughout the profile. 

In fact, we see a general mixing pattern that is constantly present in all sampled sections of the PA_10-M 

pit profile (in the form of 'scatter'), albeit along with sporadic pulses of severe mixing with significantly 

older quartz grains. This evidence suggests that post-depositional sediment mixing observed during this 

study is not a result of solely one factor but rather a combination of factors and possibly geogenic, biogenic 

or anthropogenic events that have yet to be identified.  
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Field evidence suggests that termites, ants, root expansion and tree throw are the dominant agents 

of mixing. However, the lack of data on how different agents of bioturbation reinforce and/or counteract 

each other prevents us from being more precise about how they impact the De distributions at single-

grain OSL analysis. The mixing patterns in this study find corresponding similarities in Scenario II, as 

suggested by Bateman et al. (2003, pg.1170-1171). This scenario implies bioturbation at low 

sedimentation rates and in thin sedimentary packages in which the entire sediment column will be 

disturbed. In these circumstances, OSL ages still increase with depth but represent an intermediate age 

reflecting both the age of burial as well as the magnitude and timing of post-depositional mixing. If the 

latter has varied through time, age reversals can occur over shorter depths (Bateman et al., 2003). This 

can be observed in the PA_10-M results (Table T2.2 No.9,10,11). In the end, although these disturbed sites 

can still display increasing ages with depth, even when some stratigraphy is evident (not the case in this 

study), it may not be possible to determine the true burial age (Bateman et al., 2007a). 

Scenario II (Bateman et al., 2003), however, does not explain the presence of the above mentioned 

'intrusive age signals' in profile PA_10-M (Table T2.2: No.1,6,11,12). Profile sections with these intrusive 

signals are represented by inconclusive samples (shown as purple circles in Figure F2.14 a and Figure 

F2.17) where the following specifics were observed: 

 Grains with the oldest (>50 ka) and the youngest (<2 ka) age signals were found together in the 

same sample (Table T2.2.: No.1,11,12). Sections with this characteristic represent the upper most 

and the lowermost part of the PA_10-M pit profile. 

 In the middle of the profile (80−82 cm), two age groups of grains were extrapolated after applying 

the FMM model where the second population, 22% of grains, exhibited an older age signal 

19.4±1.2 ka−with no linkage to any other age group in the profile (Table T2.2: No.6). 

 Grains showing an age of ~34 ka were found throughout the profile, almost in all profile sections 

apart from the middle section of the profile at 80−82 cm and 100−102 cm (Figure F2.13F,G). 

An in-depth examination of the radial plots (Figure F2.13) reveals that the samples from the upper 

part and the bottom of the PA_10-M pit profile (Figure F2.13A,K,L) show similar De distributions. The 

samples in the rest of the profile exhibited De distributions more similar to each other (Figure 

F2.13B,C,D,E,G,H,I,J), except the sample from the middle of the profile (PA_10-M 80) which showed a De 

distribution that differs from all others (Figure F2.13F). The sample from the pit C_1-CR (Figure F2.14b) 

also showed an inconclusive result and a radial plot similar to those from the top and bottom of profile 

PA_10-M (Figure F2.13K). We, therefore, suggest that the incoherent signals may reflect occasional 
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phases of intensified mixing due to a currently undefined mechanism that resulted in the infiltration of 

young and old grains from proximate sediment basins or older deposits into the profile column. Changes 

in deposition/erosion cycles or sporadic events, such as uprooting, could have driven this hypothetical 

mechanism. We note that the movement of old grains upward toward the surface must have been in 

'clumps' of sediment such that the OSL signal was not bleached as a result of the movement. This is more 

consistent with root throw than movement by termites or ants. 

Finally, the De distributions in samples from the Norman River terraces showed less scatter after 

nMAD CAM modelling, and were more conclusive. This suggests that post-depositional disturbance had 

significantly less impact on the sediments of the river terraces compared to sediment deposits Outside 

GS1. As trees are equally present at the upper river terrace (unit A) as Outside GS1, a possible explanation 

would be that water makes the sediments less suitable for termites or ants. It is also possible that the 

sediments at the Norman River site were bult up faster, so there was less time for bioturbation to occur 

before the sediments were buried to a depth where bioturbation is less intense. The bottom terrace, 

however, is overlayed by two significantly harder units that constitute a barrier for termite and ant activity 

as well as a challenge for root expansion. 

2.4.4	 Age‐depth	model	and	sedimentation	rate		

The age-depth model, based on OSL and macro-charcoal results from the PA_10-M profile (Figure 

F2.16), supports the formerly discussed Scenario II (Bateman et al., 2003). It shows that OSL ages still 

increase with depth, but they give an average result influenced by the age of burial and post-depositional 

mixing. At depths 135−137 cm and 150−152 cm, an age reversal is observed, which, according to Bateman 

et al. (2003, pg.1171), can happen when the post-depositional mixing has varied through time. Overall, 

the age-depth model supports the conclusion that the sand deposits south of the GS1 rockshelter have 

been accumulating for at least 15 ka.  

The age-depth model was used to calculate the sedimentation rate for pit PA_10-M (Figure F2.19). 

The sedimentation rate appears to be the lowest in the period from the Pleistocene-Holocene transition 

to the end of the mid-Holocene, which corresponds to the depth range 135−80 cm in PA_10-M. In this 

period, the sedimentation rate initially dropped from ~9 cm/ka (at depth ~135 cm) down to ~6 cm/ka 

(at depth ~118 cm) in the early Holocene (Figure F2.19).  

Around 4000 years ago (at ~80 cm below the surface), the sedimentation rate started to increase 

and has been significantly higher for the last 1500 years, exceeding 20 cm/ka. A similar steady increase in 
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sedimentation rate from late Pleistocene to late Holocene was observed by Ward et al. (2005) at Keep 

River in north Western Australia, although a significant drop in sedimentation rate during early and mid-

Holocene was not mentioned in that study. The authors attributed the observed increase to enhanced 

monsoonal activity (Nanson et al., 1992, Shulmeister, 1999). A wetter climate in the early Holocene (Bird 

et al., 2002) would mean more vegetation, intensified runoff and water percolation, increased rootlet 

bioturbation and, therefore, a lower sedimentation rate during the early Holocene compared to the late 

Holocene, which is consistent with the results in this study.  

 

 

Figure F2.19: Age-depth model and sedimentation rate changes in PA_10-M pit profile through 
time. The graphs are placed so that the depths are at the same level, which allows a simultaneous 
observation of OSL age and the corresponding sedimentation rate. Left: Age-depth model 
constructed using Bayesian age modelling with rbacon package in R Chronology based on OSL and 
macro-charcoal ages. Right: Sedimentation rates calculated using the OSL ages modelled with 
rbacon. The part of the graph marked in red represents the sampled part of the PA_10-M profile, 
where the OSL ages were obtained. The blue part of the graph represents the part extrapolated 
by the model. The circles represent the OSL samples; as previously, the purple circles represent 
the samples of intensified mixing with intrusive ages (Figures F2.14a, F2.17). Note, the intensified 
mixing with incoherent ages is often connected with a significant increase in sedimentation rate. 
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(note by the author: only modelled OSL ages were used for the calculation of sedimentation 
rates). 

 

To conclude, it appears (Figure F2.19 right) that the samples with incoherent ages (purple circles) 

occur after long periods of steady sedimentation, just before an increase in sedimentation rate. This 

observation, however, should be treated with caution because it might be biased by under-sampling 

and/or the applied Bayesian age modelling. Because the samples that showed multiple populations of 

quartz grains were recorded at both lower and higher rates of sedimentation, the undefined mechanism 

responsible for incoherent ages is independent of the sedimentation rate but might be dependent on the 

factors that induce the shift in sedimentation rate. 

2.5	 Conclusions	

Developing a robust and reliable chronology from disturbed terrestrial sediments that characterize 

much of the Australian tropical savannah is challenging and complex. Single-grain OSL dating on quartz 

and radiocarbon dating on two charcoal fractions, macro-charcoal and SPAC, were used to obtain ages for 

two locations: 1) the terrestrial open-site non-archaeologic sediment deposit beyond the GS1 rockshelter 

dripline (named Outside GS1) and 2) the subsidiary Norman River terraces exposure (named Norman River 

site). Altogether, 15 OSL and 15 14C samples were collected from five pits excavated Outside GS1 and two 

terraces at the Norman River site. We examined the reliability of these techniques for dating terrestrial 

deposits from open sites in the Australian tropical savannah and observed how they agree. Several 

conclusions and implications for future studies can be drawn from this work: 

 Single-grain OSL dating and 14C dating of macro-charcoal produced the most reliable age results. 

The age-depth model constructed using these results showed that the non-archaeologic open-

site sediment deposit Outside GS1 has been accumulating for at least 15 ka.  

 In some samples Outside GS1 quartz grains older than 50 ka were mixed with the youngest grains 

(~1.2 ka). These samples were collected in the uppermost and lowermost sections of the PA_10-

M pit profile located 19 m southwest beyond the GS1 dripline. This finding indicates that quartz 

grains from much older deposits were reworked into the younger deposits of pit PA_10-M without 

being bleached during the process. The configuration of older and younger sediment deposits and 

the mechanisms responsible for the transport and infiltration of significantly older quartz grains 

into younger deposits have yet to be fully resolved.   
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 The OSL age estimates, particularly those from Outside GS1 site, showed a lot of scatter in De 

distributions indicating post-depositional mixing. The observed overdispersion of De distributions 

implies a combination of mixing agents, of which some occur throughout the profile, while others 

are intermittent. Post-depositional mixing is, in large part, the result of bioturbation. Evidence of 

termite and ant activity as well as plant-turbation by tree roots, fallen trees and tree stumps were 

documented in sediments Outside GS1. A fair amount of work has already been published 

concerning the effects of bioturbation on De distributions in archaeological deposits (e.g. Araujo, 

2013, Bateman et al., 2007b, Leigh, 1998, Williams, 2019, Williams et al., 2021), savannah soils 

(e.g. Johnson et al., 2014, Kristensen et al., 2015) as well as aeolian, fluvial and marine sands (e.g. 

Bateman et al., 2007a, Gliganic et al., 2015, 2016). Nonetheless, more research is needed to 

investigate the potential for single-grain OSL De distribution patterns to identify individual agents 

of post-depositional mixing, particularly bioturbation. In the future, it might be possible to use 

these approaches to identify the impact of human induced post-depositional mixing in sediments. 

 The OSL age estimates from the Norman River terraces were more conclusive with less scatter in 

De. This might support the hypothesis that termites and ants are the dominant mixing agents at 

the Outside GS1 sampling site, since both tend to avoid excessive soil water.  

 The OSL age derived from the lower portion of the youngest terrace (10.9±0.5 ka) suggests that, 

following the late Pleistocene-Holocene transition, sediment deposition at the Norman River site 

persisted for at least an additional 124 cm before the change in river dynamics occurred and the 

Norman River shifted to the current incising.  

 The four radiocarbon dates obtained from macro-charcoal samples from the PA_10-M pit profile 

Outside GS1 aligned well with the OSL ages obtained from the same profile sections (Figure F2.17). 

This suggests that macro-charcoal was not subjected to significant relocation or deterioration and 

proved to be a reliable additional chronology proxy in this and probably analogous settings. 

However, the occurrence and preservation of macro-charcoal is too sporadic to be relied upon as 

the leading dating proxy.  

 In contrast, the radiocarbon dates of SPAC samples proved unreliable, being inconsistent in the 

sediment sequences Outside GS1. The oldest date obtained from SPAC in pit C_1-CR was ~5 ka 

(Table T2.3, Figure F2.17). This is substantially younger than OSL ages. The overall inconsistency 

of SPAC dates and the lack of SPAC older than ~5 ka in open-site sediments Outside GS1 suggests 

the likelihood of significant translocation of fine SPAC up and down the loose, porous, sandy 

sedimentary sequence and a relatively rapid degradation of charcoal in this environment. This is 
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an important finding that should be addressed in the future to gain a better understading of 

macro-charcoal and SPAC dynamics in Australian semi-arid savannah open-sites.  

 Low sedimentation rates and thin sedimentary packages allowed for the post-depositional 

disturbance of the whole sedimentary record of the PA_10-M pit profile Outside GS1. However, 

a significantly lower sedimentation rate during the early and mid-Holocene, in comparison to 

recent times (Figure F2.19), might indicate a change in climate between the mid- and late 

Holocene that impacted sediment deposition in the study area.  

This is the first time that the combination of single-grain OSL and radiocarbon dating of macro-

charcoal and SPAC have been used to date terrestrial sediment deposits at an open site. This study 

supports the conclusion that there is a lack of comprehensive understanding of the origins and cumulative 

effects of post-depositional sediment mixing as well as the dynamics of charcoal decay in sand deposits, 

which typically constitute the open sites of Australian northern savannahs. The study showed that the 

application of at least two independent dating methods as well as a good knowledge of the site 

characteristics and formation background, are essential in analogous contexts. Moreover, a large number 

of samples and multiple sampling locations should be planned, preferably in transects. Another possible 

method worth considering using in this context is cosmogenic nuclide dating (refer to Chapter 1 section 

1.2.2.3.1). This preliminary research contributes to our knowledge of the complexities associated with the 

dating of typically disturbed terrestrial sand deposits in the open sites that constitute the majority of the 

northern Australian continent. 
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Abstract	

Reliable palaeovegetation reconstruction is vital for understanding past climate change and its 

impact on ecosystems, people and biodiversity. A standard approach to identify plant composition and 

variability over time is to use pollen. Unfortunately, pollen is not always available due to unfavourable 

preservation conditions, such as those in semi-arid and arid environments. Phytoliths, on the other hand, 

are durable and ubiquitous plant fossils that preserve well in very diverse sedimentary environments. 

They are common in many herbaceous and woody plants as well as in other angiosperms (flowering 

plants) and are particularly abundant and diverse in the grass family (Poaceae). Hence, phytoliths are a 

potential tool for the detection of changes in vegetation over time in contexts that lack conventional 

proxies. Similarly, charcoal or pyrogenic carbon is durable, ubiquitous and abundant in various natural 

environments. These characteristics likewise make pyrogenic carbon an excellent tool for 

palaeoenvironmental reconstruction via carbon isotope composition.  

In this study, we combined phytolith analysis and δ13C isotopic signatures from pyrogenic carbon, 

more precisely from Stable Polycyclic Aromatic Carbon (SPAC), to reconstruct past vegetation at the 

Gledswood Shelter 1 (GS1) archaeological site in North Queensland, Australia. SPAC is a highly resistant 

microscopic form of pyrogenic carbon, that can persist in the environment for millennia. We explored the 

usefulness of these two proxies to track vegetation changes through time in a sedimentary context of a 

terrestrial Pleistocene sand sheet in the Australian savannah. Sediments from the GS1 rockshelter interior 

('Inside GS1'), and up to 73 m beyond the GS1 rockshelter dripline ('Outside GS1'), were collected for 

laboratory analysis. Given the divergent nature of the two types of record their comparability was also 

investigated. 

The results revealed the persistence of savannah-type vegetation in the study area throughout the 

Holocene. According to phytolith indices, tree cover was denser during the early and mid-Holocene, 

compared to the more recent past. When compared, the results from the two locales exhibited 

differences between all proxies, suggesting a reliable palaeoenvironmental record cannot be provided by 

rockshelter interior deposits information alone. The combination of phytolith and δ13C of organic carbon 

has been successfully applied before for vegetation reconstruction, but the δ13C signature in SPAC has 

never been used to our knowledge. This study confirms the usefulness of this approach for vegetation 

reconstruction in semi-arid Australian savannah environments and discusses its constraints. 
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3.1	 Introduction	

Most reconstructions of past vegetation change in the tropical north of Australia derive from pollen 

and charcoal records. The studies have generally focused on wetter parts of the region that contain lakes 

and swamps, such as the Top End region in the Northern Territory (Bird et al., 2019a, Rowe et al., 2021, 

Shulmeister and Lees, 1995, Woodroffe et al., 1985), the Gulf of Carpentaria (Prebble et al., 2005), Cape 

York Peninsula (Luly et al., 2006, Rehn et al., 2021a), Torres Strait (Rowe, 2007), Lynch’s Crater (Kershaw, 

1981, Rule, 2020, Turney et al., 2006) and various marine cores (Moss et al., 2017, Moss and Kershaw, 

2007, van der Kaars and De Deckker, 2002). There is an obvious need to extend research into the drier 

parts of northern Australia, particularly the savannahs that characterise most of the Australian tropics 

(Reeves et al., 2013a).  

The harsh nature of semi-arid and arid Australia has resulted in a generally restricted, low 

preservation potential for conventional plant indicators, mostly pollen, but also spores and macrobotanics 

(e.g. seeds). Such remains do not preserve well in terrestrial sediments that are subjected to aerobic 

conditions and contrasting wet-dry seasonal climate shifts, as experienced in tropical monsoonal climates. 

It is, therefore, essential to develop new tools that will enable researchers to fill current gaps in the 

palaeoenvironmental record. In this regard, phytoliths and charcoal or pyrogenic carbon are generally 

well preserved in contexts where pollen is not and can contain palaeoenvironmental information in both 

morphology (e.g. Asscher and Boaretto, 2019, Enache and Cumming, 2006, Jensen et al., 2007, Mustaphi 

and Pisaric, 2014, Piperno, 1983, 2006, Rehn et al., 2019, 2021b, Smith et al., 1995, Strömberg et al., 2018) 

and stable isotope composition (e.g. Ascough et al., 2018, Bird et al., 2015, 2020, Carter, 2009, Fredlund, 

1993, Hall et al., 2008, Kelly et al., 1991, Krull et al., 2003, Nelle et al., 2013, Parr and Sullivan, 2005, Santos 

and Alexandre, 2017, Song et al., 2016). Phytoliths have cautiously been adopted by researchers in 

Australia as an alternative source of palaeoenvironmental and palaeoecological data over the last several 

decades (Clark et al., 1992, Clarkson and Wallis, 2003, Florin et al., 2020, Fullagar and Wallis, 2012, Golson 

et al., 2003, Hayes et al., 2021, Moravek et al., 2013, Parr and Carter, 2003, Wallis, 2018, Wallis, 2003, 

Wallis, 2001, Wallis, 2000, Wallis, 2002). In North Queensland, however, only a few phytolith studies have 

been conducted, specifically on lake sediments at Long Pocket (Thorn, 2004) and from wet tropical forest 

soils on the Atherton Tablelands (Alexandre et al., 2012, Field et al., 2016).  

The current study aimed to reconstruct past vegetation at the archaeological site of Gledswood 

Shelter 1 (GS1; see Wallis et al., 2009) using phytoliths and pyrogenic carbon. We used the stable carbon 

isotope signature δ13C in a highly resistant microscopic form of pyrogenic carbon, defined as Stable 
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Polycyclic Aromatic Carbon (SPAC) (Ascough et al., 2018, Bird et al., 2015, McBeath et al., 2015). GS1 is 

located in inland North Queensland, approximately 1.6 km north of the Norman River, surrounded by 

typical Australian semi-arid savannah (Figure F3.1). The objective was to test the potential of phytolith 

analysis and δ13C in SPAC (δ13CSPAC) for palaeovegetation reconstruction in the Australian tropical 

savannah. For this purpose, two sets of samples were collected: 1) the first collection from a non-

archaeological open-site sediment deposit expanding south-southwest of GS1, up to 73 m beyond the GS1 

dripline, referred to as 'Outside GS1', and 2) a second collection from archaeological sediment deposit in 

the GS1 rockshelter interior, referred to as 'Inside GS1' (Figure F1.3).  

 

 

Figure F3.1: Gledswood Shelter 1 (GS1) study area. The yellow rectangle on the big map marks the 
archaeological sediment deposits inside the GS1 rockshelter–Inside GS1 sampling site and the dashed 
circle marks the non-archaeological open-site sediment deposits expanding southward beyond the GS1 
dripline–Outside GS1 sampling site, the arrow indicates the GS1 dripline representing the demarcation 
between the Inside and Outside GS1. On the right, the red dot marks the position of the GS1 on a bigger 
scale. 

 

In this study, the dripline is used to demark the boundary between the Inside GS1 and the Outside 

GS1 sediments, that is, between the archaeological deposits inside the GS1 rockshelter and the non-

archaeological open-site sediment deposits extending beyond the GS1 dripline. Phytoliths and δ13CSPAC 

values were analysed in both sample collections to establish a palaeovegetation record. The second 

objective was to compare the results from both collections, inside GS1 and outside GS1, for similarities 
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and differences in phytolith assemblages and δ13CSPAC ranges, hypothesizing that the inside GS1 record is 

more likely to contain an anthropogenic signal. The purpose of the comparison was to see whether the 

two datasets confirm the same vegetation history, but also to determine whether the geomorphic form 

of the GS1 shelter operated as a sediment trap, and its possible role in acting as a human refugia that 

impacted the two proxies and, if so, how? 

This study is, to our knowledge, the first in Australia to combine phytolith analysis and an δ13CSPAC 

isotopic signature from terrestrial sediments for palaeovegetation reconstruction. Phytoliths have been 

used several times before in combination with stable carbon isotope δ13C for palaeovegetation 

reconstruction in other semi-arid regions, among the first by Fredlund and Tiezsen (1997) in South Dakota, 

USA, and Alexandre et al. (1999) in south-central Brazil. The authors found the approach useful for regions 

lacking lake sediments and preserved pollen records. Other researchers recently adopted this approach 

to investigate shifts in tree vs. grass vegetation predominance as well as changes in the position of the 

forest-savannah boundary, particularly in Brazil (e.g. Calegari et al., 2013, Calegari et al., 2017, Chueng et 

al., 2019, Coe et al., 2014), but also in tropical Africa (e.g. Bremond et al., 2017, Sangen et al., 2011) and 

parts of Asia (e.g. Li et al., 2021, Tripathi et al., 2021). In these studies, however, soil and/or sediment 

organic matter (SOM) was used as the source of carbon for δ13C analysis rather than SPAC. Hence, the 

application of δ13CSPAC in combination with phytoliths in this study is novel. To provide essential theoretical 

background for the scientific approach used in this study, the following section contains an overview of 

the origins, formation and application of phytoliths and δ13CSPAC. Additionally, it discusses their potential 

as proxies in palaeovegetation reconstruction. 

3.1.1	 Phytoliths	

3.1.1.1	 Origin	and	formation	

Phytoliths (also known as plant opals, biogenic opal or opal phytoliths) are microscopic bodies of 

microcrystalline amorphous/opaline silica found in plants. The term derives from Greek, where ~phyto 

means plant and ~lith stone, hence 'plant-stones'. Plants produce phytoliths by secreting silica, obtained 

from ground water taken up into their tissues and cells, in the form of amorphous siliceous 

microstructures.  

Charles Darwin was one of the first to write about the uniqueness of phytoliths. At the very 

beginning of his voyage, the Beagle stopped at Porto Praya off the northwest coast of Africa on the Cape 

Verde islands. In his notes, Darwin described a fine dust which was found to have slightly abraded the 
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astronomical instruments (Darwin, 1809-1882). Darwin wrote that this dust was a fairly common 

phenomenon in the region and, occasionally, it created such a haze that ships were rumoured to have run 

aground because of the poor visibility. It turned out that the dust was actually composed of phytoliths, 

though, it would take another 150 years before the scientific value of phytoliths began to be understood. 

The weathering of silicate rocks, such as granite, sandstone or basalt, releases silicon, which with 

the addition of ground water forms monosilicic acid [Si(OH)4] in soils (Jones and Handreck, 1967). Plants 

take up silicic acid through their roots along with water and various other nutrients they need for growth 

and development. During this process, in some plants the level of silicic acid will reach supersaturation, 

at which point it will be deposited it in their cells, spaces between cells and in other tissues in a solid form 

as amorphous silica or opaline silica (SiO2·nH2O) (Blackman, 1971, Epstein, 1999). The opaline silica thus 

deposited takes the shape of the surrounding tissue, forming microscopic bodies known as phytoliths 

(Figure F3.2). Phytoliths consequentially come in many different forms and shapes. In colour they are 

usually slightly transparent to slightly pink or grey, although colours can extend from brown to opaque 

and size can range from one to more than 100 micrometres. 

Phytoliths are produced by most major groups of land plant taxa (Kondo, 1977) in almost every 

environment around the world, including many herbaceous and woody plants as well as other 

angiosperms (flowering plants), gymnosperms (conifers, cycads, Ginkgo, Gnetales) and pteridophytes 

(ferns). They are particularly abundant and diverse in monocotyledons, with the grass family (Poaceae) 

and palms serving as prime examples. Among dicotyledonous angiosperms, several plant families deposit 

abundant phytoliths, especially among tropical trees, vines and herbs. Nevertheless, not all plants produce 

phytoliths. The whole phytolith formation process is not fully understood (Hart, 2015, Piperno, 2006), 

though studies suggest that phytoliths might serve a range of structural, physiological and protective 

functions (Epstein, 1999). 

3.1.1.2	 Applicability	and	limitations	

The biological function of phytoliths might be ambiguous, but their scientific significance certainly 

is not. Phytoliths are being increasingly applied in a wide range of fields from palaeontology, archaeology, 

and environmental science to nanotechnology (Neethirajan et al., 2009). In palaeoenvironmental 

reconstruction, they are particularly useful as proxies of the past vegetation cover because of their 

physiochemical durability (Rovner, 1971). Once a plant dies, phytoliths can dissolve under alkaline 

conditions (Alexandre et al., 1994, Alexandre et al., 1999, Cornelis et al., 2014, Opalinska and Cowling, 

2015, Santos et al., 2018, White et al., 2012). However, in many cases, they are buried and preserved in 
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soils, sediments and archaeological deposits (Blackman, 1971) (Figure F3.2) where, when recovered, they 

can be used as palaeoenvironmental or archaeological indicators (e.g. Lewis, 1978, 1979, Pearsall, 1978, 

1982, Piperno, 1983, Rovner, 1971).  

 

 

Figure F3.2: Phytoliths as proxies of the past. The figure shows the production and deposition cycle 
of phytoliths. Inset images on the right show examples of plant and sediment phytolith assemblages. 
Black bars in inset images are 20 µm. Image modified from Hyland (2014). 

 

Deposition of silica often occurs at several sites within plant tissue, such as stomata, epidermal cells 

and trichomes, resulting in a multiplicity of different phytolith shapes (known as morphotypes) for each 

plant (Rovner, 1971, Piperno, 1988). After deposition, phytoliths adopt the relatively conserved shape of 

the cell types in which they form, such as those found in the epidermis, parenchyma or associated with 

the vasculature (e.g. stomata, tracheary elements, trichomes). Consequently, there is significant overlap 

in the shapes of the phytoliths formed within plants, even among taxa that are not closely related (Dunn 

et al. 2015), a phenomenon often referred to as redundancy (Rovner, 1971, Piperno, 1988). Here, it is 

important that grasses (Poaceae) produce different phytolith morphotypes compared to trees, shrubs and 

herbs (that is, Non-Poaceae). However, when it comes to determining higher taxonomic levels, phytoliths 

are not as diagnostic as pollen and attributing phytolith morphotype to a plant group is not a 

straightforward process. Various factors need to be taken into consideration in the process of 

classification, and multiplicity and redundancy represent a persistent challenge for researchers (Lu et al., 

2006, Rashid et al., 2019, Vrydaghs et al., 2016). Furthermore, not all plants produce the same quantity 



151 
 

of phytoliths, meaning that the amount of a specific phytolith morphotype does not necessarily reflect 

the abundance of their producers (Piperno, 1988, 2006). Additionally, environmental factors, including 

temperature and precipitation, can alter the phytolith shape, content and size (Fishkis et al., 2009, Liu et 

al., 2021, Madella and Lancelotti, 2012). Despite these challenges, the field of phytolith research has 

grown enormously in the last few decades and a considerable amount of work has contributed to a better 

understanding and application of phytoliths as proxies of past environmental change (Hart, 2016, Rashid 

et al., 2019, Strömberg et al., 2018). 

3.1.2	 Carbon	and	δ13C	isotopic	signature	in	plants		

Of the three naturally occurring carbon isotopes two (12C and 13C) are stable and one (14C) is 

radioactive. In total, 98.9% of the carbon circulating on Earth is 12C, approximately 1.1% is 13C and only 1 

part in 1010 is 14C (Lowe and Walker, 2015). In nature fractionation during biosynthesis reactions is 

standard and results in the enrichment of one isotope relative to the other. Generally speaking, these 

effects are very small but can be particularly significant, for instance, for radiocarbon dating. Moreover, 

isotope compositions engendered by fractionation are diagnostic of photosynthetic pathways (Farquhar 

et al., 1989, Fry and Sherr, 1989, Kohn, 2010). The ratio of stable carbon isotopes 13C:12C can therefore be 

interpreted as an isotopic 'signature' or 'fingerprint', providing information on the original source of the 

carbon. Once this fingerprint is imparted to a carbon-bearing substance, it remains the same as when it 

was formed, thereby representing a diagnostic key to substance origins. The ratio is referred to as a δ13C 

(delta 13C) value and is expressed as parts per thousand deviations from the VPDB international scale (per 

mil, ‰). 

δ13C values in nature vary widely as the carbon isotopic composition varies for different substances 

(e.g. Balesdent et al., 1987, Bird and Ascough, 2012, DeNiro and Epstein, 1978, Dickson and Coleman, 

1990, Jasper and Gagosian, 1989, McCorkle et al., 1985, O'Leary, 1988, Oppo and Fairbanks, 1989, Tieszen 

and Boutton, 1989, Tieszen et al., 1983). Among terrestrial plants, the δ13C varies from about -8 to -34‰ 

(Bender, 1971). The most significant differences derive from three different pathways that plants use 

during photosynthesis (C3, C4 and CAM) (Farquhar et al., 1980, Hatch, 1987, Sage, 2004). These pathways 

refer to the chemical processes and correspond to how plants fix atmospheric carbon (CO2). The C3 and 

C4 pathways are the most widely distributed, while CAM plants (e.g. epiphytes and succulents) are 

uncommon except in arid regions (Ehleringer and Cerling, 2002, O'Leary, 1988, Osmond et al., 1973). C3 

photosynthesis is the ancestral pathway for carbon fixation and occurs in all taxonomic plant groups, 

utilized by most trees, shrubs, herbs, temperate grasses and lianas. Most plants use the C3 pathway, which 
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discriminates strongly against 13C, resulting in low δ13C values (from -33 to -24‰). C4 photosynthesis, 

alternatively, represents a relatively recent (approximately 8 Ma old) biochemical and morphological 

modification of the original C3 pathway (Ehleringer and Cerling, 2002). Plants that use the C4 pathway have 

higher δ13C values, from -16 to - 10‰. The C4 pathway occurs in the more advanced plant taxa and is 

especially common among monocots, such as grasses and sedges (Bird and Ascough, 2012, Ehleringer and 

Cerling, 2002, O'Leary, 1981, 1988). The C4 pathway, however, is only advantageous for plants in 

environments with low CO2 and/or high temperature. Therefore, C4 plants are more common in the 

tropics and subtropics and a mixture of C3 woody vegetation and C4 grasses represents a typical pattern 

found in monsoon-dominated savannah environments but not in temperate or cold regions.  

3.1.2.1	 Pyrogenic	Carbon	and	Stable	Polycyclic	Aromatic	Carbon	(SPAC)	

Pyrogenic carbon, also known as charcoal, black carbon, soot, or biochar is a product of biomass 

burning, either natural or anthropogenic. Chemically, pyrogenic carbon represents a wide range of 

carbon-rich materials that form when biomass is exposed to temperatures above 300°C under conditions 

of restricted oxygen (Ascough et al., 2010, Bird, 2007). For example, when a savannah catches fire, trees 

burn alongside shrubs and grasses, including trunks, bark and branches, leaves, stems, nuts, fruits, resins 

and oils. Hence, pyrogenic carbon results from all biomass that was not fully combusted and has 

undergone physical and chemical alteration by exposure to high temperatures under conditions of low 

oxygen availability (Ascough et al., 2020). The degree of alteration the biomass sustains depends on fire 

intensity and burn time.  

Fires have always been a feature of Australian tropical savannah dynamics. Fire events leave macro- 

and micro-particles of pyrogenic carbon dispersed ubiquitously in the environment. This material is 

generally very resistant to weathering and decay (Ascough et al., 2020, Bird et al., 2015) and some forms 

can persist in the environment for millennia or even tens of millions of years (e.g. Cressler, 2001). These 

characteristics make pyrogenic carbon one of the major tools for palaeoenvironmental reconstruction. 

The shape, size and abundance of pyrogenic carbon particles can be used as proxies for fire frequency 

(e.g. Aleman et al., 2018, Hawthorne et al., 2018, Rehn et al., 2021a, Rowe et al., 2021, Wurster et al., 

2021). The geochemical measurement of the most inert fraction of pyrogenic carbon, measured as Stable 

Polycyclic Aromatic Carbon (SPAC), can also provide information about fire intensity (Wurster et al., 2012, 

2013, 2021). For more information about pyrogenic carbon and SPAC formation, refer to section 2.1.2.3.2. 

The δ13C value of SPAC (δ13CSPAC) is indicative of the balance between the types of vegetation burnt in 

tropical savannah because, as mentioned previously, grasses utilize the C4 photosynthetic pathway (δ13C 
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-16 to -10‰) while woody vegetation uses the C3 pathway (-33 to -24‰). Hence, δ13CSPAC from pyrogenic 

carbon can provide information about what vegetation was burning during fire events in the past.  

3.2	 Materials	and	Methods	

3.2.1	 GS1	site	background		

The regional setting and climate of the study area are given in the introductory part of this thesis 

(chapter I.2A,B), with the geological evolution and geomorphic characteristics treated in depth in Chapter 

1. To avoid repetition, only a brief summary of these is given below, where we focus instead on the extant 

plant composition of the area that deals with palaeovegetation reconstruction. Wallis recorded plant 

composition in the study area in 2006−2008. This study is complemented here with data from the Atlas 

of Living Australia ALA digital database (ALA, https://www.ala.org.au/) . 

 

 

Figure F3.3: The study area with the red circle marking the GS1. The area is located at a topographic 
boundary between the foothills of the Gregory Ranges to the east and the gently sloping Strathpark 
Plains to the west and south. About 1.6 km to the south of GS1 flows the Norman River, whose 
headwaters are in the Gregory Ranges and which drains westward into the Gulf of Carpentaria. 

 

The GS1 study area lies in the semi-arid Australian monsoonal tropics (Figure F3.3 right), 

characterised by a short, hot, wet season and a long cool, dry season. While surface water is abundant 

during the wet season, it becomes extremely scarce during the dry, when people must access 

subterranean streams or spring-fed waterholes. Geomorphologically, the area is located at a topographic 
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boundary, with the foothills of the Gregory Ranges (600−900 m asl) to the east, and the Strathpark Plains 

(300−400 m asl) sloping gently to the west and south (Figure F3.3). The foothill region is dominated by 

residual hills, scarp retreats and outcrops of quartzose Hampstead Jurassic sandstone. About 1.6 km to 

the south of the GS1 rockshelter is the Norman River, meandering its way across the Strathpark Plains, 

whose headwaters are in the Gregory Ranges and which drains westward into the Gulf of Carpentaria. 

The surrounding vegetation is primarily open woodland and grassland, and even today the region is 

generally regarded as rugged and difficult to access. 

The sandy forest country of the Strathpark Plains is dominated by Georgetown box (Eucalyptus 

microneura), lancewood (Acacia shirleyi) and Cooktown ironwood (Erythophleum chlorostachys). 

Subordinately, the arboreal assemblage further includes quinine bush (Petalostigma banksii), Ficus spp., 

paperbark (Melaleuca spp.), long fruited bloodwood (Corymbia polycarpa), cocky apple (Planchonia 

careya), white cypress pine (Callitris glaucophylla), bean tree (Bauhinia cunninghamii), lemon wood 

(Dolichandrone heterophylla), arid peach (Terminalia aridicola), T. ferdinandiana, Dolichandrone 

alternifolia subsp. variabilis, currant bush (Carissa lanceolate), damson (Terminalia spp.), starflower 

(Calytrix leptophylla) and Acacia spp. Groundcover is dominated by a combination of three-awn grass 

(Aristida spp.), ribbon grass (Chrysopogon fallax), blue grasses (Dicanthium spp. and Bothriochloa spp.), 

kangaroo grass (Themeda australis) and black speargrass (Heteropogon contortus), with rocky areas 

dominated by spinifex (Triodia spp.). The majority of the listed grasses are C4 plants, apart from the three-

awn grass and spinifex, which can be either C3 or C4 species (Blood et al., 2015, Goergen and Daehler, 

2001, Osborne et al., 2014). 

The vegetation of the rugged, outcropping surfaces of the foothills comprises communities of 

variable structure generally dominated by lancewood (Acacia shirleyi) along with Cooktown ironwood 

(Erythophleum chlorostachys), Georgetown box (Eucalyptus microneura) and various other Eucalyptus 

species. The ground surface is often bare or sparsely covered by short grasses, such as the commonly 

present three-awn grass and spinifex on rock-exposed surfaces. 

Inside the dripline of the GS1 rockshelter the ground is sandy, supporting little or no vegetation. 

Figure F3.4a,b show the current vegetation in the study area.  
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Figure F3.4a: Current vegetation in the area of study. Top left and right: open woodland savannah of the Strathpark 
Plains. Left: the bare Inside GS1 ground. Right middle: grasses and shrubs growing on the rooftop of the GS1 rockshelter 
outcrop. Right bottom: open woodland savannah surrounding the GS1 rockshelter outcrop; note the baldachin set for 
fieldwork purposes. 
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Figure F3.4b: Current vegetation in the area of study. Left: the vegetation of the rugged, outcropping surfaces of the 
foothills. Right: Melaleuca dominated vegetation overgrowing the banks of the Norman River. 

3.2.2	 Phytolith	analysis		

Phytolith analysis involved field collection of bulk sediment samples from Inside GS1 and Outside 

GS1, followed by extraction of phytoliths from sediments and microscopic examination. A total of 44 bulk 

sediment samples were selected from pits and auger holes outside GS1, and 64 from the archaeological 

sequence inside GS1, Square C1 (Tables T3.1, T3.2). Sampling locations are shown in Figure F3.5. 

Archaeological excavations and sample collection from Inside GS1 were conducted by Wallis in 2006 and 

2008 (Lowe et al., 2018, Wallis, 2008, Wallis et al., 2009). The pits and auger holes from the Outside GS1 

sampling location comprise five test pits (TP01, TP02, TP03, TP04, TP05) excavated by Wallis in 2008 (Lowe 

et al., 2018) as well as two pits (PA_10-M and C_1-CR) and ten auger holes (PA_1-M, PA_2-M, PA_3-M, 

PA_5-M, PA_5-M, PA_6-M, PA_7-M, PA_8-M, PA_9-M and PA_11-M) excavated by Zega in 2019 and 2020 

(Figure F3.5). 
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Figure F3.5: Sampling locations Outside GS1 and Inside GS1. Top: Pits and auger holes Outside GS1, blue squares 
mark the test pits excavated in 2008 by Wallis, purple circles mark the two pits and ten auger holes excavated by 
Zega in 2019 and 2020. The yellow rectangle marks the archaeological excavation Inside GS1. The red dot on the 
right marks the location of GS1 on a bigger scale. Bottom: A photograph from the Inside GS1−rockshelter interior, 
with marked archaeological squares. Samples from Square C1 were used in this study. 
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3.2.2.1	 Phytolith	extraction	from	sediments		

We chose the heavy liquid separation process for the extraction of phytoliths, following the 

standard procedure described by Wallis (2000) and Aleman et al. (2013) with a few minor adaptations. 

First, the samples were sieved at 425 μm and left to dry overnight at 70°C. Then samples were placed in 

50 ml plastic tubes and Calgon was added to promote clay dispersion. After mixing, they were left to settle 

overnight. The next step was to remove the organics by adding 30% hydrogen peroxide and placing the 

samples in a gently shaking water bath at 65°C. The hydrogen peroxide was topped up as necessary, until 

all reaction had ceased. Calgon was then re-added to further assist in the removal of the clay-sized 

particles. The Calgon step was repeated as many times as necessary until no clots of clay were seen with 

the naked eye. Phytoliths were then separated from other material by flotation in sodium polytungstate 

with a specific gravity of 2.3 (Figure F3.6). The heavy liquid was chosen because it is reusable and non-

toxic (Hart, 1988, Madella et al., 1998). After extraction, phytoliths were placed in small plastic vials for 

the last step, and the sodium polytungstate solution was set aside for reclamation. The phytolith 

extraction protocol is provided in detail in Appendix A3.1. 

3.2.2.2	 Slides	production	

A number of different media are available for mounting phytoliths (Aleman et al., 2013, Piperno, 

2006, Wallis, 2000). The only requirement is a refractive index of ca. 1.5, so the phytoliths can be easily 

distinguished against the background mount. For this study Eukitt UV was selected, as it is transparent, 

dries very quickly and causes no colour distortion under the microscope. It was very easy to work with, 

although a 3 min UV light exposure is needed for the slides to cure (Figure F3.6). Eukitt UV cures to a solid 

mount, hence phytoliths cannot be rotated to determine their overall three-dimensional morphology. In 

a permanent solid mount, however, phytoliths cannot migrate across the slide during examination, 

thereby potentially affecting counts. Moreover, individual phytolith coordinates can be recorded for 

referral at a later date and slides can be archived in an upright or horizontal position. Therefore, the usage 

of Eukitt UV was considered more appropriate than a non-solid mount. The slide preparation protocol is 

given in Appendix A3.1. 
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Figure F3.6: The heavy liquid step for phytolith extraction from sediments (left) and phytolith slide preparation 
(right). 

3.2.2.3	 Phytolith	microscopic	analysis	and	classification	procedure	

Phytoliths were observed and photographed using a Leica DM 750 transmitted light microscope 

with a fixed Leica ICC50 W camera and Leica LAS X (v.4.21) software. Additionally, to obtain an insight into 

the three-dimensional morphology of the phytoliths, 18 samples were inspected using a JEOL Scanning 

electron microscope JSM-5410LV.  

Phytoliths were counted and sorted into groups based on their shape. In counting, the main 

objective is to recover the diversity of a given sample (Strömberg, 2009). Diversity is a combination of 

evenness (abundance of each taxon within a sample) and richness (number of taxa present), both of which 

provide the numbers from which to determine a representative phytolith assemblage, i.e. the minimum 

interpretative unit (Zurro, 2018). The appropriate count size should be determined for each study 

individually (Strömberg, 2009). In this study, the sample size of 100 (±20) was determined based on a clear 

domination of one morphotype class over another, test double counts and time constraints versus the 

project size and objectives. Only undamaged, preserved and distinctly shaped phytoliths were counted. 

Burnt, etched, damaged and irregularly shaped phytoliths were also recorded, along with charcoal and 

other bodies, such as Chrysophyta, diatoms and sponge spicules, but did not add to the number of counts.  

During counting, phytoliths were first sorted using the author’s shape descriptions. The shapes 

were subsequently arranged into morphotypes according to the latest International Code for Phytolith 

Nomenclature (ICPN) 2.0 (ICPT, 2019). A morphotype is defined as a group of individual specimens with 

the same morphological traits, such as shape, texture and size. Shapes that did not fit into any morphotype 

suggested in ICPN 2.0 were named and described accordingly by the author of this study. The classification 

procedure used in this study to fit the various observed shapes into selected 25 morphotypes as defined 

by ICPN 2.0 is given in Table T3.1. The general description of identified morphotypes is given in Appendix 

A3.2.  
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TiliaIT Software was used to collate and graph the phytolith results.  

3.2.2.4	 Phytolith	indices		

The phytolith morphotypes for the calculations of phytolith indices in this study were used only if 

the sample fulfilled the pre-condition that the assigned morphotype represented at least 5% of the total 

count in the analysed sample. In this way phytolith indices provide significant palaeoenvironmental 

inferences (Salgado et al., 2021). Two phytolith indices were used:  

(1) D/P ratio, a widely applied index which uses the spheroid ornate morphotype, typically produced 

by tropical woody vegetation, to indicate tree cover (Strömberg et al., 2018); D stands for Dicotyledons 

(dicots, trees) and P (Poaceae, grasses) for phytolith grass morphotypes. The rationale is the lower the 

D/P value, the more open/grassy the habitat. After the classification (refer to Table T3.1), the D/P index 

for tree cover density determination was calculated using the relevant and representative morphotypes 

in this study as follows: 

(1)  D/P = 
ைೀೃಿାௌுೀೃಿାைೀೃಿ_ାௌுೀೃಿ_

ூାௗீௌௌାାோைேାௌ
 (2) 

 

(2) FI-t index, used to study relative changes between grasses and non-grasses through time. The 

FI-t ratio represents the percentage of non-grass, i.e. ''forest indicator'' phytoliths, of all diagnostic 

phytoliths in a studied sample (Strömberg, 2003, 2005, Strömberg et al., 2007a, 2018). This index has been 

used broadly for tracking relative change in vegetation, i.e. the emergence of grass-dominated and 

presumably open habitats (Chen et al., 2015, Cotton et al., 2012, Strömberg, 2005, Strömberg et al., 

2007a, 2018). The result is expressed in percentages. After the classification (refer to Table T3.1), the 

phytolith index FI-t was calculated using the relevant and representative morphotypes in this study as 

follows:  

(2)  FI-t = FI/(FI+P) ∗ 100 ሺ%ሻ  (3) 

 

 
 

2 The morphotype codes are provided in Table T3.1. The morphotypes in the formula were only used in the calculation 

when the 5% criterion was fulfilled. Grass morphotypes CRO, POL and TRZ never reached the 5% criterion and therefore are not 
included in the formula.  

 
3 The morphotype codes are provided in Table T3.1. The morphotypes in the formula were only used in calculation when 

the 5% criterion was reached. Forest indicator morphotype SPH_PSI_nod and grass morphotypes CRO, POL and TRZ never reached 
the 5% criterion and therefore are not included in the formula 
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where FI=
ሺௌுುೄାைುೄାௌுೀೃಿାைೀೃಿାௌுುೄ _ାௌுೀೃಿ_ାைುೄ_ାைೀೃಿ_ሻ

 ்ை் ௨  ௨௧௦
  and 

 

P=
ሺூାௗீௌௌାାோைேାௌሻ

 ்ை் ௨  ௨௧௦
 

 

Since first proposed (Alexandré et al., 1997a), the D/P index used to estimate relative tree cover 

has been questioned and modified (Alexandré et al., 1997a), by including or excluding different 

morphotypes within both variables (e.g. Bremond et al., 2005, 2008, Mercader et al., 2011, Neumann et 

al., 2009, Strömberg, 2002). Ultimately, the D/P index has proven to be successful in tropical areas at low 

elevation (Barboni et al., 2007, Bremond et al., 2008, Mercader et al., 2011, Neumann et al., 2009, 

Strömberg et al., 2018). In contrast, the FI - t index has proven to be better used for tracking relative 

change in vegetation rather than reconstructing absolute tree cover (Strömberg, 2004, Strömberg et al., 

2007a). In this study, we applied both indices to gain information about changes in habitat openness 

through time.
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Table T3.1

Phytolith shape Phytolith Morphotype Code Vegetation type Additional comments References Plate No.
as dscribed on counting sheets as determined for classification according ICPN 2.0 as used for phytolith analysis

Bilobate
Bilobate long waist (Aristida)
Unilobe
Cross Cross    (GSSCP) CRO
Quadrilateral small - short cell
Short cell (not defined)
Short cell Elongate
Short cell irregular
Short cell with spikes
Lobate (Polylobate) Polylobate (GSSCP) POL
Rondel (short cell) Rondel  (GSSCP) RON
Bilobate no waist (Saddle) Saddle    (GSSCP) SAD
Short cell rectangular/ Trapezoid Trapezoid (GSSCP) TRZ
Papillate Papillate PAP
Elongate irregular

Elongate dentate/echinate/tuberculate

Elongate nodulate/sinuate (Cyperus sp.) Elongate sinuate ELO_SIN Grasses (Poaceae) and Sedges 
(Cyperaceae)

ICPN 2.0 and citations therein; Metcalfe, 1960, 
Murungi and Bramford, 2020 

Bulliform cell (Flabellate) Bulliform Flabellate BUL_FLA Chen et al., 2020, ICPT 2.0, 2019, Madella et al., 
2005 

Conical (squat cone) or Sedge plate Sedge plate SED Sedges (Cyperaceae) Murungi and Bramford, 2020, Wallis 2000 Plate 3.2

Ovate medium 12.5 - 25 μ

Ovate small < 12.5 μ
Ovate irregular lemon shape

Ovate with proboscis Ovate psilate with prob OVA_PSI_prob

Visual proboscis or stalk can represent a protrusion that 
marks a site of attachment to a host structure (Piperno 
2006, pg. 39) or possibly a bended upper part of a cone or 
an exaggerated tubercula. 

Ovate with proboscis small

Ovate dentate Ovate ornate OVA_ORN Forest indicator                               
(woody vegetatation)

Ovate irregular
Ovate irregular Type B

Grasses  (Poaceae)

ICPT 2.0, 2019, Madella et al., 2005, and 
cititions therein Plate 3.1

Plate 3.2

Plate 3.3

The surface projections of the Ovate denatate shape in this 
study were eventually found more similar to tuberculate 
than to conical, therefore this shape was included in the 
Ovate ornate morphotype. 

ELO_SIN likely attributed to Poaceae and Cyperaceae 
particularly in the presence of other typical morphotypes 
such as GSSCP, Papillate and Sedge plate. 

Ovate psilate OVA_PSI

Phytolith Classification used in this study 

Amos, 1952; Alexandre et al., 1997, Barboni et 
al., 2007, Benvenuto et al. 2015, Bowdery et al., 
2001, Bremond et al., 2005, 2008, Collura and 
Neumann 2017, Contreras et al. 2019, Cordova 
2013, Crifo and Strömberg 2020, Esteban et al., 
2017, Hart 2016, ICPT 2.0, 2019, Iriarte and Paz 
2009, Kealhofer and Piperno 1998, Lu et al. 
2006, Mercader et al., 2009, 2010, 2011, 2019, 
Novello et al., 2018, Piperno 1988, 2006 (pg. 
39, 40), Premathilake et al. 2017, Runge 1999, 
Scurfield et al.,1974; Strömberg 2004, 2005, 
Strömberg et al., 2007, 2018, Teste et al, 2020, 
Wallis 2000, 2003, Watling and Iriarte 2013, 
Watling et al., 2020, Zucol et al. 2018, Zurro 
2016 

Bilobate (GSSCP) BIL

Not-defined (GSSCP) ndGSSCP

Forest indicator (TSH) Ovate phytoliths along with trasitional forms from 
spheroidal to ellipsoidal smooth surface phytoliths are 
generally found in a wide range of arboreal and herbaceous 
monocots and dicots, although in low numbers. They have 
been used as part of 'forest indicators' class. 

Elongate dentate ELO_DET ELO_DET is commonly formed in long cells in the epidermis 
of Poaceae leaves, precisely in the inflorescence of Poaceae. 
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Ovate nodulate
Plate 3.3

Ovate nodulate tuberculate
Ovate nodulate Type B

Ovate tuberculate  

Ovate irregular with proboscis Visual proboscis or stalk can represent a protrusion that 
marks a site of attachment to a host structure (Piperno 2006, 
pg. 39) or possibly a bended upper part of a cone or an 
exaggerated tubercula. Ornamented ovate phytoliths can be 
also cystoliths. 

Ovate nodulate with proboscis
Ovate tuberculate with proboscis

Potential Cystolith Cystolith CYS Forest indicator (TSH) Cystolith’s phytoliths have been isolated and described from 
many families of dicot plants. Piperno 1988, 2006, Runge, 1999

Circular large > 25 μ Plate 3.4

Circular medium 12.5 - 25 μ
Circular small < 12.5 μ
Spheroidal large > 25 μ
Spheroidal medium 12.5 - 25 μ
Spheroidal small < 12.5 μ
Subspheroidal large > 25 μ
Subspheroidal medium 12.5 - 25 μ
Subspheroidal small < 12.5 μ

Circular small Type B Spheroid psilate with nodule SPH_PSI_nod

Visual nodule can represent a tubercula, a papilla or a 
possible former attachment to a host structure or another 
spheroid; a possible non-phytolith confuser for Spheroid 
psilate with a nodule or collar are the Chrysophyte cysts

Circular small with proboscis or nodule
Small smooth spheroidal or subspheroidal phytoliths with a 
nodule or proboscis were also found in wood Collura and Neumann, 2017 

Subspheroidal with proboscis Spheroid psilate with proboscis SPH_PSI_prob

Spheroidal granulate 
Spheroidal nodulate
Spheroidal tuberculate
Spheroidal tuberculate small
Subspheroidal nodulate
Subspheroidal nodulate tuberculate
Subspheroidal tuberculate

Spheroidal tuberculate with proboscis

Spheroidal medium with proboscis
Spheroidal small with proboscis
Subspheroidal tuberculate with proboscis

Forest indicator (TSH) widely distributed in different tissues, organs and taxonomic 
groups; found also in seeds

Kondo et al. 1994, ICPT 2.0, 2019, Madella et al., 
2005, Piperno 1988 (Fig. 6), 2006, Strömberg, 
2004, 2005, Strömberg et al., 2018, Runge, 1999 

Forest indicator                      
(woody vegetatation)

Ovate ornate with prob

Spheroid psilate SPH_PSI

Forest indicator                                
(woody vegetatation)

The Ovate ornate morphotype consisting of tiny granules or 
nodules (cauliflower like), which is sometimes spheroidal 
(SPH_ORN), but usually ellipsoid or irregular, can be specific 
for woody vegetation. Both morphotypes together are used 
as indicators for woody vegetation in the calculation D:P 
(Dicotleydon:Poaceae) index.

Ovate ornate OVA_ORN

OVA_ORN_prob

Spheroid ornate SPH_ORN SPH_ORN occur in leaves, branches, trunks and fruits of 
woody eudicots as well as in vegetative structures of some 
herbaceous monocots.  Used along with OVA_ORN as 
indicator for woody vegetation in the calculation D:P 
(Dicotleydon:Poaceae) index. 

ICPT 2.0, 2019, Piperno, 2006 

Spheroid ornate with proboscis SPH_ORN_prob

Visual proboscis or stalk can represent a protrusion that 
marks a site of attachment to a host structure (Piperno 2006, 
pg. 39) or possibly a bended upper part of a cone or an 
exaggerated tubercula. 
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Hair cell Acute bulbosis ACU_BUL Hair cell phytoliths are largely found in grasses and sedges 
as well as in many dicots 

ICPT 2.0, 2019,  Mercader et al., 2009, Piperno 
1983, 1988, 2006, Strömberg, 2003

Plate 3.5

Oblong Acute bulbosis or Blocky ACU_BUL or BLO

Ovate large > 25 μ
Ovate enigmatic
Polygonal
Polyhedral
Quadrilateral
Quadrilateral irregular
Rectangular
Rectangular irregular
Rectangular tuberculate
Rectangular very large 
Rectangular with spikes
Trapeziform
Triangular
Triangular irregular 
Reniform Blocky or Ovate psilate BLO or OVA_PSI Mix or Forest indicator (TSH)
Reniform irregular
Reniform nodulate
Reniform tuberculate
Reniform with proboscis Blocky or Ovate ornate with 

proboscis
BLO or 
OVA ORN prob

Cylindrical Elongate entire ELO_ENT Mix (Inconclusive)
Elongate

Elongate large (>25µm, obviously big)

Elongate with curved ends Type C 

Elongate with a top Type D Elongate entire veloate ELO_ENT_VEL

Acute Acicular ACI NA Plate 3.6

Ameboidal Ameboid AME

Arcuate (anchor, boomerang, arch) Arcuate ARC

Claviform Claviform CLA

Enigmatic Enigmatic ENI

GSSCP = Grass Silica Short Cell Phytolith;   TSH = Trees-Shrubs-Herbs;   Mix = can result from different vegetation types;   Poaceae = grasses;   Cyperaceae = sedges;   Dicotleydon = Dicots

ELO_ENT can result from the silification of cells within 
different plant tissues and organs - in lycophytes, conifers, 
monocots, dicots.     

Blocky or Ovate ornate BLO or OVA_ORN

Blocky BLO Mix (Inconclusive)

Mix or Forest indicator (woody)

ICPN 2.0, 2019Morphotypes were named according to current 
Nomenclature, but were not further elaborated, because 
could not be associated with any plant group.

BLO are very common in leaves of Cyperaceae and Poaceae, 
but also in trees, herbs and shrubs. 

ICPT 2.0, 2019

ICPT 2.0, 2019 and citation therein

Mix (Inconclusive)
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3.2.3	 δ13C	isotopic	signature	analysis	and	carbon	quantification	

The same 44 sediment samples from Outside GS1 that underwent phytolith analysis were also used 

for δ13CSPAC isotope analysis (Table T3.1). From Inside GS1, only 13 samples were analysed for δ13CSPAC 

(Table T3.2). The δ13C value was obtained from in two forms of carbon: Total Organic Carbon (TOC) and 

Stable Polycyclic Aromatic Carbon (SPAC). Here, TOC represents the carbon in all organic matter present 

in the sample, i.e. particles of fresh roots, leaves, bark, resin, soils, organic carbon etc., whereas SPAC 

represents the particularly stable component of pyrogenic carbon that forms during combustion of the 

organic matter at 500−600°C, as described in section 3.1.2.1. The percentage of SPAC in TOC was also 

measured, to determine what amount of the organic matter in the analysed sample represents preserved 

combusted organic matter. Undertaking these measurements first required the isolation of SPAC from the 

TOC and then running the δ13CTOC and δ13CSPAC analysis.  

3.2.3.1	 Carbon	quantification	using	the	hydrogen	pyrolysis	method	(hypy)		

The SPAC component was isolated by hydrogen pyrolysis (hypy), an established method for 

quantifying SPAC (Ascough et al., 2009, Meredith et al., 2012, Wurster et al., 2012). With the application 

of the hypy method, labile carbon is removed, leaving a stable form of pyrogenic carbon with greater than 

seven condensed aromatic rings, referred to as SPAC. The hypy procedure and sample pretreatment are 

described in section 2.2.3.2.1 (Chapter 2). The SPAC proportions in samples were calculated from the 

losses following the hypy treatment. The SPAC component was then used for isotope composition 

analysis. 

3.2.3.2	 δ13CTOC	and	δ13CSPAC	determination	

Carbon abundances and isotope compositions of TOC and SPAC were measured via elemental 

analysis isotope ratio mass spectrometry (EA-IRMS) using a ThermoScientifc Flash EA with Smart EA option 

coupled via a Confo IV to a Delta VPlus mass spectrometer. Carbon abundances were determined using a 

TCD (Thermal Conductivity Device). Carbon isotope measurements are reported as per mil (‰) deviations 

from the VPDB (Vienna Pee Dee Belemnite) reference standard scale for δ13C values. USGS-40 and two 

internal laboratory reference materials (Taipan, Chitin) were used within each analytical sequence for 3-

point calibrations (normalization) of isotope delta-scale anchored to the VPDB scale. Internal standards 

were calibrated using USGS40 and USGS41 international reference materials (Figure F3.7). SPAC 

abundances were corrected for possible in situ production of SPAC during the hypy reaction, and errors 

estimated for carbon isotope composition.  
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Figure F3.7: The preparation of sample inserts with standards 
for δ13C measurement 

 

3.2.4	 Dating	

Age estimations for the open-site, non-archaeological sediments expanding outside GS1 (Figure 

F3.8) were obtained with the Optically Stimulated Luminescence (OSL) method performed in the OSL 

Laboratory at the University of Wollongong, Australia, and by macro-charcoal radiocarbon dating 

conducted at the Waikato Radiocarbon Dating Laboratory in New Zealand. Radiocarbon dates for the 

archaeological deposit inside the GS1 rockshelter (Figure F3.9) were produced at the Australian National 

University in Canberra or the Waikato Radiocarbon Dating Laboratory in New Zealand. The dating 

methods and procedures applied in this study to obtain a chronology framework for the non-

archaeological sediment deposit expanding outside GS1 (beyond the dripline) are explained in detail in 

Chapter 2. 

3.3	 Results	

The phytolith and δ13C results and other relevant information, are presented in Tables T3.2 and T3.3 

and discussed below.  
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Table T3.2
Sample    ID Sampling Depth Dripline SUM SUM Chrysophytae cyst/ SUM Burned / TOC in sample SPAC in sample SPAC in TOC δ13CTOC δ13CSPAC D/P F/F-t

method (cm) distance (m) Phytoliths Irregular body Spongie spicules/Diatoms Weathered Phytoliths (%) (%) (%) (‰) (‰) (%)
PA_1-M auger 10 68 122 11 0 7/0 0,88 0,10 11,08 -21,73 -21,99 0,31 58
PA_2-M auger 25 73 115 1 1/0/0 1/0 0,61 0,05 8,44 -22,28 -21,55 0,31 48
PA_3-M auger 50-60 45 114 13 0 1/2 0,42 0,06 15,18 -23,16 -21,58 0,34 64
PA_4-M auger 30-37 52 111 15 0 4/4 0,43 0,05 11,09 -23,27 -21,59 0,50 63
PA_5-M auger 15 37 108 16 0 3/9 0,72 0,16 22,62 -22,21 -21,47 0,88 70
PA_6-M auger 50-60 37 112 10 1/1/0 2/14 0,21 0,03 15,18 -22,24 -22,17 1,96 72
PA_7-M auger 55-65 32 112 7 0 5/11 0,25 0,04 17,33 -22,50 -22,21 2,25 76
PA_8-M auger 122-140 29 26 4 0 3/3 0,11 0,03 26,22 -23,01 -23,99 NA NA

PA_9-M auger 150-160 22 95 15 0 4/21 0,12 0,03 26,41 -23,75 -24,54 2,64 81
PA_10-M 42 pit 42-43 19 109 19 0 3/20 0,34 0,07 19,46 -23,38 -22,39 5,80 88
PA_10-M 50 pit 50-52  " 120 10 0 1/1 0,30 0,05 16,27 -22,56 -22,02 5,62 87
PA_10-M 60 pit 60-65  " 107 23 1/0/0 2/14 0,21 0,03 15,77 -23,21 -22,49 1,52 72
PA_10-M 65 pit 65-67  " 118 9 * 0 2/7 0,25 0,04 15,94 -22,75 -21,62 3,73 83
PA_10-M 80 pit 80-82  " 112 19 * 0 1/11 0,19 0,03 14,32 -22,22 -21,07 3,47 83
PA_10-M 100 pit 100-105  " 90 19 * 0 3/15 0,11 0,02 21,50 -22,53 -22,72 2,33 81
PA_10-M 102 pit 100-102  "  73 13 0 0/20 0,12 0,02 20,34 -22,08 -21,46 NA NA

PA_10-M 120 pit 120-122  " 111 19 * 0 1/18 0,12 0,02 20,32 -21,98 -20,12 2,67 78
PA_10-M 150 pit 150-152  " 10 0 0/0/1 0/0 0,14 0,03 18,32 -22,02 -20,34 NA NA

PA_10-M 172 pit 168-172  " 107 9 0 4/18 0,22 0,05 21,97 -23,92 -22,11 1,44 72
PA_11-M 60 auger 60±5 25 111 23 1/0/0 2/26 0,26 0,05 20,33 -23,18 -22,06 2,64 82
PA_11-M 140 auger 140-160  " 9 1 0 0/3 0,11 0,03 24,03 -23,21 -22,34 NA NA

TP01 0 pit 0 10 107 8 * 0 10/4 0,89 0,09 9,88 -24,02 -22,07 1,13 66
TP01 40 pit 40  "  110 9 0 1/15 0,59 0,10 16,47 -23,07 -22,30 0,83 60
TP01 60 pit 60  " 108 14 0 1/13 0,36 0,07 18,11 -22,97 -22,24 4,13 83
TP01 80 pit 80  " 107 11 0 1/22 0,23 0,04 16,72 -22,70 -22,56 6,22 90
TP01 120 pit 120  " 112 10 0 5/14 0,16 0,04 23,89 -23,19 -22,73 5,71 90
TP02 20 pit 20 20 110 15 2/0/0 5/2 0,43 0,05 12,65 -23,13 -21,75 0,72 57
TP02 40 pit 40  " 109 3 0 1/22 0,31 0,06 20,87 -23,37 -22,25 0,70 60
TP02 60 pit 60  " 105 11 0 0/14 0,26 0,05 17,40 -22,32 -22,20 2,00 73
TP02 100 pit 100  " 85 8 0 0/21 0,12 0,03 21,72 -22,69 -22,23 3,00 81
TP02 120 pit 120  " 89 13 0 2/25 0,10 0,03 27,19 -22,78 -22,12 5,29 90
TP03 60 pit 60 30 110 18 0/1/0 1/10 0,23 0,04 15,99 -21,46 -21,44 1,90 76
TP03 120 pit 120  " 47 4 0 1/16 0,13 0,02 18,18 -22,60 -22,53 NA NA

TP04 20 pit 20 40 115 9 0 5/9 0,60 0,06 9,23 -22,86 -21,36 1,69 77
TP04 80 pit 80  " 111 2 1/0/0 3/23 0,19 0,03 18,32 -21,97 -21,29 2,88 87
TP05 0 pit 0  50 112 9 0/0/3 13/2 0,65 0,07 10,24 -24,02 -22,27 0,32 39
TP05 40 pit 40  " 113 9 1/0/0 1/11 0,30 0,06 19,02 -22,16 -21,98 2,42 82
TP05 60 pit 60  " 110 12 0 2/7 0,27 0,05 19,44 -22,19 -22,09 2,09 74
TP05 80 pit 80  " 86 4 0 4/20 0,16 0,03 19,85 -22,42 -21,58 8,25 94
TP05 100 pit 100  " 116 19 0 3/21 0,18 0,03 16,33 -21,50 -22,06 1,77 69
TP05 120 pit 120  " 113 15 0 8/11 0,27 0,04 15,95 -22,49 -22,45 1,75 70
C_1-CR 100 core head 100 68 86 12 0 0/13 0,15 NA NA -22,95 -21,88 13,00 94
C_1-CR 135 core head 135  " 105 17 0 1/16 0,15 0,03 22,02 -23,56 -22,39 3,50 83
C_1-CR 200 core head 200  " 106 20 0 0/11 0,12 0,01 11,39 -23,69 -21,33 NA (P=0) NA (P=0)

D =  Dicotleydons (Dicots);   P = Poaceae (grasses);   F = Forest indicators;   t = time;   NA = sample is not representative;   * samples where geniculate irregular bodies were observed

Phytolith and δ13C results from Outside GS1 dataset 
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Table T3.3
Sample    ID Sampling Depth SUM SUM Chrysophytae cyst/ SUM Burned / TOC in sample SPAC in sample SPAC in TOC δ13CTOC δ13CSPAC D/P F/F-t

method (cm) Phytoliths Irregular body Spongie spicules/Diatoms Weathered Phytoliths (%) (%) (%) (‰) (‰) (%)
C1-01 spit 3,1 115 12 2/0/0 1/11 1,4 0,21 14,77 -24,53 -23,09 0,42 53
C1-02 spit 8,6 118 1 0 0/NA 0,86 92
C1-03 spit 13,6 112 8 0 0/20 2 0,82 41,13 -24,08 -23,64 0,92 84
C1-04 spit 18,9 109 10 1/1/0 1/NA 1,64 88
C1-05 spit 24,0 116 14 0 0/NA 1,8 1,25 69,54 -24,22 -23,91 4,25 92
C1-06 spit 28,4 108 9 1/0/0 0/14 3,17 93
C1-07 spit 32,8 119 19 0 0/NA NA (P=0) NA (P=0)
C1-08 spit 37,6 110 3 0 1/14 1,50 89
C1-09 spit 42,4 110 18 0 0/NA 1,39 0,36 25,82 -23,96 -23,57 4,25 92
C1-10 spit 47,2 111 0 0 0/NA NA (P=0) NA (P=0)
C1-11 spit 52,2 106 4 1/0/1 1/16 1,18 81
C1-12 spit 57,0 118 12 0 0/NA 1,07 85
C1-13 spit 61,5 120 4 0 0/15 4,86 93
C1-14 spit 66,3 115 18 0 0/NA 0,93 0,14 15,14 -23,32 -23,32 3,13 90
C1-15 spit 70,9 118 3 0/1/0 1/NA 1,50 94
C1-16A spit 75,6 107 4 0 2/19 0,50 65
C1-16B spit 75,6 107 3 0 0/38 NA (P=0) NA (P=0)
C1-17A spit 80,5 116 6 0 0/NA 1,31 87
C1-17B spit 80,5 110 8 1/0/0 0/NA 0,68 0,10 14,44 -25,23 -22,80 2,44 90
C1-19 spit 88,7 106 17 0 0/NA 3,43 91
C1-20 spit 92,8 106 16 1/0/0 0/NA 2,67 93
C1-21 spit 96,6 109 13 0 0/13 0,52 64
C1-22 spit 100,6 112 4 2/0/0 0/20 0,54 0,12 22,14 -23,43 -22,91 0,88 83
C1-23 spit 105,5 108 2 0 2/31 0,77 69
C1-24 spit 110,5 106 8 0 0/NA 2,86 92
C1-25 spit 115,5 115 8 1/0/0 0/NA NA (P=0) NA (P=0)
C1-26 spit 120,4 105 5 0 0/64 0,46 0,11 23,38 -23,36 -22,67 4,80 94
C1-27A spit 125,4 105 9 0 0/NA NA (P=0) NA (P=0)
C1-27B spit 125,4 84 8 0 0/22 NA (P=0) NA (P=0)
C1-28 spit 130,4 86 9 0 0/73 0,89 88
C1-29 spit 135,3 104 18 1/0/0 0/NA 2,00 89
C1-30 spit 140,4 29 2 0 0/NA NA NA

C1-31 spit 145,4 20 1 0 0/21 NA NA

C1-32A spit 149,6 14 0 0 0/NA NA NA

C1-32B spit 149,6 16 4 0 0/NA NA NA

C1-33A spit 156,3 26 3 0 0/30 NA NA

C1-33B spit 156,3 15 3 0 0/6 NA NA

C1-34A spit 163,4 26 4 0 0/NA 0,17 0,04 26,49 -23,45 -22,03 NA NA

C1-34B spit 163,4 13 2 0 0/NA NA NA

C1-35A spit 168,5 6 1 0 1/NA NA NA

C1-35B spit 168,5 33 13 0 0/NA NA NA

C1-36A spit 173,5 14 1 0 0/10 NA NA

C1-36B spit 173,5 20 1 0 0/12 0,15 0,03 23,17 -23,34 -22,98 NA NA

C1-37A spit 178,8 87 17 0 0/NA 1,50 92
C1-37B spit 178,8 31 13 0 0/NA NA NA

C1-38A spit 183,5 3 0 0 0/4 NA NA

Phytolith and δ13C results from Inside GS1 dataset
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C1-38B spit 183.5 5 0 0 0/NA NA NA

C1-39A spit 187.9 0 0 0 0/NA NA NA

C1-39B spit 187.9 14 0 0 1/NA NA NA

C1-40A spit 193.0 6 1 0 0/NA NA NA

C1-40B spit 193.0 7 0 0 0/NA NA NA

C1- 41A spit 198.0 3 1 0 0/NA NA NA

C1-41B spit 198.0 0 1 0 0/1 NA NA

C1-42 spit 202.6 8 0 0 0/NA 0.08 0.02 25.17 -23.34 -25.08 NA NA

C1- 43 spit 207.3 4 1 0 0/NA NA NA

C1-44 spit 212.5 5 0 0 0/NA NA NA

C1-45 spit 218.2 3 0 0 0/NA NA NA

C1- 46 spit 223.8 14 1 0 0/1 NA NA

C1-47 spit 228.3 10 6 0 1/NA NA NA

C1-48 spit 232.1 11 0 0 0/NA 0.06 0.01 22.15 -23.99 -22.34 NA NA

C1- 49 spit 235.8 1 0 0/0/1 4/NA NA NA

C1-50 spit 239.5 2 0 0 0/NA NA NA

C1-51 spit 243.5 3 2 0 1/NA NA NA

C1-52 spit 248.9 9 0 0 1/NA 0.10 0.02 18.00 -22.70 -23.16 NA NA

D =  Dicotleydons (Dicots);   P = Poaceae (grasses);   F = Forest indicators;   t = time; NA = sample is not representative
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3.3.1	 Phytolith	results	

In the non-archaeological open-site sediment samples Outside GS1, 4 of the 44 samples yielded less 

than 80 phytoliths for counting. The remaining 40 samples met the predetermined sample size of 100 

(±20) (Table T3.2). In general, the abundance of phytoliths started to decline below 60 cm in depth, 

although no reliable relationship between phytolith abundance and depth was evident. For example, 

sample PA_9-M at 150 cm below the surface contained abundant phytoliths, while sample PA_8-M at 120 

cm below the surface did not. Similarly, in pit PA_10-M, the samples were not representative at depths 

102 cm and 150 cm, but they were representative at 120 cm and 162−172 cm. On average, the amount 

of weathered and damaged phytoliths is higher in the medium depth ranges, between 80 and 120 cm, 

with the exception of sample PA_10-M at 42 cm and PA_9-M at 140 cm depth. A total of 120 burned 

phytoliths were observed, along with a single sponge spicule and three diatoms (Table T3.2). 

In contrast, in the archaeological sediment samples Inside GS1, phytoliths were abundant to 135.3 

cm depth (sample C1-29) (Table T3.3). Below this depth, apart from C1-37A at a depth of 178.8 cm, all 

samples were devoid of representative phytoliths. Altogether, 32 samples met the predetermined sample 

size of 100 (±20) (Table T3.3). The abundance of weathered and/or damaged phytoliths does not follow 

any particular pattern, with the proportion of burned phytoliths being very low (Table T3.). Two sponge 

spicules and two diatom frustules were recorded. 

3.3.1.1	 Identified	phytolith	morphotypes		

Phytoliths were classified into 25 morphotypes (classification: Table T3.1, morphotypes description: 

Appendix A3.2) that were in turn attributed to 5 vegetation groups: 

 9 morphotypes to grasses (Poaceae),  

 2 morphotypes to grasses (Poaceae) and/or sedges (Cyperaceae),  

 1 morphotype to sedges (Cyperaceae),  

 10 morphotypes to trees, shrubs and herbs. These are referred to as 'forest indicators' and 

 3 morphotypes were found to be inconclusive and were not attributed to any group in particular. 

3.3.1.1.1 Grass Morphotypes (Plate P3.1) 

Grass Short Silica Cell Phytoliths (GSSCP) include:  

 Bilobate (BIL) (Plate P3.1a–d) 

 Cross (CRO) (Plate P3.1f–h)  
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 Not-defined Grass Silica Short Cell Phytoliths (ndGSSCP) (Plate P3.1i–r) 

 Polylobate (POL) (Plate P3.1s) 

 Rondel (RON) (Plate P3.1t–y) 

 Saddle (SAD) (Plate P3.1aa–ac) 

 Trapezoid (TRZ) (Plate P3.1ad) 

Bilobates were observed in all samples in both assemblages – Outside GS1 and Inside GS1. The 

proportions of Bilobates from Outside GS1 is significantly higher than the number in the Inside GS1 sample 

(Figures F3.8, F3.9), though in both many are broken and present as Unilobes. Few specimens with a 

particularly long castula were attributed to Aristida sp. (Plate P3.1a,b) (Wallis, 2000). Along with Bilobate, 

ndGSSCP is the most common grass morphotype in both assemblages (Figure F3.8, F3.9). The ndGSSCP 

morphotype consists of different grass silica short-cell phytoliths that are clearly grass affiliated but could 

not be attributed to other grass morphotypes. In both assemblages, Rondel is the third most frequently 

counted grass morphotype, following Bilobate and ndGSSCP (Figures F3.8, F3.9).  

Cross phytoliths are present sporadically in both assemblages. However, more crosses were 

counted in samples Outside GS1 than Inside GS1 (Figure F3.8, F3.9). Polylobate, Saddle and Trapezoid 

morphotypes are generally poorly represented in both assemblages (Figure F3.8, F3.9). 

Non-GSSCP grass morphotypes include: 

 Papillate (PAP) (Plate 3.1ae–af) 

 Elongate dentate (ELO_DET) (Plate 3.1ag–ai) 

Papillates are rare in both assemblages (Outside GS1 and Inside GS1), while the presence of 

Elongate dentate is moderate and more frequent Outside GS1 (Figures F3.8, F3.9). 

3.3.1.1.2  Grass and Sedge Morphotypes (Plate P3.2) 

 Bulliform flabellate (BUL_FLA) (Plate P3.2–d) 

 Elongate sinuate (ELO_SIN) (Plate P3.2e–h) 

The Bulliform flabellate and Elongate sinuate morphotypes are rare and slightly more frequent 

Outside GS1 than Inside GS1 (Figure F3.8, F3.9).  

3.3.1.1.3  Sedge Morphotypes (Plate P3.2) 

 Sedge plate (SED_PLA) (Plate P3.2i–l) 
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Sedge plate was counted only in two samples Inside GS1 but was found to be more frequent in 

Outside GS1 assemblages (Figures F3.8, F3.9). A few specimens counted as 'Elongate with a top' or 

'Elongate velloate' (Table T3.1) were also added to this morphotype based on Murungi and Bramford 

(2020, e.g. Plate II,13).  
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Plate P3.2: Grass and Sedge morphotypes. a-d Bulliform flabellate; e-h Elongate sinuate (f-h Cyprus sp., (Wallis, 2000)); 
Sedge morphotypes. i-l Sedge plate; m Sedge plate; n Sedge plates (two disk shapes in the middle); o Elongate sinuate; 
p Sedge plate; r-s Bulliform flabellate; Scale bar is 25 µm unless referred differently. 

 

3.3.1.1.4 Tree, shrub and herb Morphotypes (Forest indicators) (Plate P3.3, P3.4) 

Ovate morphotypes (Plate P3.3) include: 

 Ovate psilate (OVA_PSI) (Plate P3.3a,b) 

 Ovate ornate (OVA_ORN) (Plate P3.3c–e,g)  

 Ovate psilate with proboscis (OVA_PSI_prob) (Plate P3.3f) 

 Ovate ornate with proboscis (OVA_ORN_prob) (Plate P3.3f) 

 Cystoliths (CYS) (Plate P3.3h,i) 

The most frequent morphotype among all present in the Outside GS1 phytolith assemblages is 

Ovate ornate, outnumbering the second most common morphotype, Ovate psilate, by a factor of two 

(Figure F3.8). In the Inside GS1 assemblages, Ovate ornate and Ovate psilate are the most common among 

ovate morphotypes (Figure F3.9). Other ovate morphotypes are moderately common in both assemblages 

(Figures F3.8, F3.9). 
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Plate P3.3: Ovate morphotypes Tree, shrub and herb (Forest indicators). a,b Ovate psilate; c,d Ovate ornate; e Ovate 
ornate and Ovate ornate with proboscis; f Ovate psilate with proboscis and Ovate ornate with proboscis; g Ovate 
ornate–reniform shape; h,I potential Cystoliths; j Ovate ornate; k Ovate psilate and Ovate ornate–nodulate; Ovate 
psilate with a stalk and Ovate psilate; Scale bar is 25 µm. 

 

Spheroid morphotypes (Plate P3.4) include: 

 Spheroid psilate (SPH_PSI) (Plate P3.4a–c) 

 Spheroid psilate with nodule (SPH_PSI_nod) Plate (P3.4c) 

 Spheroid psilate with proboscis (SPH_PSI_prob) (Plate P3.4f) 

 Spheroid ornate (SPH_ORN) (Plate P3.4d,e) 

 Spheroid ornate with proboscis (SPH_ORN with prob) (Plate P3.4f–g) 

 Spheroid echinate (SPH_ECH) (Plate P3.4k) 

The Spheroid psilate is the dominant morphotype in the Inside GS1 phytolith assemblages (Figure 

F3.9). In the Outside GS1 samples, Spheroid ornate and Spheroid psilate are the second most common 

morphotypes, following Ovate ornate and Ovate psilate (Figure F3.8). Other spheroid morphotypes are 

moderately common in both assemblages (Figures F3.8, F3.9). The Spheroid echinate morphotype is 

typically associated with palms (Arecaceae) (Benvenuto et al., 2015, ICPT, 2019, Piperno, 1988, 2006). In 

this study only one Spheroid echinate body was found under SEM (Plate 3.4,k), but none during phytolith 
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analysis. Therefore, this morphotype is not included as an actual morphotype in the classification 

procedure (Table T3.1).  

 

 

 

Plate P3.4: Spheroid morphotypes Tree, shrub and herb (Forest indicators). a,b Spheroid psilate; c Spheroid psilate and 
Spheroid psilate with nodule; d-e Spheroid ornate; f-g Spheroid psilate with proboscis and Spheroid ornate with 
proboscis; i Spheroid psilate; j Spheroid ornate; k Spheroid echinate, palm phytolith (at the bottom of the picture); l 
Spheroid ornate; Scale bar is 25 µm unless referred differently. 

 

3.3.1.1.5  Non-diagnostic Morphotypes (Plate P3.5) 

 Acute Bulbosus (ACU_BUL) (Plate P3.5a–c) 

 Blocky (BLO) (Plate P3.5d–i) 

 Elongate entire (ELO_ENT) (Plate P3.5j–k) 

Blocky forms in this study come in different shapes, from quadrilateral and rectangular to oblong, 

sometimes with projections and slightly velloate edges. Surfaces are generally smooth or granulate. 

Blocky types and Elongate entire morphotypes are common in both Outside GS1 and Inside GS1 

assemblages. The presence of Acute Bulbosus is relatively low (Figures F3.8, F3.9). The diagnostic value of 

these morphotypes is very low, therefore, they were not attributed to any specific plant group.  
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The Outside GS1 phytolith assemblages are generally dominated by Ovate and Spheroid ornate 

morphotypes, both associated with forest indicators (tree, shrub and herb). On average, grass 

morphotypes make up around 23% of the phytolith assemblages in the Outside GS1, while potential sedge 

morphotypes make up less than 0.7%. The morphotype distribution diagram in Figure F3.8 shows the 

relative abundance of phytolith morphotypes per Outside GS1 sample, grouped into assigned vegetation 

types. Raw counts are given in Appendix A3.3. 
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The Inside GS1 phytolith assemblages are dominated by Spheroid and Ovate psilate morphotypes, 

followed by Ovate ornate, all morphotypes associated with forest indicators (tree, shrub and herb). 

Following these is the grass morphotype ndGSSCP, although in significantly lower quantities. Generally, 

grass morphotypes make up around 14.3% of the phytolith assemblages Inside GS1. Potential sedges 

represent less than 0.1%. The distribution diagram in Figure F3.9 shows the relative abundance of 

morphotypes per Inside GS1 sample, grouped into vegetation types. Raw counts are given in Appendix 

A3.4. 

When compared, phytolith assemblages from Outside GS1 and Inside GS1 are both dominated by 

tree, shrub and herb morphotypes (Figure F3.10). While the Outside GS1 assemblages are dominated by 

the Ovate ornate morphotype, the Inside GS1 assemblages are dominated by Spheroid and Ovate psilate 

morphotypes. Neither assemblage demonstrates any significant variation in relative abundance as depth 

increases. Noticeably, more grass phytoliths were counted Outside GS1, particularly in samples higher in 

the profiles, from shallower depths (Figure F3.10). In general, grass and sedge morphotypes show a higher 

proportion in Outside GS1 assemblages than Inside GS1 (Figure F3.10). The surface (3 cm) sample from 

Inside GS1, however, aligns well with surface results from Outside GS1, where both supposedly reflect the 

current plant composition. 

3.3.1.2	 Other	observations	

Burned, etched or weathered phytoliths were present in the Outside GS1 and Inside GS1 

assemblages (Tables T3.2, T3.3, Plate P3.6,a,b,e). Approximately half of the counts of weathered 

phytoliths from Inside GS1 are missing (marked as NA in column 7) because it was decided to count both 

types only after the study had progressed for some time without counting them.  

Irregular bodies (Plate P3.6g,h) are those phytoliths that could not be assigned to any of the 

morphotypes. In general, they did not show any obvious pattern in their occurrence or abundance, 

occurring sporadically and randomly, apart from distinct geniculate-shaped phytoliths observed in a 

limited number of samples Outside GS1 (marked with a star in Table T3.2).  

Chrysophyte cysts (Chrysophyceae stomatocysts), sponge spicules and diatoms frustules were 

rarely observed (Plate 3.6l–t) (Table T3.2, T3.3). While these organisms may provide insights into 

palaeoenvironmental conditions in certain contexts, their presence in this case is not in significant enough 

abundance to warrant further investigation.  
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Outside GS1 

 

Figure F3.8: Diagram of phytolith assemblages Outside GS1 shown by morphotypes and vegetation types. OSL dates on the left are from the chronology results in 
Chapter 2. The number of samples included in the diagram analysis N=40. Phytolith indices are presented in the final columns on the right. 

  

0

20

40

60

80

100

120

140

160

180

200

Depth 
cm

1.2±0.2

2.0±0.2

2.9±0.3

3.9±0.3

7.3±0.5

10.8±0.7

13.2±0.9

12.7±1.5

11.5±1.2

OSL ka

10 20 30

Bilo
bate

10

Cro
ss

10 20

ndGSSCP

10

Papilla
te

10

Polyl
obate

10 20

Rondel

10

Saddle

10

Tra
pezo

id

10

Elongate 
dentat

e

10

Cys
to

lith

10 20 30

Ova
te 

psil
ate

10 20 30 40 50

Ova
te 

orn
ate

10

Ova
te 

psil
ate

 w
ith

 pr
obos

cis

10 20

Ova
te 

orn
ate

 w
ith

 p
ro

bosc
is

10 20

Sphero
id p

sil
ate

10

Sphero
id p

sil
ate

 w
ith

 n
odule

Sphero
id p

sil
ate

 w
ith

 n
odule

10
Sphero

id p
sil

ate
 w

ith
 p

ro
bo

sc
is

10 20 30

Sphero
id o

rn
ate

10

Sphero
id o

rn
ate

 w
ith

 pr
obosc

is

10

Bullif
orm

 (F
labe

lla
te

)

10

Elongate 
sin

uate

10

Sedge plate

10

Acu
te

 b
ulb

osu
s

10 20

Block
y

10 20

Elongate 
entir

e
Chry

so
phyte

s c
ys

t

Sponge s
picu

les/D
iato

ms

5 10 15

D/P

100

F/F
-t

Grasses Trees-Shrubs-Herbs Grasses-Sedges Non diagnostic



182 
 

 

Inside GS1 

 

 

Figure F3.9: Diagram of phytolith assemblages Inside GS1 presented by morphotypes and vegetation types. 14C ages on the left are taken from previous archaeological 
studies (Lowe et al., 2018, Wallis et al., 2014a). The number of samples included in the diagram analysis N=32. Phytolith indices are presented in the final columns on 
the right. The grey 'No record' area marks the depth gap where no phytolith representative samples were recorded (see Table T3.3). 
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Outside GS1 Inside GS1 

  

 

Figure F3.10: Percentage phytolith diagrams of collections Outside GS1 (left side; the 
number of samples included in the analysis N=40.) and Inside GS1 (right side; the number 

of samples included in the diagram analysis N=32.); the grey 'No record' zone marks the 
depth gap where no phytolith representative samples were recorded. 

 

3.3.1.3	 Phytolith	indices	

3.3.1.3.1 Outside GS1 

The D/P index values in the non-archaeological Outside GS1 samples ranged from 0.3 to 13 (Table 

T3.2). Generally, the lowest D/P values correspond to depths between 0–40 cm and the D/P rises with 

increasing depth, reaching the highest values of 5.6–13 between depths 80−120 cm. At depths below 120 

cm the Outside GS1 samples exhibit an erratic decrease in D/P values−2.6, 1.4 and 3.5, respectively (Table 

T3.2, Figures F3.8, F3.11). The FI-t results agree with D/P results. In alignment with the D/P, the FI-t index 

exhibits the lowest relative abundance (FI-t=40–65%) in forest indicators (tree-shrub-herb) at depths 0–

40 cm. The FI-t then increases gradually with depth until reaching a maximum (FI-t ≥ 90%) at depths 80–

120 cm. At depths below 120 cm the FI-t decreases again (FI-t=81, 72, 82%).  
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Figure F3.11: Phytolith indices as calculated in the Outside GS1 samples collection. D/P index (blue) and FI-t index 
(orange) results divided in five graphs; a showing the results in auger holes and showing results in pits. Note, the 
D/P values were divided by 10 and the FI-t values by 100 for the purpose of representation. The linear trend line 
is placed on the FI-t index. 

 

The change in both phytolith indices in Outside GS1 assemblages is exhibited in Figure F3.8 on the 

right and Figure F3.11. To show the trend for both indices in the same samples on the same graphs in 

a 

d c 

e 

b 
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Figure F3.11, the D/P values were divided by 10 and the FI-t values by 100. For clarity, the results for pits 

and auger holes are shown separately. Therefore, some graphs exhibit no value at depth of 0 cm because 

the first sample in the pit was collected at 20 cm or 40 cm (Figure F3.11a,b,d). One sample (C_1-CR 200) 

was inconclusive because neither grass nor woody morphotypes reached 5% representativeness, 

preventing D/P and FI-t from being calculated. 

3.3.1.3.2 Inside GS1 

Inside GS1, the D/P index values ranged from 0.4 to 4.8 (Table T3.3). The D/P index in phytolith 

samples from Inside GS1 exhibits a very erratic pattern, shifting from lower to high values over short 

intervals (Figure F3.9 right side, Figure F3.12). The lowest FI-t index (52%) from Inside GS1 comes from the 

upper 3 cm. Subsequently, all FI-t values along the profile exceed 64% (Table T3.2, Figures F3.9, F3.12). 

Six samples were inconclusive for both indices (Table T3.3). To illustrate the trend for both indices in the 

same samples on a single graph, the D/P values were divided by 10 and the FI-t values by 100, as shown 

in Figure F3.12. 

 

 

Figure F3.12: The phytolith indices as calculated in the Inside GS1 samples. D/P 
index (blue) and FI-t index (orange) results from Inside GS1.Note, the D/P 

values were divided by 10 and the FI-t values by 100. The linear trend line is 
placed on the F/F-t index and it shows basically no trend in time. 
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3.3.2	 δ13C		value	and	carbon	quantification	results	

3.3.2.1	δ13CSPAC	and	δ13CTOC	analysis	

The δ13CSPAC and δ13CTOC values range from -24.0 to -21.5‰ in both collections, Outside GS1 and 

Inside GS1 (Tables T3.2, T3.3). Results within this range are generally attributed to a mixture of C3 and C4 

plants, which corresponds to a tropical savannah environment (Lloyd et al., 2008, Wurster et al., 2013, 

2015). The differences between δ13CTOC and δ13CSPAC values are due to loss of the labile and semi-labile 

carbon fraction that was volatilized during the hypy procedure. The loss can be observed as lower amount 

of carbon in mg shown in columns TOC (mg) and SPAC (mg) in Tables T3.2 and T3.3.  

In general, δ13CSPAC results show an obvious divergence between Outside GS1 and Inside GS1 from 

the modern ground level to approximately 100 cm below the surface (Figure F3.13). The δ13CSPAC values 

from Outside GS1 cluster at higher values than Inside GS1 (dashed line in Figure F3.13). Overall, the 

δ13CSPAC results from archaeological sediments Inside GS1 are lower than those from non-archaeological 

open-site sediments beyond the dripline (Figure F3.13). 

Outside GS1, the δ13CSPAC values range from -21 to -22.7‰ across depths from 0−120 cm below the 

surface. Below 120 cm, the δ13CSPAC results show considerable variation (Table T3.2). However, they 

remain higher than -25‰ throughout. Inside GS1, the δ13CSPAC values range from a minimum of -23.9 to -

22.6‰ in the upper 120 cm of the deposit (Table T3.3). Below 120 cm, the δ13CSPAC results show are 

inconsistent, alternating erratically between -22 and -25‰.  

The δ13CTOC values exhibit a similar discrepancy to the one observed in δ13CSPAC between the 

sediment deposits Outside GS1 and Inside GS1, from the surface to approximately 120 cm below the 

surface. The δ13CTOC values, however, are generally lower compared to δ13CSPAC and inclined towards C3 

(trees and shrubs) vegetation in both collections. δ13CTOC results from Outside GS1 range from -21.5 to -

23.9‰, while Inside GS1 they range from -22.7 to -25.2‰ (Tables T3.2 and T3.3). The comparison of δ13C 

in TOC and SPAC in both sequences is shown in Figure F3.14. 
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Figure F3.13: δ13CSPAC results Outside GS1 (blue dots) and Inside GS1 (red). The dashed 
line marks the cluster of higher δ13CSPAC values Outside GS1 compared to the values 
Inside GS1. Both collections exhibit unreliable result patterns below 120 cm. The OSL 
ka age scale on the right belongs to the Outside GS1 non-archaeological sediment 
deposit, the dates were taken from Chapter 2 in this thesis. The 14C calBP dates on the 
left belong to the Inside GS1 archaeological sediment deposit and were adopted from 
the published archaeological studies (Lowe et al., 2018) and unpublished data (Wallis 
et al., 2014a). 
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Figure F3.14: δ13CTOC versus δ13CSPAC Outside GS1(left) and Inside GS1 (right). The OSL ka age scale for the Outside GS1 sediment deposit was taken from Chapter 2 in 
this thesis. The 14C cal BP in Inside GS1 archaeological deposit was adopted from the published archaeological studies (Lowe et al., 2018) and unpublished data (Wallis 
et al., 2014a). 



189 
 

3.3.2.2	 Carbon	quantification		

The percentage of TOC in the analysed collections does not generally exceed 1%, except the four 

uppermost samples from Inside GS1 that exhibit significantly higher percentages of TOC compared to all 

other samples (Table T3.3 column TOC in sample, Figure F3.15a). The SPAC percentage in the analysed 

samples in both collections, in general, does not exceed 0.15% (Tables T3.2, T3.3 column SPAC in sample, 

Figure F3.15b). Analogous to the TOC values, the only exceptions are four distinguishably high peaks from 

samples Inside GS1, at 3.1 cm, 13.6 cm, 24 cm and 42.4 cm below the surface (Figure F3.15b). 

Finally, SPAC as a component of TOC generally does not exceed 20% in Outside GS1 samples (Table 

T3.2 column SPAC in TOC, Figure F3.15c). This means combusted organic matter represents less than 20% 

of all organic matter in the analysed sediment samples. In contrast, Inside GS1 the percentage of SPAC in 

TOC exceeds 22% in most samples, with two samples, C1-03 (depth 13.6 cm) and C1-05 (depth 24 cm), 

having extraordinarily high SPAC peaks at 41% and 69% respectively (Table T3.3 column SPAC in TOC, 

Figure F3.15c).  
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Figure F3.15: The TOC and SPAC content in analysed sediment samples from Outside GS1 and Inside GS1. 
a) the % of TOC in samples Outside GS1 (blue) vs. Inside GS1 (red).b) the SPAC % amount in samples Outside 
GS1 (blue) vs. Inside GS1 (red). c) the % amount of SPAC in TOC in samples Outside GS1 (blue) vs. Inside 
GS1 (red). 
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3.4	 Discussion	

3.4.1	 Phytolith	evidence		

The phytolith assemblages Outside GS1 show an overall mixture of arboreal, herbaceous and grass 

morphotypes, typical of a savannah ecosystem, with a dominance of C3 arboreal vegetation. This is 

demonstrated by a dominance of Ovate and Spheroid ornate morphotypes (Figure F3.8), both commonly 

regarded as representatives of woody vegetation in tropical areas, along with a continuous occurrence of 

C4 grasses in fluctuating proportions (Bremond et al., 2017, Coe et al., 2014, Runge, 1999, Strömberg et 

al., 2018).  

The Inside GS1 results show a dominance of different tree, shrub and herb morphotypes compared 

to those from Outside GS1 − Spheroid and Ovate psilate (Figure F3.9). Although the two dominant 

morphotypes differ from those Outside GS1, they too are associated with non-grass plants, arboreal and 

herbaceous vegetation, and are regarded as forest indicators (Strömberg, 2004, 2005, Strömberg et al., 

2018). Moreover, spheroid psilate forms, in particular, have been occasionally associated with wood 

(Collura and Neumann, 2017, ICPT, 2019, Kondo et al., 1994, Piperno, 2006). The dominance of C3 

morphotypes Inside GS1 is evident (Figure F3.9). Nevertheless, C4 grass morphotypes persist throughout 

the profile, even if sometimes in minute numbers.  

In general, both phytolith collections are consistent with a savannah vegetation type. However, 

there are some differences in the phytolith assemblages between Outside GS1 and Inside GS1. Assuming 

that the Outside GS1 phytolith assemblages represent the natural vegetation signal in the study area, it is 

reasonable to infer that the Inside GS1 phytolith assemblages do not reflect an unmodified natural signal. 

Several factors can influence the deposition and sedimentation of phytoliths and, as a result, impact on 

the composition of the phytolith assemblage. Phytolith shape and size, for example, can play a significant 

role in phytolith transport and dissolution (Cabanes et al., 2011, Cabanes and Shahack-Gross, 2015, 

Lentfer et al., 2003b, Selkin et al., 2015, Strömberg, 2007, Strömberg et al., 2018). Or, for example, burned 

assemblages are less stable than unburned assemblages (Cabanes et al., 2011). The origin of vegetation, 

as reflected in the phytolith record, ultimately depends on various natural dispersal, transport and 

preservation mechanisms (Strömberg et al., 2018 and citations therein), including wind and water 

transport, colluvial erosion, animal activity and bioturbation, or they can result from human activity.  

In this study, the variation in phytolith assemblages between the archaeological deposit Inside GS1 

and the non-archaeological sediment deposit beyond the GS1 dripline (Outside GS1) could be due to 
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several factors, such as the morphology of the GS1 rockshelter, geomorphic and sedimentologic processes 

as well as animal and human activity. The morphology of a rockshelter can cause it to act as a sediment 

trap. As a result, the interior of a rockshelter, in this case GS1, may be subject to potential windblown or 

raindrop deposition of sediment particles, including phytoliths, from outside the shelter. Because small 

(<20 µm) phytoliths are preferentially moved around by wind compared to larger ones (Selkin et al., 2015, 

Strömberg et al., 2007b, 2018), they are more likely to accumulate inside such a 'sediment trap'. This 

might potentially influence the number of smaller and easily transported phytoliths, such as GSSCP and 

spheroids, Inside GS1.  

As demonstrated by Wallis during fieldwork (2000, 2001), macropods, regular users of rockshelters 

in Australia, also occupied the GS1 interior based on the preservation of their faecal pellets. This would 

have contributed significantly to the accumulation of phytoliths Inside GS1, skewing the assemblages 

towards grasses (Dawson et al., 2004, Squires, 1982). While grass phytolith morphotypes could be 

attributed to macropods, macropoda cannot be responsible for the deposition of the dominating forest 

indicator morphotypes Inside GS1. Hence, the Inside GS1 phytolith assemblages most likely reflect the 

natural vegetation signal which includes substantial macropod influence, shown in the contribution of 

grass phytoliths, as well as anthropogenic influences, such as the purposeful accumulation of specific 

plants or plant components for food, fibre or bedding materials. This is demonstrated by the contribution 

of grass and tree indicator phytoliths in the Inside GS1 phytolith assemblages. Finally, it cannot be entirely 

excluded that the influence of wind and water on particle transport and the 'sediment trap' morphology 

of the GS1 rockshelter, impact the phytolith assemblage inside GS1. In this regard, however, further 

investigation is needed and some suggestions are provided in Thesis Summary (section II.2). 

The small proportion of phytoliths deriving from sedges or inconclusively from sedges or grasses in 

both collections (Inside GS1 and Outside GS1) is not numerous enough to indicate a change in vegetation. 

However, they inform about the nature of microhabitats in the study area. Most likely, these phytoliths 

originate from the sedges populating shallow ponds that form on the flat tops of the sandstone outcrops 

(Figure F3.16). These depressions fill with water in the wet season, providing a microhabitat for water-

loving plants. The presence of these phytoliths in sediments away from the ponds further suggests the 

transport of phytoliths in the local environment over several tens of metres.  

A visual summary of the evidence from this study over the past 15 ka is given in Figure F3.17. The 

Inside GS1 archaeological deposit collection is illustrated inside the rockshelter, in front of the dripline, 
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and the Outside GS1 non-archaeologic sediments collection from seven pits and ten auger holes is 

displayed beyond the dripline. 

 

 

 

Figure F3.16: Seasonal ponds formed on the flat top of the GS1 sandstone outcrop. The red 
arrow on the top image is pointing to the pond shown closer in the bottom image. 
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Figure F3.17: The reconstruction of past vegetation at the GS1 study area. The GS1 rockshelter dripline and the Inside GS1 phytolith collection is shown on the left. 
The Outside GS1 pits and auger holes are shown at correct distances beyond the GS1 rockshelter dripline. The savannah vegetation is shown along with other evidence, 
such as natural fire, hearth, bioturbation, kangaroo faecal pellets and a pond. In the legend: TSH=tree-shrub-herb phytoliths; the dashed pink line represents parts in 
Outside GS1 profiles where phytolith counts were not representative; the gradient rectangle Inside GS1 represents the part in square C1 where phytolith counts were 
not representative. The chronologies 14C cal BP for the Inside GS1 archaeological deposit and OSL (ka) for the Outside GS1 sediments as explained in the text.  
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Another factor to consider is phytolith occurrence and abundance, i.e. presence/absence and 

presence of a representative amount of phytoliths in a sample (minimum 80 phytoliths in a sample, see 

section 3.2.2.3). Phytolith occurrence and abundance in this study exhibit no depth trend or pattern. By 

simple logic in undisturbed sediments, we would expect the amount of phytoliths to be representative to 

a certain depth and then diminish gradually with depth (Liu et al., 2019, Runge, 1999). Yet, the results of 

occurrence and abundance are inconsistent with depth, particularly Outside GS1. Inside GS1, the 

phytoliths show a continuous representative amount to a depth of 135 cm, below which phytoliths were 

generally poorly preserved, apart from one exception, at a depth of 178 cm (Table T3.2, sample C1-37A).  

In samples Outside GS1 the discrepancies in phytolith occurrence and abundance along sediment 

profiles show that sediments were most probably disturbed and mixed after deposition. The transport 

characteristics of phytoliths in sediments and soils have been studied previously (Bremond et al., 2017, 

Fishkis et al., 2009, 2010, Hart and Humphreys, 1997, 2003, Liu et al., 2019, 2021, Madella and Lancelotti, 

2012), yet the processes are unclear (Bremond et al., 2017, Strömberg et al., 2018). The potential drivers 

for vertical translocation are bioturbation, vegetation roots and soil fauna, percolating water, depositional 

environment (discussed in Chapter 2, section 2.4.3) and sediment properties (pH, ionic strength, organic 

matter content, grain size, sediment type) (Alexandre et al., 1997b, Bremond et al., 2017, Fishkis et al., 

2010, Hart and Humphreys, 1997, 2003, Morales et al., 2011, Porubcan and Xu, 2011, Wallis, 2003).  

The results show that smaller phytoliths, such as GSSCP, spheroids and elongates, are preferentially 

displaced compared to blocky or bulliform morphotypes (Fishkis et al., 2010, Liu et al., 2019, Locke, 1986). 

Studies also suggest that, along with the phytolith morphotype, mean annual precipitation, pH and soil 

clay content are the main factors influencing phytolith transport (Fishkis et al., 2009, 2010, Liu et al., 2019, 

2021). They also indicate that phytolith transport is related to climatic factors, such as mean annual 

precipitation, rather than the phytolith type and that increased soil clay content promotes phytolith 

transport. Although the influence of these drivers is widely recognised it is not yet quantified, particularly 

in different environmental conditions (Fishkis et al., 2010, Strömberg et al., 2018). In tropical 

environments, as discussed in previous chapters, termites can significantly impact sediment mixing and 

particle movement (e.g. Runge, 1999, Williams, 2019, Williams et al., 2021). The presence of root and 

termite activity at the Outside GS1 study location (refer to: Chapter 1, section 1.4.1.2 and Chapter 2, 

section 2.4.3) along with the effects of monsoonal precipitation suggest that a proportion of the 

inconsistency in phytolith occurrence and abundance Outside GS1 could be at least partly attributed to 
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sediment transport and mixing due to these factors. Evidence of bioturbation has also been reported from 

GS1 shelter’s interior (Lowe et al., 2018).  

The number of counted burned phytoliths is significantly higher in non-archaeological sediment 

samples Outside GS1 compared to the archaeological sediment samples Inside GS1 (Tables T3.2, T3.3, 

Plate P3.6, a,b,e). Several studies suggest that the colour of phytoliths is a tool that can be used to indicate 

modification by fire (Albert and Cabanes, 2007, Boyd, 2002, Kealhofer, 1996, McMichael et al., 2012, Parr, 

2006, Selkin et al., 2015). The dynamics of the effects of burning on phytoliths, however, are not clear. 

The quoted studies and results from elsewhere, for example, confirm that only a part or even no phytoliths 

manifested observable changes from burning after being subjected to fire (Elbaum et al., 2003, Kealhofer, 

1996, Parr, 2006). Additionally, several studies have demonstrated during laboratory extractions that 

colour changes in phytoliths are uncommon when fire temperatures do not exceed 500oC (Bowdery, 1989, 

Bowdery et al., 2001, Jones and Milne, 1963, Parr, 2006, Runge, 1998, Wallis, 2003). By observing the 

results of a lack of oxygen within a muffle furnace, Parr (2006) assumed that the discolouration of 

phytoliths might be linked to whether the oxidation process was complete or incomplete. The 

discolouration phenomenon, however, is poorly understood. Hence, it is unreliable to infer, for example, 

that past fires in the study area were low temperature or that the fire frequency was low, based solely on 

the paucity of burned phytoliths encountered in the samples.  

Apart from colouration, some phytoliths from both collections showed distinct etching on the 

phytolith surface and/or on the margins (Tables T3.1, T3.2, Plate 3.6,c-f,i). This etching differs from the 

cavities typically observed with GSSCP (Alexandre et al., 2015) and is more similar to the dissolution 

features presented by Tombeur et al. (2020) from soils in Western Australia. Etched phytoliths were 

counted along with the weathered and damaged ones and no significant difference was observed 

between samples from Outside GS1 and Inside GS1. There were, however, two samples from Inside GS1 

where the number of weathered phytoliths exceeded 60 (Table T3.2, samples C1-26 and C1-28, depth 120 

and 130 cm, respectively), resulting in a similar amount of damaged and well preserved phytoliths present 

in these two samples. 

Mild to severe etching of phytoliths in this study match the etching and dissolution features 

commonly described for phytolith weathering in a range of environments. Generally, the number of 

weathered phytoliths tends to increase with depth, although no clear depth trend has been confirmed 

(Runge, 1999, Sommer et al., 2012, Strömberg et al., 2018, Tombeur et al., 2020). Several factors affect 

the preservation of individual phytoliths in soils and sediments, including soil/sediment solution pH, the 
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presence of organic matter, the potential coating of the phytoliths and the phytolith geometry (i.e. 

morphotype) (Cabanes and Shahack-Gross, 2015, Kaczorek et al., 2019, Kendrick, 2005, Huang and Hardie, 

2011, Strömberg et al., 2018). Studies of phytolith etching and dissolution have focused mainly on the role 

of phytoliths in the terrestrial biogeochemical silicon cycle (e.g. Alexandre et al., 1997b, Borrelli et al., 

2008, Clarke, 2003, Derry et al., 2005, Fredlund and Tieszen, 1997, Kaczorek et al., 2019, Sommer et al., 

2006, 2012, Tombeur et al., 2020) rather than on environmental or climate characteristics that could 

affect the etching and dissolution of phytoliths. 

The etching observed in this study likely relates to individual phytolith morphotype characteristics 

(shape, size and structure density) and depth. Greater depths generally mean prolonged exposure to 

weathering factors and diagenesis. Apart from that, studies also indicate that thin, flattened and porous 

silica bodies with large surface areas, such as elongate morphotypes, are more readily impacted by 

dissolution compared to more compact and dense morphotypes, like GSSCP, spheroids or blockies 

(Borrelli et al., 2008, Hart and Humphreys, 2003, Strömberg et al., 2018−and citaƟons therein). However, 

the high amount of phytolith dissolution in some of the Inside GS1 samples might be due to the extra 

water that comes off the shelter rooftop along the dripline in the wet season. This is something worth 

considering also because such high levels of dissolution do not occur further away from the shelter, i.e. 

Outside GS1. 

The potential phytolith confusers, chrysophyta cysts, sponge spiculae and diatoms, when present 

even in small numbers, might still hint about events or conditions in the past. Chrysophyte algae for 

example mostly occur in slightly humic ponds, but they also thrive in moderately oligotrophic waters. In 

contrast to sponge spicules and diatom frustules, chrysophytes are not found in moist sediments and soils 

(Kristiansen, 2010). However, their ability to form stomatocysts allows cells to survive drought and other 

adverse environmental conditions (Nicholls and Wujek, 2003). Although it is unclear if the seasonal water 

ponds on the GS1 outcrop rooftop in the wet season (Figure F3.16) represent a potential seasonal habitat 

for chrysophytes, this cannot be excluded. Outside water bodies, the most obvious dispersal method of 

chrysophytes and their cysts is by birds, in the plumage of waterfowl, although dispersal by humans has 

also been suggested in some cases (Kristiansen, 2010). The unusual presence of chrysophyta cysts in 

sediments Outside GS1, could be attributed to birds. Their presence Inside GS1, however, might as well 

be due to human activity, such as transport and usage of water from a close oligotrophic water body, in 

this case the Norman River and its tributaries in the past. 
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3.4.1.1	 Phytolith	indices		

In general, the results of the D/P and FI-t indices from non-archaeological sediment deposit Outside 

GS1 showed that the savannah vegetation in the GS1 study area was denser in the past (Table T3.2, Figures 

F3.8 and F3.11). The indices were the lowest at shallow depths (0−40 cm) (D/P range 0.31−1.13). This 

suggests that the area has been dominated by more open savannah for approximately the last 2000 years, 

based on the established chronology in Chapter 2 for the sediment deposit expanding outside the GS1 

rockshelter. The increased values of both indices in samples from depths 80−120 cm below the surface 

(D/P generally >2.5; Table 3.2) suggest that there was greater tree cover in the period between 4000 and 

10,000 years ago during the early and mid-Holocene. It is likely that thicker cover characterized the area 

in the early and mid-Holocene, which gradually opened to reach its current state. A slight decrease in D/P 

and FI-t indices in samples from depths below 120 cm (Table T3.2) could indicate a more open forest in 

the Pleistocene–Holocene transition period. These findings align well with other palaeoenvironmental 

studies from the Australian tropical northeast (e.g. James et al., 2024, Li et al., 2022, Moss et al., 2012, 

2017, Reeves et al., 2013a). 

Similar D/P values to those reported in this study have been reported from forest–savannah 

transects in Cameroon, tropical Africa (Bremond et al., 2005, Sangen et al., 2011). There, the lowest range 

(0.33−1.16) was associated with shrub and tall-grass savannah, while the medium and higher values were 

with young or mature and gallery forest. In many other forest–savannah ecotones studies, the D/P values 

were generally much lower (e.g. Alexandré et al., 1997a, Calegari et al., 2013, Chueng et al., 2019, 

Neumann et al., 2009). The indices, however, represent a relative estimate and the results depend on 

many factors, such as the sample size or, as in our case, the nominated constraint of morphotype 5% 

representativeness and the fact that phytolith analysis is always subjected to observer bias and relative 

experience (Díez-Pastor et al., 2020). Therefore, the results can vary accordingly between studies.  

Nonetheless, the phytolith indices exhibit some inconsistencies. For example, the trends shown in the 

PA_10-M pit profile (Figure F3.11b) do not definitely align with the trends exhibited by other pits and auger 

holes and some calculations resulted in exaggerated peaks (Figure F3.11a,e). In the case of pit PA_10-M, the 

shift in trend may be a consequence of sediment mixing subsequent to deposition, discussed elsewhere (refer 

to: Chapter 1, section 1.4.1.2 and Chapter 2, section 2.4.3). The exaggerated peaks might alternatively be a 

consequence of the sample preparation procedure (ex-situ), which can influence the distribution of phytoliths 

and the sample size (e.g. a higher number of counts would probably reduce the peaks). 

In contrast, the D/P and FI-t index from the archaeological deposit Inside GS1 exhibit an irregular 

pattern characterized by alternating increases and decreases and with a major decrease in the uppermost 
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sample (i.e. from the shallowest depth 3.1 cm), indicated as the first point on the graph Figure F3.12. A 

pulsating vegetation density pattern like this is highly unlikely to occur in nature, especially considering 

all the factors and drivers involved in determining the position of tropical forest–savannah ecotones 

(Oliveras and Malhi, 2016). The recurrent ups and downs in Inside GS1 D/P and FI-t values are more likely 

connected with changes in human and/or concentrated macropod inputs to the assemblage. Closer 

examination of the Inside GS1 phytolith assemblages reveals that it is the rondel morphotype driving the 

alternating pattern (Figure F3.9), causing the D/P index to drop in favour of grasses and vice versa (Figure 

F3.12). As mentioned in previous paragraphs (section 3.4.1), macropods can contribute significantly to 

phytolith assemblages inside rockshelters (Wallis, 2000) and these animals may be distorting the phytolith 

natural signal Inside GS1. Unfortunately, rondels occur in various grass sub-families and it is impossible to 

interpret this signal more specifically. Additionally, with a modern phytolith reference collection we might 

be able to gain better information about the origins of the two dominant morphotypes Inside GS1, i.e. 

Spheroid and Ovate psilate attributed to tree, shrub and herb vegetation. The insight into their possible 

origin might show if they can be linked to plant species that humans preferably transported for use inside 

rockshelters. This would additionally support the hypothesis of anthropogenic influence on phytolith 

assemblage Inside GS1. Finally, these findings question the usage of phytoliths from sediments within 

rockshelter interiors as sole proxies for vegetation reconstruction and changes in vegetation structure in 

a study area through time. The record appears to be strongly influenced by factors other than vegetation 

change outside the shelter. 

3.4.2	 δ13C	and	carbon	abundance	evidence		

The δ13CSPAC values from the non-archaeological sediment deposit expanding beyond the GS1 

dripline (Outside GS1) suggest a savannah type of vegetation has dominated the study area for the last 

~15 ka (Figure F3.13). The δ13CSPAC values from the archaeological sequence Inside GS1 also indicate that 

savannah vegetation has been predominant throughout the Holocene (Figure F3.13). This outcome is in 

good agreement with the phytolith evidence. The δ13CSPAC ranges indicate derivation from a mixed C3 and 

C4 vegetation source, with a predominance of C3 plants, most likely woody elements (Boutton, 1991, 

Bremond et al., 2017, Calegari et al., 2013, Coe et al., 2014, Desjardins et al., 1996, Pessenda et al., 1997, 

1998, Sangen et al., 2011). From approximately 120−90 cm below the surface the δ13CSPAC values Outside 

GS1 and Inside GS1 are relatively similar and consistent (from -23 to -22‰). Above 90 cm, the two 

collections gradually diverge, with the Outside GS1 samples showing a trend towards a stronger grass C4 

signal. In contrast, the Inside GS1 samples exhibit the opposite trend, towards a stronger C3 tree signal 
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(Figure F3.13). This trend suggests that the savannah tree vegetation Outside GS1 was denser during the 

early and mid-Holocene until approximately 4000 years ago but has gradually changed into a more open 

savannah. Again, this aligns well with the trend obtained from phytolith indices (section 3.4.1.1) and 

suggests that the region was subject to a wetter and warmer climate throughout the early and mid-

Holocene, as indicated by a denser tree vegetation signal. Over time, the climate gradually shifted to 

conditions similar to those experienced today, characterized by a more open savannah woodland. In the 

upper 15 cm, however, the δ13CSPAC trend changes again with the δ13CSPAC values in all samples ranging 

between -23 and -22 ‰ (Figure F3.13). Below 120 cm, the δ13CSPAC values Outside GS1 and Inside GS1 

exhibit considerable variation. They are considered unreliable due to very low amounts of SPAC in deeper 

samples (<0.05%) resulting in potentially extreme bias towards a single large SPAC particle (Tables T3.2 

and T3.3).  

In both collections, the δ13CTOC signal is generally inclined towards tree vegetation (average -23− 

- 24‰) (Figure F3.14, Tables T3.2, T3.3). This is most probably due to the C3 signal being created by the 

roots of the savannah trees and, therefore, the larger presence of deeper-rooted arboreal organic matter 

in the sediment profiles. Savannah trees produce finer and larger roots extending up to 150 cm deep (e.g. 

February and Higgins, 2010, Mordelet et al., 1997). Thus, carbon from tree roots and arboreal organic 

detritus likely influences the δ13CTOC signature in favour of C3 vegetation. A comparison between the 

percentage of TOC Outside GS1 and Inside GS1 shows that the general amount of organic matter in the 

analysed samples is very low (<1%) and decreases with depth. However, the TOC amounts are higher 

throughout samples from Inside GS1 than those from Outside GS1.  

Similarly to the TOC abundances, the SPAC abundances are generally very low in samples from both 

collections, not exceeding 0.15% (Figure F3.15b), particularly at greater depths. The exception represents 

the four distinctively high SPAC peaks Inside GS1, specifically in the two samples (C1-03, C1-05) from 

depths 24 cm and 42.2 cm, where SPAC accounts for a larger proportion (41% and 69%) of the recorded 

TOC (Figure F3.15b,c). The clearly higher values of TOC and SPAC from the two outlier samples represent 

a substantial deviation from the average TOC and SPAC proportions in the surrounding environment, as 

represented by the Outside GS1 collection at the same depths. These peaks are associated with human 

activity and are indicative of anthropogenic fires in the GS1 rockshelter interior. This statement is 

supported by the stronger C3 signal (lower δ13CSPAC values) Inside GS1 (Figure F3.13) and macro-charcoal 

results recorded in these samples (Lowe and Wallis, 2020, Figure 2). 
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3.5	Conclusions	

Phytoliths and the δ13C isotopic composition of total organic carbon (TOC) and stable polycyclic 

aromatic carbon (SPAC) were used to reconstruct late Quaternary vegetation at the Gledswood Shelter 1 

(GS1) archaeological site in the tropical Australian savannah. The abundance of TOC and SPAC in 

sediments was also examined. Phytoliths and SPAC were chosen because they are durable and able to 

preserve in unfavourable semi-arid environments for millennia, compared to other more conventional 

approaches (Ascough et al., 2020, Bird and Ascough, 2012, Bird et al., 2015, Calegari et al., 2017, Hart, 

2016, Rashid et al., 2019, Strömberg et al., 2018, Wurster et al., 2015, Zurro et al., 2016). This study is the 

first to use this combination of proxies in open-site sediments in Australia for vegetation reconstruction 

and confirmed the effectiveness of the chosen approach in locales where pollen does not preserve.  

Two collections of sediments were analysed for past vegetation evidence from phytoliths and the 

δ13C signature in TOC and SPAC. One collection (44 samples) was collected from open-site, non-

archaeological sediment deposits surrounding the GS1 rockshelter, up to 73 m beyond the GS1 dripline 

(Outside GS1). The other collection (64 samples) was collected from the preserved archaeological 

sequence inside the GS1 rockshelter (named Inside GS1). 

In general, the phytolith and δ13C results from Outside GS1 confirmed the presence of savannah 

vegetation throughout the Holocene. The calculated phytolith indices indicate denser tree cover during 

the early and mid-Holocene, followed by a gradual transition to a more open savannah woodland in the 

last 2000 years. This might point to a wetter and warmer climate in the region during the early and mid-

Holocene compared to current conditions. 

The archaeological sequence from the rockshelter’s interior, Inside GS1, recorded a different 

vegetation signal, showing an overall higher presence of forest indicators from that of the sediment 

deposit Outside GS1. Even though grasses have been recorded Inside GS1, their general proportion is 

noticeably lower than those Outside GS1, suggesting a strong prevalence of forest indicators, i.e. arboreal 

vegetation. This difference has been recorded through phytolith analysis (Figure F3.10) and δ13CSPAC 

analysis (Figure F3.13). The phytolith evidence showed with reasonable confidence that the phytolith 

signal Inside GS1 has been influenced by additional factors, such as human activity bringing wood to the 

shelter to make campfires and kangaroo dung. Although it is doubtful that both macropods and humans 

would have been present inside the shelter at the same time, they would likely each have used the site in 

periods when the other was absent. Therefore, the presence of one does not exclude the other. The 

presence of hearth remains inside the GS1 rockshelter was also confirmed by the significantly higher SPAC 
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content of some sediments, compared to the natural signal recorded in Outside GS1 sediments (Figure 

F3.13)  

Finally, the comparative analysis of the past vegetation records from Outside and Inside GS1 

rockshelter indicates that a robust reconstruction of past vegetation and possibly also of coeval human 

activities should include both a rockshelter interior along with its surroundings. The results also indicated 

some important issues that need to be addressed in the future. A modern phytolith collection from the 

local area would assist as a reference to strengthen the interpretation of the results. Further research is 

needed to better understand the impact of natural processes, particularly bioturbation, on phytolith 

movement and mixing dynamics in analogous environments. This would minimize their impact on the 

results and help achieve a more robust interpretation. Furthermore, in the case of very low SPAC 

quantities in sediments, an isolation technique, such as heavy liquid floatation, should be considered to 

increase the sample representativeness. 
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Abstract	

Rockshelters and caves are sedimentary and environmental archives. They form natural sediment 

traps in which deposits are protected from the effects of erosion and subaerial weathering. Rockshelter 

and cave sediments have been studied for as long as there has been scientific interest in caves. Early 

studies primarily focused on cave formation processes, speleothems as well as fossil and cultural material 

remains. The palaeoclimatic significance of the clastic sediments in caves was first acknowledged in 

European alpine caves by Schmid (1958). Today, it is widely recognized that rockshelter and cave 

sediments contain important palaeoenvironmental evidence, and as such, constitute a potentially 

valuable archive of Quaternary environmental change. However, rockshelters and caves are not discrete 

entities. Instead, they are part of wider proximal and distal sediment systems and are, therefore, 

inseparably connected to their surroundings. Hence, an increasing number of studies suggest that 

stratigraphic and environmental research based on the clastic sediments in rockshelters and caves should 

expand beyond the 'dripline' to include the sedimentary record from their surrounding environment. An 

approach that still lacks full implementation. 

The Gledswood Shelter 1 (GS1) is an archaeological rockshelter located in semi-arid inland North 

Queensland, Australia. This study interrogates the links between the sedimentary record inside GS1 and 

the sedimentary record in its surrounds. The study area encompasses the archaeological deposit within 

the GS1 rockshelter (referred to as "Inside GS1") and the non-archaeological open-site sediment deposit 

that extends south-southwest beyond the dripline of the GS1 (referred to as "Outside GS1"). Here the 

findings from previous archaeological research conducted inside the GS1 rockshelter are compared with 

findings from geologic, geomorphic and palaeoenvironmental research conducted in the sediment 

deposit outside GS1. By bridging the two archives, we present a more reliable and nuanced sedimentary 

and palaeoenvironmental record for the study area. This allows for a comparison and correlation of the 

complemented GS1 record with other known records from the Australian tropical north.  

Geomorphologic evidence indicates that the immediate study area constitutes part of a larger, 

weathered sandstone outcrop, possibly a residual hill. GPR analysis and measurements of subsurface 

bedrock depth reveal an uneven, undulating subsurface bedrock and a depression that extends from the 

interior of the GS1 rockshelter to approximately 15 m southward beyond the dripline. The depression was 

possibly formed by foot scarp erosion and was afterwards filled with sediment when weathering 

processes, such as granular disintegration and arenisation, became dominant. Stratigraphic and 

sedimentologic evidence, including colour, particle size and microscopic elements, from sediments 
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Outside GS1 and Inside GS1, confirms that the sediment in the study area originates from the weathering 

of the Jurassic Hampstead sandstone, which is the dominant lithology in the area. Evidence of post-

depositional mixing by bioturbation is evident in sediments from both Outside GS1 and Inside GS1 

deposits. Sedimentologic microscopic analysis, however, suggests that certain characteristics observed in 

sediments Inside GS1, such as increased abundance of charcoal and the presence of iron oxide nodules, 

differ from those in sediments Outside GS1. These differences may be attributed to the impact of human 

activity Inside GS1, specifically hearth fires.  

The sediments in both archives, Outside GS1 and Inside GS1, were dated using OSL and radiocarbon 

dating (14C) techniques. Results show that the last sediment accumulation cycle outside GS1 began 

approximately 15 ka years ago, while the sequence Inside GS1 is much deeper and older, with a maximum 

age of approximately 38 ka. Age-depth modelling was used to correlate the two chronologies, 

demonstrating a strong alignment between them.  

Magnetic susceptibility analysis and vegetation analysis, the latter involving phytoliths and δ13C, 

corroborated the impact of human as well as animal (particularly macropod) activities on the sediment 

record inside GS1. This confirmed the recognised likelihood that the sediment record inside rockshelters 

will differ from the 'natural' sediment record outside rockshelters due to human and animal presence and 

modifications.  

Finally, the results show that bridging the sediment archives outside and inside of the GS1 

rockshelter lad to a more rounded and comprehensive dataset that enables a more robust interpretation, 

and, therefore, a more reliable palaeoenvironmental reconstruction, for the local area. The study suggests 

recommendations for future research of the GS1 site as well as other rockshelter sites of archaeological 

and palaeoenvironmental importance. 

4.1	 Introduction	

4.1.1	 Rockshelters	 as	 palaeoenvironmental	 archives	 and	 the	 role	 of	 their	

surroundings		

In Australia, as elsewhere, investigations in caves and rockshelters dominate research in prehistoric 

archaeology. These types of deposits have been considered superior to the study of open-sites mainly 

owing to the good preservation of stratified sequences (Kibler, 1998). Rockshelters and caves form natural 

sediment traps in which, in contrast to open sites, deposits are protected from the effects of erosion and 
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subaerial weathering (Gunn, 2003). Therefore, sediment deposits in rockshelters and caves are often 

thought to represent relatively complete sequences, which retain environmental signals and 

archaeological evidence in well-defined, discrete, and datable contexts directly associated with specific 

moments of the past (Butzer, 2008, Sandweiss and Kelley, 2012).  

In the last decade, however, an increasing number of studies have argued that important 

information could be missed by focusing only on records from confined spaces inside rockshelters and 

caves, while ignoring the broader outside area beyond their dripline (e.g. Angelucci et al., 2018, Barbieri 

et al., 2018, Kindermann et al., 2018, Ulm, 2013, Ward et al., 2006). Although rockshelters and caves 

provide better chronostratigraphic resolution compared to open-site deposits, their sedimentary record 

is space confined, often discontinuous and usually biased (Langley et al., 2011, O’Connor et al., 2017, 

Schiffer, 1987, Ulm, 2013, Vannieuwenhuyse, 2016, Walthall, 1998, Ward et al., 2016). There is a 

recognized risk of forming biased views not only about past human activities and behaviours, but also 

about past environmental conditions and natural processes that occurred outside the rockshelters and 

caves (Kindermann et al., 2018). Schiffer (1987) and Walthall (1998), for example, emphasized that 

deposits inside rockshelters and caves may be subjected to different natural events and post-depositional 

modification processes compared to those outside their confines, due to the restricted space and long, 

intense periods of use (Figure F4.1). Ultimately, rockshelters and caves are not isolated nor closed 

systems. They are fundamental parts of the environment in which they are located, inseparably connected 

to their surroundings and, as such, represent just one part of the wider proximal and distal sediment 

systems (Woodward and Goldberg, 2001). The investigation of rockshelters and caves should therefore 

be expanded beyond the dripline into their surroundings and both sedimentary records, from inside and 

outside, should be compared and correlated (Woodward and Bailey, 2000).  

However, comparative studies of sedimentary records from inside rockshelters and caves with 

sedimentary records from their surrounding environment are rare (Barbieri et al., 2018, Kindermann et 

al., 2018, Ward et al., 2006). In Australia, reviews of archaeological research practices reveal that 

rockshelters and caves represent more than 60% of all published archaeological sites (Langley et al., 2011, 

Ward et al., 2016). Out of these, only one comprehensive comparative study was performed in tropical 

north Australia, in the Keep River region of northwest Australia (Ward, 2003, Ward et al., 2006). 

Stratigraphic sequences of three occupation sites comprising rockshelters and their adjacent sand sheets 

were compared, questioning the assumption that rockshelters necessarily provide better preservation 

conditions or longer records of human occupation than open sandy environments. The authors 
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demonstrated that in the Keep River study area, open sandy environments provide better preservation 

conditions and longer records than rockshelters, contrary to commonly held assumptions.  

This chapter presents a comparative case study conducted at the Gledswood Shelter 1 (GS1) 

archaeological site in North Queensland, Australia. Evidence obtained through archaeological research 

from archaeological sediment deposit inside GS1 (referred to as "Inside GS1") is compared with the 

evidence acquired through geologic, geomorphologic and palaeovegetation investigation of non-

archaeological open - site sediments deposited outside the GS1 rockshelter, expanding south-southwest 

beyond the dripline (referred to as "Outside GS1"). The dripline is used to demark the boundary between 

the Inside GS1 and the Outside GS1 sediment archives (Figure F4.1). The intent is to link both archives, 

Outside GS1 and Inside GS1, by comparing and correlating the results and producing a robust 

interpretation of site formation and palaeoenvironmental history. 

 

 

Figure F4.1: The impact of natural events and post-depositional modification processes on sediment 
records outside and inside rockshelters; note the dripline demarcating the inside space from the outside 
surrounding environment (author: Emma Rehn). 

 

This integrated approach to site formation processes and palaeoenvironmental reconstruction allows us 

to examine how the sedimentary records from Inside GS1 complement the sedimentary records from 

Outside GS1 and vice-versa. It also enables us to observe in what way, and to what degree, the evidence 
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in the two archives is similar and/or differs. Finally, the establishment of a geomorphologic, geologic and 

palaeoenvironmental context for the study area will enable a more nuanced interpretation of the 

significance of the GS1 study area in the wider archaeological and palaeoenvironmental context of the 

Australian tropical north. 

4.1.2	 Formation	and	development	of	sandstone	rockshelters:	Cavernous	weathering,	

tafoni	and	honeycombs		

Under the tropical and semi-arid conditions in interior northern Australia, most sandstone 

rockshelters form on the margins of sandstone hills and escarpments, in lithologies that are themselves 

remnants of old river deposits (e.g. Clarkson et al., 2015, David et al., 2007, also Chapter 1 of this work). 

Between these outcrops, extensive and largely stabilized sand plains or sand sheets that now support 

open savannah woodlands formed. In this environment, various forms and sizes of sandstone rockshelters 

have developed. To give an example, more than 700 rockshelters were examined by Gunn et al. (2020) on 

the Arnhem Land Plateau and they were able to identify 13 distinct classes of shelter forms. The most 

common results from cavernous weathering, through which GS1 also formed. 

Cavernous weathering or cavernous features is a collective expression for variously shaped and 

arranged cavities and hollows on the exposed vertical and steeply inclined surfaces of rocks. These cavities 

range in size from several millimetres to several meters. Many descriptive terms have been used through 

time to describe cavernous features on rock surfaces, of which tafoni, alveoli and honeycomb are the 

most popular. The terminology, however, is highly inconsistent and entangled (a detailed review is given 

in Groom et al., 2015 ). There has been a general tendency in recent decades, after Robinson and Williams 

(1994), to use tafoni for cavernous features on decimetre to metre scale and alveoli or honeycomb for 

smaller size features (≤ centimetre). Larger tafoni, meter to decametre scale cavities, are called 

rockshelters, and synonyms include rock overhangs, alcoves or abri (when referring to French sites) 

(Klimchouk, 2018). Despite the variability in size, morphology and patterns, tafoni and honeycomb 

features are recognizable (Figure F4.2). 

In terms of formation, cavernous features are still some of the most enigmatic and puzzling 

geomorphologic phenomena. They are mostly found on vertical cliffs, sub-vertical outcrops and boulders 

in a wide range of rock types, including sandstone, limestone, quartzite, granite, greywacke, dolerite, 

rhyolite, greenschist, conglomerate and tuff. Tafoni and honeycombs have been described from various 

climatic zones and environments on all the continents, from deserts to humid areas, coasts and lowlands 

to high mountains and Antarctic valleys (Turkington, 1998) and even on Mars (Rodriguez-Navarro, 1998). 
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Studies of these features and the process of cavernous weathering contributed to a large body of 

literature, particularly in the field of weathering research and sandstone landscapes. Notable works and 

recent reviews include, among others, Brandmeier et al. (2011), Goudie and Viles (1997), Groom et al. 

(2015), Huinink et al. (2004), Martini (1978), McBride and Picard (2004), Mustoe (1983), Paradise (2013), 

Siedel (2015), Turkington (2004), Turkington and Paradise (2005), Turkington and Phillips (2004), Viles 

(2005), and Young and Young (1992).  

Tafoni and honeycomb are considered to form by selective weathering on exposure to atmospheric 

conditions. Various processes have been invoked to explain their formation, including aeolian deflation, 

weathering through insolation, frost action, wetting and drying, chemical and salt weathering and decay 

by biological action. Case hardening and/or core softening have also been suggested to play a major part. 

Although all these processes contribute to granular disintegration and flaking, the resultant rock decay 

and formation of cavernous features, none of them, alone or in combination, has yet to explain the 

principal mechanisms behind cavernous weathering phenomena adequately (Brandmeier et al., 2011, 

Groom et al., 2015, Klimchouk, 2018, Turkington, 2004, Turkington and Paradise, 2005). Their global 

occurrence, across a wide range of lithologies and environmental conditions, suggests that their formation 

is determined by a factor that exceeds variations in these conditions and weathering processes 

(Klimchouk, 2018, Turkington, 1998, Turkington and Paradise, 2005). 
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Figure F4.2: Cavernous weathering in Hampstead sandstone. Top left: the GS1 rockshelter. Top right and bottom: 
tafoni and honeycombs in outcrops surrounding the GS1 site. 

 

Recently, Klimchouk (2018) proposed a new conceptual model. Based on a study conducted in the 

Crimean Piedmont, he argued that the primary factor of tafoni and honeycomb formation is the pre-

exposure alteration of rocks along fractures and/or karst conduits as a result of fluid-rock interactions. 

Under this model, the local or regional characteristics of a weathering system are irrelevant or only of 
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secondary importance in determining the localization and morphology of cavernous features. The 

proposed model aligns well with the main characteristics of cavernous weathering features described in 

different rocks around the world that have been challenging to explain by applying the traditional 

weathering paradigm, which assumes that external agencies (the weathering system) acting on exposed 

rock surfaces are the primary factor in their formation. According to Klimchouk (2018), the model opens 

up exciting possibilities for revisiting a number of conspicuous features of sandstone geomorphology in 

many regions worldwide. 

4.1.2	 A	complex	relationship:	Rockshelters	and	related	sediment	deposits		

A major factor governing the processes of sedimentation in rockshelters and caves is the shape of 

the rockshelter or cave. In simple terms, rockshelters are shallow niches in the hillside, while caves 

penetrate deeper into the ground forming underground chambers, passages and channels (Lowe and 

Walker, 2015, pg. 141). Hence, caves, being more enclosed and protected environments not directly 

exposed to daily and seasonal changes, are modified only by significant and long-term climatic changes 

that affect the mode of sedimentation, apart from water-lain sediments in conduits (Figure F4.3). 

Rockshelters, on the other hand, are more open and exposed spaces where sedimentation is directly 

affected by the open-air daily conditions (Figure F4.3). The stratigraphy of rockshelter deposits is, 

therefore, often complex and complicated by the fact that several different depositional processes may 

be acting simultaneously, resulting in a mix of endogenous (internally derived) and exogenous (externally-

derived) sediments and a discontinuous stratigraphy (Kibler, 1998) (Figure F4.3).  

Three main types of materials contribute to rockshelter and cave sediment sequences: clastic 

sediments, chemical (precipitated) sediments and organic detritus (Lowe and Walker, 2015, White, 2007) 

(Figure F4.3). Clastic sediments may include rock rubble, cave earth or water-lain material. They are 

moved mechanically, whereas chemical sediments are formed in place and precipitated from solution by 

seeping, dripping or flowing water, such as speleothems or cave breccias (O’Connor et al., 2017). Organic 

detritus consists of plant and animal remains or materials of anthropogenic origin (Figure F4.3). 
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Figure F4.3: Complex sedimentation conditions of rockshelter and cave environment (Figure adapted from Villagran et al. (2017) and 
rearranged for the purposes of this introduction). 
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These materials become part of rockshelter and cave deposits via an agent transfer, such as wind, 

animal, water, or via various mass wasting or weathering processes operating on rock faces at different 

scales (Carson and Kirkby, 1972, pg. 112-128). Macroscale processes, such as slab failure and rock (roof) 

fall, are primarily related to primary jointing and fracturing patterns as well as the mechanical strength of 

the rock unit. They deposit large blocks or fragments into rockshelters and caves. Granular disintegration, 

on the other hand, acts on a microscale level. Granular disintegration is widespread in sandstones in semi-

arid to arid regions (Turkington and Paradise, 2005, Zhang et al., 2011). Weathering usually takes the form 

of the slow release of individual grains from the rock surface through the destruction of the cement bond 

that ultimately results in the rock returning to sand and forming deposits inside rockshelters along with 

the surrounding sand plains. 

4.1.3	 Study	area	and	sampling	locations	

The GS1 rockshelter is located in tropical North Queensland (Figure F4.4). Detailed geographic, 

geomorphic and geologic descriptions of the area are given in previous chapters (sections: I.2A,B; 1.1; 

3.2.1). The GS1 is a small overhang developed in an 8 m high sandstone outcrop (Figure F4.2 top left). The 

distance from the shelter’s floor to the dripline is 3–5 m and the interior surface is about 15 m2 (Figure 

F4.5). The maximum depth from the shelter's inside ground surface to the bedrock is approximately 250 

cm (Lowe et al., 2018, Wallis et al., 2009). Two sediment archives were used for this comparative study 

(analogous to the two collections in Chapter 3):  

1) Outside GS1, which encompasses records from sediment samples collected in the years 2008, 

2019 and 2020 from pits and auger holes excavated in non-archaeological open-site sediment 

deposit expanding south-southwest beyond the GS1 dripline (marked by a red circle in Figure F4.4, 

shown in Figure F4.6), and 

2) Inside GS1, which encompasses records from sediment samples collected from squares C0 and 

C1 in the GS1 interior archaeological sediment deposit excavated between 2006 and 2008 

(marked by a yellow rectangle in Figure F4.4 and outlined in Figure F4.5).  

4.2	 Materials	and	methods	

Details of the materials and methods used in the investigations of the Outside GS1 sediment record 

and for comparison in this study are provided in previous chapters (sections: 1.2, 2.2 and 3.2). Whereas 

details about the materials and methods used in the investigations of the Inside GS1 archaeological 

sediment record and for comparison in this study are provided in the previous research (Lowe et al., 2016, 
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2018, Lowe and Wallis, 2020, Wallis et al., 2009) and reports (Wallis, 2008, Wallis et al., 2014a). A summary 

of previous studies conducted on Inside GS1 sediment record is also provided in the introductory part of 

this thesis (section I.2C). An abbreviated version of materials and methods only relevant to the comparison 

of the Outside GS1 and Inside GS1 archives, is provided below. In addition, Table T4.1 summarises the 

sample IDs, their location and depth and the materials and methods used to compare the two archives. 

 

 

Figure F4.4: The map of the study area and sampling sites for both archives – Outside GS1 and Inside GS1. 
Outside GS1 is marked by a dashed red circle; purple circles represent the pits and auger holes excavated in 
2019 and 2020, blue rectangles represent pits excavated in 2008. Inside GS1 marked by a yellow rectangle. 
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Figure F4.5: The inside GS1 archaeological excavation squares marked in yellow. 
 

 

 

Figure F4.6: A bird’s eye view of the study area. Note the sandstone outcrop with the GS1 rockshelter and the 
pink arrow indicating the dripline as well as the sediment deposit expanding south-southwest and the red 
arrow indicating the pit PA_10-M (size of the tarpaulin is approx. 2.7 x 4m). 
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4.2.1	 Subsurface	morphology,	stratigraphy	and	sedimentology	

Ground-penetrating radar (GPR) data (Lowe and Wallis, 2020) and the results from 17 pits and auger 

holes were used to obtain information about the subsurface bedrock morphology.  

Stratigraphic and sedimentologic characteristics of Outside GS1 and Inside GS1 sediment deposits 

were examined and documented through pits, auger holes and archaeological stratigraphic units (SUs). A 

total of 24 bulk sediment samples from Outside GS1, from pits PA_10-M, TP01, TP02 and TP05 (Table T4.1, 

Figure F4.4), and 24 from Inside GS1, from squares C0 and C1 (Table T4.1, Figure F4.5), were compared. 

Munsell soil colour charts (1994) were used for sediment colour determination and Malvern Mastersizer 

MS3000 analyser as well as Endecotts sieves with a Geolab Systems mechanical sieve shaker were used 

for the Outside GS1 and Inside GS1 sediments’ particle size analysis, respectively.  

Optical microscopy was applied using a standard petrographic microscope for sedimentologic 

analysis of Outside GS1 and Inside GS1 sediment thin sections. The optical microscopy results were 

compared for mineralogical composition, structure and texture of sediments and examined for evidence 

of post-depositional disturbance and the presence of allochthonous materials, such as charcoal, that 

might not be discernible at a macroscopic level. Altogether, four sediment thin sections from Outside GS1 

(PA_10-M pit south profile) were compared with five sediment thin sections from corresponding depths 

from Inside GS1 squares C0 and C1 (Table T4.1) collected and analysed in previous archaeological studies 

(Lowe et al., 2018).  

4.2.2.	 Magnetic	susceptibility	

Magnetic susceptibility measures how 'magnetisable' a material is. In the natural environment, magnetic 

susceptibility tells us about the minerals found in rocks, sediments, soils and dusts, particularly Fe-bearing 

minerals. Magnetism derives from various processes, including primary minerals of geological origin, 

secondary minerals such as magnetite and maghemite formed through chemical weathering, bacterial 

processes forming magnetite or produced during burning and pollution dusts containing magnetic 

spherules (Ellwood et al., 1997, Dalan and Banerjee, 1998, Dearing et al., 1996, Herries and Fisher, 2010, 

Linford et al., 2005, Thompson and Oldfield, 1986). Magnetic mineral analysis can, therefore, be used, for 

example, to help characterise sediments and sediment sources, reconstruct palaeoclimatic signatures, 

identify combustion features and uncover spatial patterning in archaeological sites (Herries, 2006, Herries 

and Fisher, 2010, Herries and Latham, 2003).  
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Geologically, northern Queensland comprises an old continental craton of granitic rocks overlain by 

Proterozoic to Mesozoic quartzose sandstones that are originally only weakly magnetic (Bain & Draper, 

1997). However, when sediment or soil is exposed to fire, changes to mineralogy occur that can affect 

magnetic susceptibility. The nature of these changes are related to the temperature and duration of 

exposure to fire, the organic content of the sediments and the type and relative abundance of iron-bearing 

minerals present in the material (Bellomo, 1993, Linford and Canti, 2001, Longworth et al., 1979, McClean 

and Kean, 1993, Oldfield et al., 1981). A range of mineral grain sizes form in response to exposure to fire, 

among them ultrafine superparamagnetic (SP) grains (magnetic grain size <0.03 μm) and fine stable single-

domain (SD) grains (0.03–0.1 μm), that can potentially be linked to increases in magnetic susceptibility 

caused by fire (Dearing et al., 1996, Thompson and Oldfield, 1986, Tite and Mullins, 1971).  

In environmental samples, low-field magnetic susceptibility (χLF) is routinely measured to determine 

the concentration of ferrimagnetic minerals (e.g. magnetite and maghemite) (Thompson and Oldfield, 

1986). It is, however, a measurement that in isolation, does not discriminate well between magnetic grain 

sizes nor mineral type (Dearing et al., 1996). Meanwhile, the frequency dependence of susceptibility (χFD) 

is a highly diagnostic measurement with many environmental applications. χFD is a magnetic parameter 

that represents the difference between the measured magnetic susceptibilities of sediment at low (χLF) 

and high (χHF) field frequency. χFD is expressed either as: 

1) a relative loss of susceptibility  χFD = χLF − χHF, or  

2) a percentage loss of the low-frequency value  χFD% = χLF − χHF/ χLF x 100  

(Dearing et al., 1996, Maher, 1986). This measurement is used to reveal the contribution of ultrafine 

superparamagnetic (SP) grains (Dalan and Banerjee, 1998, Dearing et al., 1996, Maher, 1986) and 

therefore also reveal the potential presence of burned sediments or pedogenic processes (Dearing et al., 

1996, Herries and Fisher, 2010). Hence, χFD may provide information about climate as well as fire usage 

by humans.  

In this study, sediment magnetic properties were measured in the laboratory using a Bartington 

Instruments MS2B sensor. Magnetic analysis of Outside GS1 and Inside GS1 bulk sediment samples was 

performed using 10 cm3 plastic pots provided by Bartington. Each sample was carefully weighed to a three 

decimal places. Low-field mass-normalized magnetic susceptibility readings at the maximum sensitivity 

were taken using both low (460 Hz) (χLF) and high (4,600 Hz) (χHF) frequencies for frequency dependence 

of susceptibility (χFD  and  χFD%) according to the formulas 1) and 2) above.  
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The potential for using sediment magnetic properties at the GS1 study area to determine human 

activity was previously investigated by Lowe et al. (2016, 2018) and Lowe and Wallis (2020). Their findings 

relevant to our comparison of sediment records from Outside GS1 and Inside GS1 are used in this study.
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Table T4.1
Sample    ID Sampling Sampling method Depth Distance from Sample Particle size Colour Optical Magnetic Chronolgy Vegetation

site (cm) GS1 dripline (m) form (µm) Munsell Chart microscopy susceptibility (χLF) (SI) (material used)
PA_1-M Outside GS1 auger hole 10 68 bulk Bartington MS2B Phytoliths and δ13C (SPAC*)
PA_2-M " " 25 73 bulk " "
PA_3-M " " 50-60 45 bulk " "
PA_4-M " " 30-37 52 bulk " "
PA_5-M " " 15 37 bulk " "
PA_6-M " " 50-60 37 bulk " "
PA_7-M " " 55-65 32 bulk " "
PA_8-M " " 122-140 29 bulk " "
PA_9-M " " 150-160 22 bulk " "
PA_10-M 42 " pit  PA_10-M 42-43 19 bulk Mastersizer MS3000 10YR 5/3 " OSL and 14C "
PA_10-M 50 " " 50-52 " bulk " 10YR 5/3 " OSL "
PA_10-M 60 " " 60-65 " bulk " 10YR 5/4 " OSL "
PA_10-M 65 " " 65-67 " bulk " 10YR 5/4 " OSL and 14C "
PA_10-M 80 " " 80-82 " bulk " 7.5YR 6/4 " OSL and 14C "
PA_10-M 100 " " 100-105 " bulk / core " 7.5YR 6/6 " OSL "
PA_10-M 102 " " 100-102 " bulk " 7.5YR 6/7 " OSL and 14C (SPAC) "
PA_10-M 120 " " 120-122 " bulk " 7.5YR 6/8 " OSL and 14C (SPAC) "
PA_10-M 150 " " 150-152 " bulk " 7.5YR 6/9 " OSL "
PA_10-M 160 " " 160-162 " bulk " 7.5YR 6/10 " OSL NA
PA_10-M 172 " " 168-172 " bulk " 7.5YR 6/4 OSL and 14C (SPAC) "
PA_11-M 60 " auger hole 60 ±5 25 bulk Bartington MS2B "
PA_11-M 140 " auger hole 140-160 " bulk " "
TP01 0 " pit  TP01 0 10 bulk Mastersizer MS3000 " "
TP01 40 " " 40 " bulk " " "
TP01 60 " " 60 " bulk " " "
TP01 80 " " 80 " bulk " " "
TP01 120 " " 120 " bulk " " "
TP02 20 " pit  TP02 20 20 bulk " " "
TP02 40 " " 40 " bulk " " 14C (SPAC) "
TP02 60 " " 60 " bulk " " "
TP02 100 " " 100 " bulk " " "
TP02 120 " " 120 " bulk " " 14C (SPAC) "
TP03 60 " pit  TP03 60 30 bulk " 14C (SPAC) "
TP03 120 " " 120 " bulk " "
TP04 20 " pit  TP04 20 40 bulk " "
TP04 80 " " 80 " bulk " "
TP05 0 " pit  TP05 0 50 bulk Mastersizer MS3000 " "
TP05 40 " " 40 " bulk " " "
TP05 60 " " 60 " bulk " " 14C (SPAC) "
TP05 80 " " 80 " bulk " " "
TP05 100 " " 100 " bulk " " "
TP05 120 " " 120 " bulk " " 14C (SPAC) "
C_1-CR 100 " pit C_1-CR 100 68 bulk / core " 14C (SPAC) "
C_1-CR 135 " " 135 " bulk / core " 14C (SPAC) "
C_1-CR 200 " core C_1-CR 200 " bulk / core " "
PA_10-M 1 " pit PA_10-M; S-face 64-71.8 NA hard sample Thin secion NA
PA_10-M 2 " " 82.8-90.8 NA hard sample Thin secion NA
PA_10-M 3 " " 124-130.4 NA hard sample Thin secion NA
PA_10-M 4 " " 153.2-161 NA hard sample Thin secion NA

Materials and Methods used for the comparison Outside GS1 vs.  Inside GS1: Outside GS1 sediment record * SPAC - a highly resistant form of micro-charcoal (Stable Polycyclic Aromatic Carbon)



220 
 

 

Table T4.1
Sample    ID Sampling Sampling Depth Sample Particle size Colour Optical Magnetic Chronology Vegetation

site method (cm) form (µm) Munsell Chart microscopy susceptibility (χLF) (SI) (material used)
C0-01 Inside GS1 spit / Square C0 2.5 bulk Geolab Systems
C0-03 " " 10 14C (macro-charcoal)
C0-05 " " 20 bulk Geolab Systems 14C (macro-charcoal)
C0-06 " " 25 14C (macro-charcoal)
C0-08 " " 35 14C (macro-charcoal)
C0-09 " " 40 bulk Geolab Systems 14C (macro-charcoal)
C0-12 " " 55 bulk Geolab Systems 14C (macro-charcoal)
C0-14 " " 65 bulk Geolab Systems
C0-16 " " 75 14C (macro-charcoal)
C0-17/2 " " 80 bulk Geolab Systems
C0-20 " " 95 14C (macro-charcoal)
C0-21/2 " " 100 bulk Geolab Systems
C0-25/2 " " 120 bulk Geolab Systems 14C (macro-charcoal)
C0-26 " " 125 14C (macro-charcoal)
C0-38B " " 145 bulk Geolab Systems
C0-41 " " 170 bulk Geolab Systems
C0-47 " " 200 bulk Geolab Systems
C0-54 " " 235 bulk Geolab Systems
MM05 " Square C0; W-face 59-69 hard sample thin section
MM04 " " 133-143 hard sample thin section
MM03 " " 165-175 hard sample thin section
C1-01 Inside GS1 spit / Square C1 3.1 bulk Geolab Systems 10YR 4/1 Phytoliths and δ13C (SPAC*)
C1-02 " " 8.6 bulk 10YR 3/1 Phytoliths 
C1-04 " " 18.9 bulk Geolab Systems Phytoliths 
C1-08 " " 37.6 bulk Geolab Systems Phytoliths 
C1-09 " " 42.4 bulk 7.5YR 4/2 Bartington MS2B Phytoliths and δ13C (SPAC*)
C1-11 " " 52.2 bulk Geolab Systems Phytoliths 
C1-12 " " 57.0 bulk 2.5YR 3/1 Phytoliths 
C1-13 " " 61.5 bulk Geolab Systems 10YR 4/2 Phytoliths 
C1-14 " " 66.3 bulk Bartington MS2B Phytoliths and δ13C (SPAC*)
C1-17B " " 80.5 bulk Geolab Systems Bartington MS2B Phytoliths and δ13C (SPAC*)
C1-19 " " 88.7 bulk 7.5YR 4/2 Phytoliths 
C1-22 " " 100.6 bulk Geolab Systems Bartington MS2B Phytoliths and δ13C (SPAC*)
C1-23 " " 105.5 bulk 10YR 3/2 Phytoliths 
C1-25 " " 115.5 bulk 10YR 4/2 Phytoliths 
C1-26 " " 120.4 bulk Geolab Systems Bartington MS2B Phytoliths and δ13C (SPAC*)
C1-27A " " 125.4 bulk 10YR 4/3 Phytoliths 
C1-29 " " 135.3 bulk Phytoliths 
C1-30 " " 140.4 bulk 14C (macro-charcoal)
C1-32A " " 149.6 bulk 10YR 5/4
C1-32B " " 149.6 bulk Geolab Systems
C1-34A/B " " 163.4 bulk Bartington MS2B δ13C (SPAC*)
C1-35A " " 168.5 bulk 10YR 6/4
C1-35B " " 168.5 bulk Geolab Systems
C1-36B " " 173.5 bulk Bartington MS2B δ13C (SPAC*)
C1- 41A " " 198.0 bulk 14C (macro-charcoal)
C1-41B " " 198.0 bulk
C1-42 " " 202.6 bulk Geolab Systems Bartington MS2B δ13C (SPAC*)

Materials and Methods used for the comparison Outside GS1 vs. I nside GS1: Inside GS1 sediment record *SPAC - a highly resistant form of micro-charcoal (Stable Polycyclic Aromatic Carbon) 
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C1- 43 " " 207.3 bulk 14C (macro-charcoal)
C1-48 " " 232.1 bulk Bartington MS2B δ13C (SPAC*)
C1- 49 " " 235.8 bulk 10YR 6/6
C1-52 " " 248.9 bulk Geolab Systems Bartington MS2B δ13C (SPAC*)
MM13 " Square C1; E-face 100-110 hard sample thin section
MM08 " " 120-130 hard sample thin section
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4.2.3	 Chronology	of	the	sediments		

The chronology for non-archaeological sediments Outside GS1 was established using two methods: 

1) single-grain optically stimulated luminescence dating (OSL), and 2) the radiocarbon dating (14C) on 

macro-charcoal (refer to Chapter 2). Open-site terrestrial deposits tend to have an unknown history of 

stability and disturbance, the stratigraphy is often fragmented and incomplete and sediments are 

generally mixed post-depositionally. Thus, the two-method approach was applied to cross-check results 

and determine the reliability of the chosen methods.  

The chronology for the archaeological sequence Inside GS1 was determined using 14C dating on 

macro-charcoal. Radiocarbon dates obtained from earlier studies (Wallis et al., 2009, Wallis et al., 2014a) 

were recalibrated using OxCal 4.4 and the IntCal20 calibration curve (Ramsey et al., 2010, Reimer et al., 

2020).  

An age-depth model was built to correlate the Outside GS1 and Inside GS1 sequence chronologies 

using the rbacon software package with Bayesian statistics (Blaauw and Christen, 2011).  

4.2.4	 Vegetation	reconstruction	

Plant phytoliths and δ13C isotopic signature from a highly resistant form of microcharcoal, i.e. Stable 

Polycyclic Aromatic Carbon (SPAC), were used for the reconstruction of past vegetation in the study area 

(refer to Chapter 3). The two-proxy method approach was applied to cross-check the results and 

investigate the potential of each proxy for vegetation reconstruction in analogous environments. The 

vegetation reconstruction was generated using sediment samples from both archives Outside GS1 and 

Inside GS1, provided as a separate study in Chapter 3. This chapter presents and discusses only the 

vegetation reconstruction results relevant to the overall interpretation of the palaeoenvironmental signal.  

In brief, 44 samples from sediments Outside GS1 were used for phytolith analysis and 64 samples 

from the archaeological sequence (square C1) Inside GS1. The same 44 sediment samples from Outside 

GS1 and 13 from Inside GS1 were also used to obtain δ13C isotopes of SPAC. Phytolith indices D/P 

(Dicot/Poaceae = tree/grass) and FI-t (Forest Indicators - time) were also calculated for both collections 

(for details, refer to Chapter 3).  
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4.2.5	 Other	materials	

Other excavated materials from the archaeological sequence Inside GS1 include stone artefacts and 

ochre (Lowe et al., 2018). Wood charcoal was collected from the 7- and 3-mm sediment fractions, weighed 

and volumetrically corrected. 

4.3	 Evidence	from	Outside	GS1	and	Inside	GS1	

4.3.1	 Subsurface	evidence	

Evidence from pits and auger holes Outside GS1 demonstrates an uneven, undulating subsurface 

composed of fallen rock parts, bedrock slabs and intermediate depressions. A general shallowing of the 

bedrock layer occurs as the distance from the GS1 dripline increases towards the south (Figure F4.7). A 

general tendency of the subsurface bedrock to dip towards the southwest is also evident (Figure F4.7). 

The GPR results showed the bedrock is more visible in the subsurface moving away from the GS1 

rockshelter wall and several large boulders of roof material were identified in the subsurface (Lowe and 

Wallis, 2020). A depression or small basin at a depth of around 220 cm was identified extending from 

inside GS1 approximately 15 m beyond the dripline, then a gradual shallowing of the subsurface bedrock 

layer occurs further away from the shelter (Lowe and Wallis, 2020) (Figure F4.7). Figure F4.7 shows the 

projection of GPR imagery onto the drone image of the study area and the evidence of the undulating 

subsurface obtained from pits and auger holes Outside GS1.  
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Figure F4.7: Subsurface morphology of the study area as demonstrated by GPR analysis and depths of pits and auger 
holes. The purple circles mark the Outside GS1 sampling locations (see Figure F4.4). Upper: Georeferenced GPR image 
positioned on the drone image of the study area. Note the depression extending from GS1 interior further south beyond 
the GS1 dripline. The red arrow indicates the dripline and the scale on the right marks the depth below the surface. 
Lower: Outside GS1 view of pits and auger holes in relation to distance from the GS1 dripline. Pits and auger holes are 
linked by a green and orange contour on the left side image and same colour dashed lines on the right image of the 
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Outside GS1 side profile. The orange line connects the auger holes on the east line, the green line connects the pit and 
auger holes on the west line of the sampling locations; apart from the pit C_1-CR which could not be connected to the 
two lines because of its offline position. On the right image the two contours show the Outside GS1 side profile and the 
uneven subsurface bedrock that dips towards the west. The sediment deposit also thickens towards the west as 
exhibited by the depth of pit C_1-CR. 

 

4.3.2	 Stratigraphic	evidence		

The PA_10-M pit south profile in the non-archaeological sediment deposit Outside GS1 and the 

square C1 east profile in the archaeological sequence Inside GS1, appear in the field to be stratigraphically 

homogeneous (Figure F4.8a). No stratification in the form of paleosols, hardened sediment layers (i.e. 

duricrusts), change in particle size/orientation or any other form was visible in either of the two profiles. 

A gradual change in colour was recorded in the PA_10-M pit profile Outside GS1, from greyish and greyish 

brown in the upper 40 cm to brighter pale brown, pinkish or yellowish brown below depth 100 cm (Figure 

F4.8a,b; Table T4.1). The sediment Inside GS1 in square C1 profile, on the other hand, was generally darker 

and more grey in hue in the upper part of the profile. At about 150 cm depth a noticeable change in colour 

occurs to yellowish brown and brownish yellow, also perceived as reddish with the naked eye (Figure 

F4.8a,b; Table T4.1). Additionally, the presence of roof fall material in the form of scattered rocks and 

gravel material was recorded in the square C1 profile Inside GS1 (Figure F4.8a) 

Both profiles, PA_10-M Outside GS1 and square C1 Inside GS1, showed macroscopic evidence of 

bioturbation, post-deposition disturbance by plant roots, and animal activity (termites, ants) in the form 

of soft decomposing root material, burrows, circular and ellipsoidal structures with crust rims (Figure 

F4.8c).  
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Figure F4.8: a) View of the square C1 eastern profile Inside GS1 and pit PA_10-M south profile Outside GS1. 
Yellow dashed line marks the roof fall and the blue arrow the abrupt change in colour. b) Change in profile 
colour (Munsell) with depth Inside GS1 (C1) vs. Outside GS1 (PA_10-M). c) Bioturbation evidence (blue arrows) 
Inside (left) and Outside GS1 (right). 
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4.3.3	 Sedimentologic	evidence		

Particle size analysis did reveal a difference between Outside GS1 and Inside GS1 sediment samples, 

specifically in the fine (62.5−250 µm) and medium (250−500 µm) sand fractions. In the Outside GS1 

sediments fine and medium sand-sized particles are the dominant fractions, constituting 80−90%, while 

the coarse sand component accounts for the lowest percentage, less than 6% (Figure F4.9a). In the Inside 

GS1 sediment sequence, on the other hand, the fine sand fraction solely accounts for 75−83% (Figure 

F4.9b), while medium sand represents less than 20% of the total. In both collections, Inside GS1 and 

Outside GS1, clay (<3.9 µm) and silt (3.9−62.5 µm) particles together make up 6–17% (Figure F4.9a,b). In 

general, a slight increase with depth in clay content was noticed in Outside GS1 samples, whereas this is 

not the case in samples Inside GS1 (Figure F4.9c,d). In contrast, in the Inside GS1 samples a slight general 

increase with depth in the medium sand fraction was observed (Figure F4.9c,d). 
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Figure F4.9a: Particle size results from samples Outside GS1 shown as pie charts. Note the major proportion shared 
between the fine sand and medium sand fraction. b: Particle size results from sediment samples Inside GS1 shown as 
pie charts. Note the major proportion represented throughout by the fine sand fraction and a general slight increase 
with depth in medium sand fraction. c: Particle size results from the same pits Outside GS1 arranged in stacked bar 
charts to show a general slight increase in clay content with depth. d: Particle size results from the same two squares 
(C0, C1) Inside GS1 arranged in stacked bar charts to show a general slight increase with depth in medium sand fraction. 
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Under the microscope, the sediment mineral composition Outside GS1 and Inside GS1 is generally 

very similar. Quartz of various forms, mono-, poly-, microcrystalline and metamorphic, is the dominant 

mineral in both groups of samples (~80%). Feldspars and lithic grains are present in minor abundance, 

the latter composed of chert, quartzite, sandstone and siltstone. The matrix is made up of clay and silt. 

Clay coatings surround the mineral grains (Figure F4.10). Authigenic clays were also recorded in both 

collections of samples, Outside GS1 and Inside GS1 (Figure F4.11b,f). 

Some distinctions, however, were noted between the analysed sediment thin sections from Outside 

GS1 and Inside GS1. Charcoal, particularly coarse fragments, were significantly more abundant in thin 

sections from the Inside GS1 archaeological sequence, compared to the thin sections from similar depths 

from the Outside GS1 sediments. Larger charcoal particles are absent in the analysed thin sections from 

the Outside GS1, with rare exceptions (Figure F4.10a). In general, charcoal in the Outside GS1 samples is 

rare, very fine, mixed with clay-silt matrix and difficult to identify (Figure F4.11a). 

Opaque iron-bearing minerals, such as hematite, goethite and pyrite, observed in sediment samples 

Inside GS1 (Lowe et al., 2018) are very rare in samples Outside GS1. Hematite, however, was identified as 

part of the matrix of one of the rock samples from Outside GS1 (Figure F4.11c). Moreover, 'iron concretion 

fragments' or 'iron oxide nodules' (Figure F4.11g,i,j,l) and 'gravel-sized sediment aggregates' (Figure 

F4.11k) documented in sediment thin sections from Inside GS1 (Lowe et al., 2018) were not recorded in 

the analysed sediment thin sections from Outside GS1. The sediment aggregates are composed of sand-

sized materials cemented or bound together with infillings of silt and clay, where the latter was rich in 

iron (Lowe et al., 2018). The aggregates were interpreted as reworked fragments that may represent 

remnants of an older phase of sediment deposition within the shelter or external material sourced from 

the Bt horizon of the soil. Microscopic evidence of bioturbation in the form of root cross sections and 

infilled burrows were recorded in sediment thin sections of both collections (Figure F4.11d,h). Finally, no 

evidence of allochthonous sediment material was found either macroscopically or at the microscopic scale 

Outside GS1 or Inside GS1.  



231 
 

 

 

Figure F4.10: A view under the microscope. The comparison of sedimentological microscopic structure of samples from 
similar depths in Outside GS1 (left side) and Inside GS1 (middle and right side) sediments. All samples from Inside GS1 
belong to culturally influenced layers. The mineral composition and sediment structure are very similar in both 
collections but note the significantly higher content of charcoal and opaque grains Inside GS1. The charcoal is shown as 
coarser, dark brown to black, porous particles with irregular, obfuscated margins in images a, e, f and g. Three opaque 
grains shown in image h are iron oxides, not charcoal. Images of the thin sections on the utmost right side are to show 
the coarse charcoal content Inside GS1 and its gradual diminishment with depth. Scale bar is 1000 µm. 
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Figure F4.11: The comparison of microscopic characteristics between Outside GS1 (left column) and Inside 
GS1 collections (middle and right column). a, e) rare, very fine charcoal particles mixed with clay−silt matrix 
and difficult to identify in the sample Outside GS1 vs. more abundant and coarser charcoal particles from 
similar depth in the sample Inside GS1; i, j) iron concretion fragment with quartz grain inclusions from 
Inside GS1 (from Lowe et al., 2018, p. 290); b, f) yellow arrows point to authigenic clays recorded in 
samples Outside GS1 and Inside GS1; c) iron oxide (hematite) matrix in a bedrock sample from Outside 
GS1; g) iron concretion fragment Inside GS1 (Wallis doc.); k) blue dashed line shows the gravel-size 
sediment aggregate Inside GS1 (Wallis doc.); d, h) red arrows pointing to the rims of infilled burrows, signs 
of bioturbation in samples Outside GS1 and Inside GS1; l) iron oxide nodule Inside GS1 (Wallis doc.) 
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4.3.4	 Magnetic	susceptibility	evidence	

In this study, measurements of frequency-dependent susceptibility involved making two readings in 

magnetic fields at two different frequencies: low χLF and high χHF, 0.46 and 4.6 kHz, respectively. The two 

frequency measurements are used to detect the presence of ultrafine (<0.03 μm), superparamagnetic 

ferrimagnetic SP grains or grains near the SP-SD (single-domain) (~0.03 μm) boundary, occurring as crystals 

produced largely by biochemical processes in sediments or soils, such as by fire or weathering. Samples where 

SP minerals are present will show slightly lower values when measured at high frequency χHF (Dearing, 1994). 

The magnetic susceptibility results are presented in Table T4.2 and Figure F4.12. The low frequency 

χLF magnetic susceptibility values were generally higher in the sediment samples from Inside GS1 

compared to those from Outside GS1, apart for two samples (no. 53, 54) that belong to the deepest, basal, 

culturally sterile units Inside GS1 (Lowe et al., 2016) (Figure F4.12a). This means that the magnetic 

susceptibility signal in the archaeological sediment sequence Inside GS1 is overall stronger compared to 

the natural signal measured in non-archaeological open-site sediments Outside GS1.  

 

 

 

Figure F4.12a): Magnetic susceptibility values χLF measured in Outside GS1 (blue) and Inside GS1 (red) sediment 
samples. Note the enhanced magnetic signal in the archaeological sequence Inside GS1 compared to the culturally 
sterile layers Inside GS1 (sample no. 53, 54) and to the natural signal Outside GS1. 
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The comparison of the dual frequency values χLF and χHF showed a generally slightly lower χHF values 

for samples Outside GS1 and Inside GS1 (Table T4.2). This confirmed the presence of SP grains in the 

samples. The slight drop is caused by the presence of SP grains that at high frequency have relaxation 

times shorter than the measurement time, are blocked magnetically, and do not contribute to the 

measured signal (Dearing et al., 1996, Sangode et al., 2010). 

Table T4.2
Location Depth
(Dataset) (cm)

PA_1-M 1 Outside GS1 10 1.85398E-05 1.74905E-05 1.04929E-06 5.65
PA_2-M 2 Outside GS1 25 2.44881E-05 2.21526E-05 2.33546E-06 9.49
PA_3-M 3 Outside GS1 50-60 8.63234E-05 7.74283E-05 8.89511E-06 10.30
PA_4-M 4 Outside GS1 30-37 2.21922E-05 1.91694E-05 3.02284E-06 13.54
PA_5-M 5 Outside GS1 15 3.7662E-05 3.37017E-05 3.96029E-06 10.52
PA_6-M 6 Outside GS1 50-60 2.45176E-05 2.24687E-05 2.04895E-06 8.35
PA_7-M 7 Outside GS1 55-65 4.15626E-05 3.60573E-05 5.50533E-06 13.25
PA_8-M 8 Outside GS1 122-140 9.26167E-05 8.92847E-05 3.33197E-06 3.60
PA_9-M 9 Outside GS1 150-160 3.53781E-05 3.2403E-05 2.97509E-06 8.40
PA_10-M 42 10 Outside GS1 42-43 4.02677E-05 3.63784E-05 3.88929E-06 9.64
PA_10-M 50 11 Outside GS1 50-52 4.0678E-05 3.54698E-05 5.20813E-06 12.80
PA_10-M 60+-5 12 Outside GS1 60-65 3.47492E-05 3.10584E-05 3.69074E-06 10.62
PA_10-M 65 13 Outside GS1 65-67 3.37256E-05 2.94801E-05 4.24555E-06 12.55
PA_10-M 80 14 Outside GS1 80-82 2.78075E-05 2.48048E-05 3.00273E-06 10.80
PA_10-M 100-105 15 Outside GS1 100-105 3.83036E-05 3.30772E-05 5.22635E-06 13.64
PA_10-M 102 16 Outside GS1 100-102 3.06318E-05 2.77535E-05 2.87833E-06 9.39
PA_10-M 120 17 Outside GS1 120-122 3.86686E-05 3.36772E-05 4.99136E-06 12.91
PA_10-M 150 18 Outside GS1 150-152 5.58638E-05 4.89466E-05 6.91716E-06 12.38
PA_10-M 168-172 19 Outside GS1 168-172 3.43653E-05 2.88053E-05 5.55999E-06 16.15
PA_11-M 60+-5 20 Outside GS1 60 ±5 4.09406E-05 3.53687E-05 5.57193E-06 13.61
PA_11-M 140-160 21 Outside GS1 140-160 4.7247E-05 4.17185E-05 5.52857E-06 11.70
TP01 0 22 Outside GS1 0 3.76658E-05 3.40297E-05 3.63608E-06 9.65
TP01 40 23 Outside GS1 40 4.9908E-05 4.4669E-05 5.23892E-06 10.48
TP01 60 24 Outside GS1 60 5.13487E-05 4.62298E-05 5.11891E-06 9.97
TP01 80 25 Outside GS1 80 4.01414E-05 3.57105E-05 4.4309E-06 11.04
TP01 120 26 Outside GS1 120 4.36417E-05 3.87308E-05 4.91094E-06 11.25
TP02 20 27 Outside GS1 20 2.44114E-05 2.11498E-05 3.2616E-06 13.33
TP02 40 28 Outside GS1 40 2.71031E-05 2.56555E-05 1.44765E-06 5.34
TP02 60 29 Outside GS1 60 3.13958E-05 2.68022E-05 4.59364E-06 14.63
TP02 100 30 Outside GS1 100 2.7438E-05 2.22111E-05 5.22698E-06 19.04
TP02 120 31 Outside GS1 120 2.8794E-05 2.51265E-05 3.6675E-06 12.71
TP03 60 32 Outside GS1 60 2.90447E-05 2.58032E-05 3.2415E-06 11.15
TP03 120 33 Outside GS1 120 3.26732E-05 2.99419E-05 2.7313E-06 8.36
TP04 20 34 Outside GS1 20 2.84276E-05 2.48305E-05 3.59712E-06 12.67
TP04 80 35 Outside GS1 80 3.04031E-05 2.82825E-05 2.12058E-06 6.95
TP05 0 36 Outside GS1 0 2.04782E-05 1.68867E-05 3.59147E-06 17.54
TP05 40 37 Outside GS1 40 2.74098E-05 2.44403E-05 2.96943E-06 10.83
TP05 60 38 Outside GS1 60 2.51252E-05 2.21784E-05 2.94681E-06 11.73
TP05 80 39 Outside GS1 80 1.91951E-05 1.55465E-05 3.64865E-06 18.83
TP05 100 40 Outside GS1 100 2.11423E-05 1.98448E-05 1.29748E-06 6.11
TP05 120 41 Outside GS1 120 1.88401E-05 1.51978E-05 3.64236E-06 19.31
C_1-CR 100 42 Outside GS1 100 2.25428E-05 2.14891E-05 1.05369E-06 4.65
C_1-CR 135 43 Outside GS1 135 1.05698E-05 8.85659E-06 1.71317E-06 15.07
C_1-CR 200 44 Outside GS1 200 4.58729E-05 4.35601E-05 2.31284E-06 5.03
C1 09 45 Inside GS1 42.4 2.24486E-04 2.01741E-04 2.27451E-05 10.13
C1 14 46 Inside GS1 66.3 1.54051E-04 1.39223E-04 1.48283E-05 9.63
C1 17B 47 Inside GS1 80.5 3.22447E-04 3.15454E-04 6.99319E-06 2.17
C1 22 48 Inside GS1 100.6 1.78876E-04 1.61032E-04 1.78442E-05 9.97
C1 26 49 Inside GS1 120.4 2.00628E-04 1.83827E-04 1.68012E-05 8.37
C1 34B 50 Inside GS1 163.4 1.34014E-03 1.33323E-03 6.91150E-06 0.52
C1 36B 51 Inside GS1 173.5 1.96419E-04 1.82608E-04 1.38104E-05 7.03
C1 42 52 Inside GS1 202.6 5.29069E-05 4.70259E-05 5.88106E-06 11.12
C1 48 53 Inside GS1 232.1 4.61707E-06 3.95577E-06 6.61305E-07 14.30
C1 52 54 Inside GS1 248.9 2.75367E-06 2.94832E-06 -1.94653E-07 -8.45

Sample    ID Sample   
No.

Magnetic Susceptibilty analysis results
χLF χHF χFD (χLF - χHF) χFD %
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The calculated frequency dependent susceptibility χFD values, expressed as χLF − χHF, in general 

confirmed a higher amount of SP grains in samples from Inside GS1 compared to the samples from Outside 

GS1, apart for (as stated previously) the two samples, no. 53 and 54, from the deepest, culturally sterile units 

inside GS1 (Figure F4.12b,c). As shown in Figures F4.1b,c, after the χFD calculation (subtraction of χHF) the 

magnetic susceptibility signal Inside GS1 lowers in value to a range much closer to the natural signal. This 

suggests that the contribution of SP grains is in large part responsible for the enhancement of the magnetic 

susceptibility signal in culturally impacted sediment units Inside GS1.  

Additionally, a bivariate plot of χLF to frequency dependent susceptibility χFD (χLF − χHF) is provided for 

Outside GS1 and Inside GS1 samples (Figure F4.12d,e). This correlation is a good estimate of the SP grain 

concentration in samples. The more linear the correlation, the higher the contribution of SP grains 

(Dearing et al., 1997, Eyre, 1997, Jordanova et al., 2001). In general, the χLF shows a positive linear 

relationship with the frequency dependent susceptibility χFD (χLF − χHF) in both sediment collections. Inside 

GS1 values, however, exhibit a strong positive linear correlation (R2=0.94) (Figure F4.12e) compared to 

the moderate positive linear correlation (R2=0.69) in Outside GS1 values (Figure F4.12d), indicating a great 

contribution of SP grains to the susceptibility signal in the Inside GS1 archaeological sediment sequence 

(Dearing et al., 1997, Jordanova et al., 2001). The weaker correlation in sediments Outside GS1 suggests 

other grain sizes besides SP grains and/or other materials, such as the paramagnetic minerals pyroxene 

and biotite, may also contribute to the magnetic susceptibility of the sediments. 

The magnetic susceptibility results obtained in this study are generally in agreement with the 

findings from previous studies that investigated the magnetic properties in sediments at the GS1 site, i.e. 

Lowe et al. (2016, 2018) and Lowe and Wallis (2020). They also showed that the samples in the basal, 

culturally sterile layers inside the GS1 are very weakly magnetic with susceptibilities similar to those in 

sediments located outside GS1, beyond the dripline (Lowe et al., 2016). The χFD% measurements in these 

lower basal units averaged ~16%, a high value attributed to measurement error due to very low magnetic 

susceptibility signals in these layers. Whereas, sediment samples from anthropogenically impacted layers 

from depths ≤220 cm inside GS1, similarly to this study, showed significantly higher susceptibility values 

(Lowe et al., 2016) and at the same time a positive relationship with the occurrence of artefacts, wood 

charcoal and other indicators of occupation. Overall, the highest magnetic susceptibility values were 

measured in the upper part of the Inside GS1 sequence where also more charcoal and organics were 

present.  
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Figure F4.12b), c): The presence and contribution of SP grains to the magnetic susceptibility signal Outside GS1 and 
Inside GS1. b) graph shows a significant drop in magnetic signal in samples Inside GS1 (red) after χFD calculation, i.e. 
the removal of SP grains contribution expressed in χHF value. Although the magnetic signal from culturally impacted 
layers Inside GS1 (red) is still higher compared to the natural signal from non-archaeologic sediments Outside GS1 
(blue), it is considerably lower compared to graph a). The significant drop in magnetic susceptibility signal Inside GS1 
after χFD calculation to values similar to Outside GS1 values is shown in graph c). The Inside GS1 values are shown in 
red and green circles, where red are the measured χLF values and green are the calculated χFD values. The Outside GS1 
shown in blue are the measured χLF values and orange are the calculated χFD values. The drop in magnetic 
susceptibility signal Outside GS1 is less meaningful compared to the Inside GS1 samples. However, even a slight drop 
shows that the natural signal in Outside GS1 sediments is also influenced by the presence of SP grains. 
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Figure F4.12d), e): Two bivariate plots of χLF to frequency dependent susceptibility χFD (χLF − χHF), Outside 
GS1 and Inside GS1. e) Strong positive linear correlation Inside GS1 indicates the major contribution of 
SP grains to the magnetic susceptibility signal; d) Moderate correlation value Outside GS1 suggests the 
magnetic susceptibility signal (χLF) is influenced by other grain sizes, apart from SP grains, or/and 
materials such as paramagnetic minerals pyroxene or biotite. Outliers marked in orange colour in d) and 
purple in e) graph mark the values that were excluded from the calculation to avoid misleading and 
overdispersion. 
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The magnetic susceptibility measurements of the sediment samples from Outside GS1, according 

to Lowe et al. (2016), showed a very low enhancement of magnetic susceptibility due to the presence of 

SP grains, which is also in agreement with the findings in this study (Figure F4.12c). However, contrary to 

this study, the χFD% from sediment samples outside GS1 in Lowe et al. (2016) showed a range of only 3–

6%. Based on their results, almost all samples inside GS1 had a higher χFD% (9–12%), indicating they 

contain a greater percentage of SP grains. The latter was confirmed in this study by χFD (χLF − χHF) values but 

not by χFD% values (Table T4.2, Figure F4.12c). The reason for this might be the overall very low magnetic 

susceptibility signal at the limit of detection along with the different number of analysed samples Outside 

GS1 (44 samples) and Inside GS1 (10 samples) in this study compared to Lowe et al. (2016) study (outside 

~20 samples; inside ~120 samples). 

4.3.5	 Chronological	evidence	

The chronology results of the two sequences−Outside GS1 and Inside GS1, that were constructed 

in previous independent studies are compared here. Single-grain OSL on quartz grains and 14C on macro-

charcoal, both from pit PA_10-M, were used to establish the chronology for the Outside GS1 sequence 

(Chapter 2 of this thesis). Macro-charcoal collected in squares C0 and C1 was used to build the 14C 

chronology for the archaeological sequence inside GS1 (Wallis et al., 2009, 2014a). The samples IDs, 

depths and age results used for comparison and correlation are given in Table T4.3.  

The deepest and oldest measurement of non-archaeologic sediment deposit outside GS1 was from 

pit PA_10-M at depth ~172 cm (Table T4.3, Figure F4.13) dates to approximately 15 ka, indicating the last 

accumulation cycle outside GS1 began about that time. However, the presence of quartz grains older than 

50 ka in the Outside GS1 profile (Table T4.3) suggests that old grains from a previous deposit were 

reworked into the younger deposit without being exposed to sunlight during the process. This indicates 

that the dynamics of the sedimentary processes in the study area are much older than 15 ka.  

The deepest and oldest measurement from the archaeological sequence inside GS1 was obtained 

from square C1 at a depth of ~205 cm and showed an age of ~38 ka (Table T4.3, Figure F4.13). At about 

this depth, signs of human occupation in the GS1 interior appear in the form of stone artefacts. The result 

indicates that the sediment has been accumulating inside the GS1 rockshelter without noticeable 

disruption for more than 38 ka (the entire sequence is ~250 cm deep), which is in good agreement with 

the presence of older quartz grains (>50 ka) found in sediment samples beyond the dripline, outside GS1. 
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These findings suggest that the sediment in the study area began to form most recently more than 50 ka 

ago.  

 

 

Table T4.3
Sample ID Depth Location Dating Age OSL age result from

(cm) (Dataset) method used for comparison other grain population
PA_10-M 42 42-43 Outside GS1 OSL 1200 ± 200 

" " " OSL 8700 ± 1300
" " " OSL 55900 ± 8600
" " " 14C (macro-charcoal) 2247 ± 90    cal BP

PA_10-M 50 50-52 Outside GS1 OSL 2000 ± 200
PA_10-M 65.7 65-67 Outside GS1 OSL 2600 ± 200

" " " 14C (macro-charcoal) 3591 ± 99    cal BP
PA_10-M 71 70-71 Outside GS1 14C (macro-charcoal) 4064 ± 81    cal BP
PA_10-M 80 80-82 Outside GS1 OSL 3900 ± 300  

" " " 19400 ± 2100
" " " 14C (macro-charcoal) 3807 ± 85    cal BP

PA_10-M 102 100-102 Outside GS1 OSL 7300 ± 500
PA_10-M 120 120-122 Outside GS1 OSL 10800 ± 700
PA_10-M 135 135-137 Outside GS1 OSL 13200 ± 900
PA_10-M 150 150-152 Outside GS1 OSL 12700 ± 1500
PA_10-M 160 160-162 Outside GS1 OSL 11500 ± 1200

" " " OSL 34500 ± 4600
" " " OSL 2400 ± 400

PA_10-M 172 168-172 Outside GS1 OSL 14600 ± 1500
" " " OSL 3800 ± 500
" " " OSL 50900 ± 6400

C0-03 10 Inside GS1 14C (macro-charcoal) 603 ± 62           cal BP
C0-05 25 Inside GS1 14C             " 1432 ± 87         cal BP
C0-06 27 Inside GS1 14C             " 1469 ± 70         cal BP
C0-08 42 Inside GS1 14C             " 3324 ± 115       cal BP
C0-09 47 Inside GS1 14C             " 3804 ± 153       cal BP
C0-12 61 Inside GS1 14C             " 4116 ± 131       cal BP
C0-16 80 Inside GS1 14C             " 3878 ± 181       cal BP
C0-20 103 Inside GS1 14C             " 9572 ± 90         cal BP
C0-25 125 Inside GS1 14C             " 10478 ± 182    cal BP
C0-26 139 Inside GS1 14C             " 15832 ± 233    cal BP
C1-30 145 Inside GS1 14C             " 12221 ± 248    cal BP
C1-wall 170 Inside GS1 14C             " 18363 ± 264    cal BP
C1-41 198 Inside GS1 14C             " 38470 ± 1005  cal BP
C1-43 205 Inside GS1 14C             " 37300 ± 964    cal BP

Chronology results used for comparison of Outside GS1 and Inside GS1 sequences
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Figure F4.13: The constructed chronologies for the study area are in agreement between the Inside GS1 and Outside 
GS1 sequences. Left: archaeological chronological sequence Inside GS1 constructed using 14C dating on macro-charcoal, 
represented as black triangles. Right: Outside GS1 chronology using single-grain OSL (blue and purple circles) and 14C 
dating on macro-charcoal (black triangles). Blue circles represent samples where a single population of OSL results was 
identified, purple circles represent samples where multiple age populations of quartz grains were present (Table T4.3). 
Detailed chronological analysis of sediments outside GS1 is provided in Chapter 2 of this thesis. 

 

A good correlation between the two chronologies, Outside GS1 and Inside GS1, was confirmed by 

the constructed age-depth models for each sequence (Figure F4.14). This outcome indicates that the 

approach used in this study can provide reliable chronologies in settings with complex depositional 

histories and reveal pivotal information about site formation dynamics.  
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Figure F4.14: Age-depth model of the two chronologic sequences, Outside GS1 and Inside GS1, 
constructed using Bayesian age modelling with rbacon package in R. The blue band represents the 
Outside GS1 chronology based on single-grain OSL and 14C macro-charcoal ages, the yellow band 
displays the Inside GS1 chronology based on 14C macro-charcoal ages using data from Wallis et al. 
(2009, 2014a). 

 

4.3.6	 Vegetation	evidence		

A comprehensive reconstruction of past vegetation in the study area was conducted using 

phytoliths and δ13C isotope signature on SPAC (Stable Polycyclic Aromatic Carbon, a highly resistant form 

of micro charcoal) from sediment collections from Outside GS1 and Inside GS1 (Figures F4.4, F4.5). The 

second proxy, δ13CSPAC isotope signature, was used for the purpose of comparison with phytolith result, 

given the complicated, post-depositionally disturbed terrestrial sedimentary context of the study area. 

Phytoliths and SPAC were chosen because they are durable and able to be preserved in unfavourable 

semi-arid environments for millennia, in comparison to other more conventional approaches (Ascough et 

al., 2020, Bird and Ascough, 2012, Bird et al., 2015, Calegari et al., 2017, Hart, 2016, Rashid et al., 2019, 

Strömberg et al., 2018, Wurster et al., 2015, Zurro et al., 2016). Two phytolith indices, D/P (tree/grass) 

and FI-t (forest indicators-time), were calculated to inform about the tree vs. grass ratio as well as the 

change in tree cover over time. The applied approach, results and implications are presented and 

discussed in detail in Chapter 3 of this thesis. To avoid repetition, only a brief summary of the vegetation 
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reconstruction is provided here, necessary for a coherent continuation of this 'outside – inside 

comparison' chapter.  

 

 

 

Figure F4.16: Higher SPAC (%) content in some sediment samples from Inside GS1 shown as red line on the upper 
graph. It aligns with the charcoal amounts obtained from the inside GS1 deposit, as shown on the lower graph 
from Lowe et al. (2016, 2018). 
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During the vegetation reconstruction analysis a significantly higher SPAC content was detected in 

some sediment samples from Inside GS1 in comparison to the SPAC content recorded in the Outside GS1 

sediments (Figure F4.16). The occurrence was attributed to the presence of hearths in samples from inside 

GS1, which was additionally supported by the evidence of wood charcoal data from the GS1 rockshelter 

interior reported in previous studies (Lowe et al., 2016, 2018). 

In summary, our vegetation reconstruction confirmed the effectiveness of using phytoliths and 

δ13CSPAC isotope signature to investigate past changes in plant structure in environments where no pollen 

is preserved, such as semi-arid Australian savannah. The phytolith and δ13CSPAC results from the Outside 

GS1 demonstrated the presence of savannah vegetation throughout the Holocene (Figure F4.17a,b,c). The 

calculated phytolith indices and δ13CSPAC results indicate denser tree cover during the early and mid-

Holocene, between 4000 and 10,000 years ago, followed by a gradual transition to a more open savannah 

woodland in the last 2000 years (Figure F4.17a,c). 

The evidence from Inside GS1, however, showed a generally higher forest indicators signal and 

lower grass signal compared to Outside GS1, implying a stronger prevalence of arboreal vegetation 

contributing to the record Inside GS1. This was recorded in both phytolith and in δ13CSPAC analysis (Figure 

F4.17b,c). The phytolith evidence showed with reasonable confidence that the phytolith signal Inside GS1 

has been influenced by animal activity (macropod faeces) and human activity concentrated inside the GS1 

rockshelter, such as accumulating plants for various purposes. Finally, the comparative analysis of 

sedimentary records from Outside GS1 and Inside GS1 showed that a solid vegetation reconstruction for 

a rockshelter site should include both−the rockshelter interior and its surroundings. 
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Figure F4.17a: Phytolith analysis results from Outside GS1 (upper graph) and Inside GS1 (bottom graph) show the 
presence of savannah type of vegetation from the Pleistocene−Holocene transiƟon and throughout the Holocene. The 
time frame is given on the left side of the graphs. Green colour represents the grass phytolith morphotypes, brown the 
forest indicator morphotypes, blue sedge phytolith morphotypes and yellow morphotypes that are not diagnostic of 
any group of plants. The calculated phytolith indices (D/P and FI-t) are shown on the right side of both graphs. The ‘No 
record’ zone marks the depth gap with no representative phytolith record. 

 

 

 

Figure F4.17b.: Percentage phytolith diagrams Outside GS1 (left) and Inside GS1 
(right) show a generally higher percentage of forest indicator morphotypes 
(brown) and lower percentage of grass morphotypes (green) in the Inside GS1 
collection compared to the Outside GS1 phytolith collection signal. The ‘No 
record’ zone marks the depth gap with no representative phytolith record. 
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Figure F4.17c.: δ13CSPAC results in ‰ from Outside GS1 (blue dots) and Inside GS1 
(red line). The ages for the Outside GS1 collection are given on the right side (OSL 
ka) and for the Inside GS1 on the left (14C cal BP) The dashed line marks the 
cluster of higher δ13CSPAC values recorded in samples Outside GS1 outstretching 
towards the grass signal, compared to the values recorded in samples Inside GS1. 
Both collections exhibit unreliable result patterns below depth 120 cm. This 
graph also shows that the vegetation signal from the archaeological 
anthropogenically impacted Inside GS1 (red) sediments differs from the non-
archaeologic 'natural environmental' vegetation signal reflected in the Outside 
GS1 sediment record (blue dots). Although both archives comply with a mixture 
of forest and grass vegetation, thus a savannah environment, the Outside GS1 
δ13C signal inclines towards higher values (-20−-22 ‰) indicating a higher 
presence of grasses, particularly in mid- to late Holocene. The Inside GS1 signal 
is overall lower than -22.5 ‰ suggesting a woodier vegetation. Furthermore, the 
inclination of the Outside GS1 signal (blue dots) towards higher values at lower 

depths (~20−70 cm), while being closer to the Inside GS1 signal (red line) at 

greater depths (~110−80 cm) indicates the presence of more woody vegetation 

during early to mid-Holocene. As the depth diminishes (above ~70 cm depth) a 
stronger signal of grass vegetation emerges, possibly indicating a shift towards a 
more open savannah woodland, similar to the present-day landscape. For more 
details refer to Chapter 3, section 3.4.3.1. 
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4.4	 Interpreting	the	GS1	site:	evidence	and	conjectures	

This study investigates how evidence from the archaeological sediment deposit inside the GS1 

rockshelter aligns with and complements evidence from non-archaeological sediments deposited outside 

the GS1, beyond the dripline in the immediate surroundings of the shelter. The aim is to evaluate whether 

bridging the 'outside and inside' evidence results in the production of a more reliable interpretation of 

formation processes and palaeoenvironmental record for the GS1 site. The geomorphic, sedimentologic, 

and palaeoenvironmental evidence obtained from the collections of sediment samples from Outside GS1 

and Inside GS1 was evaluated and compared. 

4.4.1	 Site	formation	processes	of	GS1	

The GS1 shelter has developed in the lithology that dominates the area, i.e. the quartzose Jurassic 

Hampstead sandstone, formed in a fluvial environment during the Late Jurassic, approximately 165−145 

million years ago. After being submerged and covered by Cretaceous marine sediments, the sea retreated 

and the entire region was first subjected to a general uplift due to rifting of the Eastern Australian margin 

and subsequently, multiple cycles of erosion, deposition and weathering events occurred throughout the 

Tertiary and Quaternary times (details in section 1.1.1). Lithologically, the Hampstead sandstone is 

described as fine, medium and coarse quartzose sandstone, and interbedded micaceous siltstone, 

mudstone and very fine sandstone (Smart and Senior, 1980). The sediments resulting from its weathering 

can therefore present in various mineralogies and grain sizes, corresponding to single packages in the 

original rock. The Hampstead sandstone at the GS1 site and the surrounding area is characterized by its 

strong cross-bedding and a dark tone. Rugged outcrops reveal distinct structures such as honeycombs, 

tafoni, rockshelters, mushrooms and large vertical cracks (Figures F4.2, F4.18).  

Sandstones are ubiquitous rocks on the Earth surface able to develop striking relief (Young et al., 

2009). Lithological and structural diversity within sandstone packages influenced by weathering processes 

foster the development of a wide array of landforms, including some that hardly have parallels elsewhere, 

on other lithologies (Migoń, 2021). The variety of these features, such as tafoni, honeycombs, mushroom 

rocks, hoodoos, alcoves and rock arches, on exposed rock surfaces in sandstone areas is impressive. They 

have been long known and studied (Turkington and Paradise, 2005) (also section 4.1.1), resulting in the 

multitude of names and various classification approaches (e.g. Mikuláš, 2007, Urban and Górnik, 2017), 

but their understanding remains incomplete. 
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In the last decade, important contributions, such as Bruthans et al. (2014), Ostanin et al. (2017) and 

Řihošek et al. (2019), demonstrated that these shapes could have been the result of the negative feedback 

between stress and erosion that originates in fundamental laws of friction between the rock’s constituent 

particles. The way this mechanism works is that denudation, abrasion and/or wind deflation remove the 

granular material in the regions subjected to relatively small compressive stresses inside the sandstone 

packages, leaving more stressed and consolidated material intact, which, after many episodes of erosion, 

leads to a distinctive, exotic natural geostructure. 

 

 

 

Figure F4.18: Examples of a rock fall and a slab break (left) and a vertical, parallel crack (right) in Jurassic Hampstead 
sandstone outcrops in the proximity of the GS1 site. 

 

Along with climate, the speed and effect of weathering are largely influenced by the structure and 

texture of sandstones (Peña-Monné et al., 2022). While quartz provides greater resistance to weathering, 

the composition of the matrix also plays a crucial role in determining the effectiveness of many exogenous 

processes that affect sandstone bodies (Migoń, 2021). However, in order to gain a deeper understanding 

of the origin and development of some medium- and large-scale landforms on sandstones, subsurface 

processes appear to be of key importance. Although subsurface processes are typically associated with 

carbonate and sulphate karst contexts, they have been demonstrated to create a variety of impressive 

landforms in sandstone regions, also known as sandstone karst (Jennings, 1983, 1988, Migoń, 2021, Wray, 

1997, 2009, Young, 1986). Central to this approach is the theory of 'arenization', defined as disintegration 

of sandstone into sand through preferential dissolution along crystal boundaries so that the bulk of rock 

is less bonded and may become entirely fragmented (Martini, 1979, Mecchia et al., 2014, Piccini and 
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Mecchia, 2009, Sauro, 2014, Wray, 2009). This makes the remaining sand grains susceptible to physical 

removal. Importantly, arenization may affect both sandstones with carbonate cement as well as silica-

cemented quartz sandstones (Young et al., 2009). It is however more important for the latter type of 

bedrock, being the key mechanism triggering disintegration, compared to other types of sandstone, of 

lower strength, where other processes prevail (Migoń, 2021). Wray and Sauro (2017, p. 552) 

acknowledged that arenization and development of subterranean landforms is not likely to apply to all 

sandstones, but preferably to a rock of high quartz content. They emphasized additional environmental 

conditions favouring the development of quartz sandstone subterranean landforms, including a high 

volume of rainwater, best fulfilled in humid tropical and subtropical regions, in terrains exposed on long 

timescales and a general stability of rock surfaces. The most evident examples of these landforms come 

from low latitude areas, which experience wet climate today, or at times in the Cenozoic, including wet 

intervals of the Quaternary, such as northern Australia, parts of the Sahara, and central and south-eastern 

Brazil (Migoń, 2021, Wray and Sauro, 2017). 

The GS1 rockshelter developed in the sandstone outcrop by cavernous weathering as a small 

overhang with approximately 15 m2 interior space and 250 cm deep sedimentary floor sequence (Figure 

F4.4). The subsurface depression that extends from the interior of GS1 for approximately 15 m beyond 

the dripline towards the south (Figures F4.7, F4.20) may have been formed by a combination of surface 

and subsurface weathering, particularly by the denudation of the bedrock at the scarp foot of the 

sandstone outcrop. Denudation is defined as rock removal by chemical dissolution (arenization and grain 

disintegration) and physical erosion (transport). Precipitation percolating on the outcrop scarp wall and 

falling from the dripline directly on the exposed bedrock surface would have ensured continued activity 

at the weathering front (Twidale, 2014). The immediate scarp foot zone is the site of maximum and locally 

deep weathering, because the accumulated moisture in scarp foot zones causes weathering followed by 

physical erosion and the shaping of scarp foot depressions (Twidale, 2014). We can speculate that the 

accumulated moisture contributed to the formation of the depression in the of interior GS1 and under 

the dripline (Figure F4.7). Weathering by arenization, granular disintegration and physical removal caused 

denudation of the surface and subsurface bedrock, where moisture content increased in the wet season 

by percolation, seepage and flowing water. No recorded evidence of substantial surface runoff or aeolian 

activity in the excavated archaeological sequence Inside GS1 suggests that the denuded material 

remained nearly in place, eventually leading to the accumulation of sediment in the developed 

depression.  
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The GS1 study area is characterized by sandstone outcrops, scarps, lag gravel and fallen rocks, 

patches of sediment accumulation and plane surfaces of smooth bedrock. On a smaller scale, these 

characteristics recall erosional surfaces, such as pediments, stripped bedrock surfaces and planation 

surfaces. The formation mechanisms of these surfaces are connected to the erosion of the constituting 

rock (Mabbutt, 1966, Oard, 2013, Twidale, 2014) (Figure F4.19). The weathering of the outcrop causes 

scarp retreat and scarp foot depression retreat. Thus, the depression in the GS1 interior diminishes as the 

distance from the scarp wall increases and the bedrock becomes shallower as the distance from the GS1 

dripline increases (Figures F4.7, F4.20), indicative of scarp foot depression retreat. The direction and 

effectiveness of subsurface weathering depends on subsurface moisture seepage and therefore depends 

on the subsurface morphology that directs the moisture as well as the particle movement and transport. 

Subsurface moisture action is constant. Etching eradicates all but the most resistant irregularities to 

produce smooth bedrock surfaces (Twidale, 2014). This explains the smooth surfaces observed in the 

study area on the subsurface bedrock at the bottom of the pits as well as plane bedrock exposures on the 

surface (Chapter 1, section 1.3.1, Figure F1.17). Finally, typical for sandstone landscapes, there were most 

probably large lag gravel particles lying on the surface as well as rock slabs and occasional rock falls from 

the surrounding outcrops that impacted denudation and sediment accumulation in the study area in the 

past, causing what we today observe as an undulating subsurface.  
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Figure F4.19: A typical Jurassic Hampstead sandstone outcrop the GS1 site. A 
vertical stack is positioned on a planar bedrock surface, resembling a miniature 
version of geomorphic forms that can occur in analogous environments on a 
larger scale. In such cases, a rockshelter can form in the steep wall of the stack 
scarp and a depression can develop at its base. This recreates a situation of 
ultimate stage of residual hills, i.e. residual boulders spread (Migoń et al., 
2020), much like the one observed in this study. The yellow arrow indicates a 
capping under which weathering has formed a niche, while the turquoise 
arrow points to a hypothetical erosion point at the base of the scarp. 

 

4.4.2	 Palaeoenvironmental	reconstruction	of	the	GS1	area	

Sediments in the GS1 study area can be divided into three groups: a) autochthonous, originating by 

denudation of Jurassic Hampstead sandstone that constitutes the site, b) autochthonous originating by 

rock fall and roof fall, and c) altered by human activity. All three categories are found within the 

archaeological deposit Inside GS1 in roughly similar proportions. In contrast, the non-archaeological open-

site sediments outside GS1 primarily correspond to categories a) and b) since no evidence can be 
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confidently attributed to human activity. The absence of evidence of any allochthonous sediment material 

corroborates the interpretation of site formation by weathering of the constituting rock through 

processes of arenization, granular disintegration, physical transport and accumulation.  

The darker and greyer sediment colour in the upper part of the C1 sequence Inside GS1 compared 

to the brownish sediment colour in PA_10-M pit profile of Outside GS1 is indicative of the presence of 

hearths in GS1 (Figure 4.8a). The abrupt change to reddish (yellowish brown) in the lower part of the 

profile belonging to Inside GS1 indicates oxidation processes (Figure 4.8a). The latter could be attributed 

to pedogenesis, i.e. oxidation coloration with depth. Oxidation processes could also be evidence of high 

severity burns and extreme heating. According to Parsons et al. (2010) and Ulery and Graham (1993), 

localized red (oxidized) soil was found to underlie a thick, powdery layer of grey and white ash near a 

burned out stump or log, indicating extreme heating.  

The comparison of particle size results shows the dominance of the fine sand fraction (75−85%) in 

sediments from Inside GS1, whereas in sediments from Outside GS1 the prevalence (80−90%) is shared 

between fine and medium sand (Figure F4.9). Other fractions, smaller and bigger, do not exhibit much 

difference between the two archives. We attribute the prevalence of the fine sand fraction in sediments 

Inside GS1 to the lithology of the GS1 sandstone outcrop, where at the given level the fine sand fraction 

prevails therefore contributing most of the sediment material. The sediments from Outside GS1, on the 

other hand, exhibit a more diverse range of particle sizes, due to the larger and varying sediment 

contributing area. In sediment samples from Outside GS1 the clay fraction increases slightly with the 

sample depth, due to clay illuviation down the profile (Chapter 1, section 1.4.1.1), while in samples from 

Inside GS1 the medium sand fraction shows a slight increase with sample depth (F4.9a,b). This suggests 

that gravitational processes potentially affect particle movement and raises the possibility of trampling 

impact on particle size distribution inside the GS1 rockshelter (Williams, 2018b, pg. 431). The slight 

increase in medium sand fraction with sample depth in Inside GS1 sediments, however, might simply be 

related to the lithology of the GS1 outcrop. Although a more in-depth examination is beyond the scope of 

this study, it may be worthwhile investigating whether a similar pattern in particle size distribution is 

observed in other rockshelter sites within the northern Australia.  

Optical microscopy confirmed that the sediments from Outside GS1 and Inside GS1 originate from 

the Jurassic Hampstead sandstone. Under the microscope, the mineralogy and grain morphology in 

sediment thin sections from both collections were very much alike. Evidence of bioturbation was also 

observed in the thin sections from both sample collections. The two sediment collections, however, differ 
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in some aspects. Iron bearing fragments and gravel-sized sediment aggregates were only observed in thin 

sections from Inside GS1. Additionally, thin sections from the Inside GS1 sediments contained a 

considerably larger number of charcoal grains compared to the Outside GS1 thin sections (Figures F4.10, 

F4.11). Various studies, predominantly in connection with the effects of natural fires on soils and 

prehistoric pigment production (i.e. ochre), report that conversion of Fe-oxides, such as goethite to 

hematite, is easily achieved with simple campfires (Lin et al., 2021 and citations therein). They describe 

that burning causes a decrease in the clay content of soils and formation of coarse sand-sized aggregates 

(Datta, 2021 and citations therein, Ulery and Graham, 1993). Hence, the higher charcoal content, the 

presence of iron-bearing fragments and the coarse gravel-sand-sized aggregates in sediment thin sections 

from Inside GS1 (Lowe et al., 2018) could indicate the influence of human activity, specifically hearth fires, 

on the sediment record in the archaeological deposit inside GS1, and perhaps even more so because these 

features were not observed in the Outside GS1 sediment thin sections. 

The effect of hearth fires on the sediment record from Inside GS1 is additionally corroborated by 

magnetic susceptibility values. Susceptibility itself largely depends upon the concentrations of 

ferrimagnetic grains in sediments, i.e. Fe-oxides predominantly magnetite, maghemite and hematite. The 

concentration of iron oxides in a sediment profile is influenced by many factors, such as its parent 

material, physicochemical properties, age, biological activity, but also weathering and fire (Dearing et al., 

1996, Maher, 1986, Spassov et al., 2004). Hence, it was expected that weathering and natural fire events, 

a regular occurrence in the Australian savannah, would result in changes to the magnetic properties of 

the Outside GS1 sediment samples. The Outside GS1 samples did in fact show a general very slight 

enhancement in magnetic susceptibility, reflecting in this way the natural signal. These values, however, 

were significantly lower compared with the magnetic susceptibility values in sediments from the 

archaeological sequence from Inside GS1 (Figure F4.12). The latter therefore indicate an altered or 

enhanced natural magnetic signal. Furthermore, the frequency dependent susceptibility analysis χFD 

showed that the enhancement in sediment magnetic properties in samples from Outside GS1 and 

particularly from Inside GS1 is associated with the presence of SP grains (Figure F4.12b,c,d,e).  

The presence of SP grains is a diagnostic tool for many environmental applications. Particularly the 

heating of sediments causes the conversion of weaker magnetic phases to stronger magnetic phases in a 

similar way to pedogenesis or weathering (Herries and Fisher, 2010). Experimental data have shown that 

natural fires generally do not alter soil/sediment temperature and/or mineralogy to the same extent as 

hearth fires (cf. Bellomo, 1993, McClean and Kean, 1993, Linford and Canti, 2001). The impact of fire on 
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soil/sediment differs depending on the nature of the soil/sediment. Sediments like sand and silt have a 

higher heat tolerance and are usually affected by combustion when temperatures exceed 400°C for at 

least 1 hour (Datta, 2021, Ketterings et al., 2000), conditions not typically met in natural fires. High 

intensity fire that exhibits extreme fire behaviour (high flame length, rapid rate of spread or overstory 

crown consumption) might result in low- to moderate-degree effects on the soil/sediment due to short 

heat residence time and because bark acts as an insulator, reducing the amount of heat transferred to the 

ground (Parsons et al., 2010). Typical examples are crown fires in forests or shrub or grassland fires. As a 

result, the surrounding sediments are rarely oxidized. In contrast, a low intensity fire, such as smouldering 

log, can produce intense heat and can be of long duration, resulting in high sediment/soil burn severity in 

the area under the log (Parsons et al., 2010). Mineral alterations in sediments and soils from forest fires 

therefore occur in rather restricted areas where fuel sources, such as logs and stumps, are concentrated 

(Ulery et al., 1996).  

Analogously, human controlled hearth fires require a significant amount of fuel to burn regularly 

for extended periods of time and they tend to maintain higher temperatures. These campfires almost 

always produce an oxidizing or mixed environment of heating (Herries et al., 2007, Lin et al., 2021). This 

suggests, in accordance with Lowe et al. (2016), the co-occurrence of enhanced magnetic susceptibility in 

sediments from Inside GS1 with human occupation of the GS1 is not coincidental. It also ties together all 

the evidence from the sediments Inside GS1 connected with hearth fires and therefore human activity, 

including the darker and grey in hue sediment colour, the documented presence of a higher amount of 

microcharcoal and SPAC, iron-bearing minerals and coarse sized aggregates and significantly higher 

magnetic susceptibility. 

Finally, there is also a strong relationship between the change in the magnetic properties and the 

onset of human occupation of the associated sediments in the GS1 rockshelter interior as defined by the 

presence of stone artefacts (Lowe et al., 2016). According to Lowe et al. (2016), the magnetic susceptibility 

results showed that modifications to the natural sedimentary sequence inside the GS1 began to take place 

once humans started using the site (at a depth of approximately 206 cm), which preceded the appearance 

of the first stone artefacts. The enhancement of magnetic susceptibility through anthropogenic burning 

in the GS1 rockshelter is probably a better indicator of the first use of the site by humans than is the 

appearance of the first stone artefacts, whose presence is particularly affected by sampling issues in small 

excavations (Lowe and Wallis, 2020). 
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Two chronological sequences were compared in this study: the Outside GS1 chronology constructed 

from PA_10-M pit south profile, using OSL on quartz grains and 14C on macro-charcoal pieces, and the 

Inside GS1 chronology, using 14C on macro-charcoal fragments from the archaeological sequence, squares 

C0 and C1, in the GS1 interior (Figure F4.13). In general, the two chronologies align well (Figure F4.14). 

The Outside GS1 quartz grains yielded the age of ~15 ka for the 172 cm deep profile, suggesting that the 

last sediment accumulation cycle outside the GS1 rockshelter confines commenced about that time. The 

Inside GS1 sequence is significantly deeper and older reaching ~38 ka at depth 205 cm. As anticipated, 

the Inside GS1 archaeological sequence provided older basal dates. However, despite the shallower depth, 

two populations of quartz grains from the Outside GS1 sequence exhibited ages as old as ~55 ka. These 

results indicate that the sediment deposits surrounding the GS1 rockshelter are being generated by 

weathering of the constituting sandstone, deposited, occasionally removed and redeposited for at least 

that long. 

This statement, however, raises a question: where did the removed pre-15 ka sediment go? One 

possibility is that it was blown away during the LGM due to generally dry conditions and low vegetation 

cover, as discussed in the introductory section I.2E of this thesis. However, there is no evidence of 

intensified eolian activity recorded in sediment deposits from Outside GS1 or Inside GS1. Another 

possibility is that the accumulated sediment was washed away during intense rainfall episodes before and 

during the LGM, a common occurrence in arid environments. In this case, the sediment would have been 

carried away to (and by) the Norman River, resulting in higher water flow and sediment load as well as 

the formation of intermittent tributary channels and river aggradation. Evidence of these phenomena was 

observed in the Norman River terraces and discussed in Chapter 1 and Chapter 2 of this thesis, confirming 

a period of Norman River aggradation of at least 35 ka.  

A study of fluvial activity during the last glacial cycle in the Fitzroy River Basin, a large river basin in 

tropical northeastern Australia about 700 km southeast of the GS1, revealed several discrete phases of 

active bedload sedimentation among which at: ~50−40 ka (MIS 3) and ~30−10 ka (MIS 3/2) (Croke et al., 

2011). Our observations from the Norman River terraces align with the timing of the Fitzroy fluvial activity 

during the period immediately before, during and after the LGM and together present evidence on fluvial 

response to reduced rainfall and vegetation cover suggested by regional palaeoclimate indicators (Croke 

et al., 2011). However, Croke et al. (2011) report about the absence of a strong Holocene signal in the 

Fitzroy basin which does not align with previous accounts from other parts of Australia (Nanson et al., 



256 
 

2008), including our observations from the youngest terrace of the Norman River (Chapter 2, section 

2.4.1).   

Considerable post-depositional mixing of sediments in the Outside GS1 PA_10-M pit was confirmed 

with the OSL analysis. The post-depositional mixing was in large part attributed to bioturbation by both 

plants and animals. Evidence of both was recorded in sediment profiles Outside GS1 and Inside GS1 

macroscopically during the field work as well as under the microscope (chapter 4.3.2.2). However, 

trampling by human feet or larger animals, e.g. macropods, can also cause a more subtle disturbance of 

sediments (Cropper, 2018, Williams, 2018a). Evidence of the presence of both animals and people inside 

the GS1 rockshelter was corroborated by phytolith indices and δ13C analysis in Chapter 3 (3.4.2.2; 3.4.3.1) 

and summarized here (section 4.3.6). Human (or larger animal) trampling is a form of bioturbation, which 

occurs when people walk across a site, step on artefacts and push them below the surface, or kick up soil 

or sand to mix the sediments and bury artefacts. Various studies have been conducted on the influence 

of bioturbation on OSL dating (e.g. Araujo, 2013, Bateman et al., 2003, Chazan et al., 2013, Gliganic et al., 

2016, Johnson et al., 2014, Kristensen et al., 2015, Rink et al., 2013, Williams et al., 2021) as well as human 

trampling on artefact movement in sediments (e.g. Driscoll et al., 2016, Eren et al., 2010, Marwick et al., 

2017, Reynard and Henshilwood, 2018, Stockton, 1973, Thulman, 2012, Williams, 2018b). There is 

however very little knowledge about the effect of human and animal trampling of sediments on OSL 

dating. It might be worth considering in future research a comparison of single grain OSL De values in 

radial distribution graphs from inside and outside rockshelters, where evidence of trampling has been 

already confirmed by other means. 

Finally, the vegetation reconstruction presented in Chapter 3 of this thesis has shown the presence 

of savannah type of vegetation in the study area since the Pleistocene-Holocene transition and 

throughout the Holocene. Phytolith indices and δ13CSPAC analysis, however, indicated the forest cover was 

denser during early to mid-Holocene followed by a gradual transition to a current open woodland 

savannah. Both proxies, the phytoliths and δ13CSPAC isotopic signature, showed a difference in results 

between the Inside GS1 and Outside GS1 assemblages, where Inside GS1 did not reflect the same signal 

from the surrounding environment reflected in the Outside GS1 signal. Using the phytolith indices (D/P 

and FI-t) we determined that the proxies from the archaeological sequence Inside GS1 were biased due 

to human and animal usage of the shelter. More specifically, the grass phytolith assemblage Inside GS1 

was influenced by macropod dung, while the tree-shrub-herb phytolith assemblage was affected by 

people bringing in leaves, branches and bark for fibre, bedding and fires. 
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The vegetation reconstruction in this study demonstrated with great confidence that both 

palaeoenvironmental archives, Outside and Inside GS1, should be combined to obtain a reliable outcome. 

To summarise the findings of this study two figures have been provided. Figure F4.20 illustrates the 

evidence preserved in sediments from Inside GS1 and Outside GS1 as well as the comparison of the 

results. Figure F4.21, on the other hand, depicts the reconstruction of the formation processes and the 

palaeoenvironment produced in this study. 

A final comment should be made. The dated commencement of sediment accumulation and human 

occupation of the GS1 rockshelter does not necessarily reflect the earliest human presence at the site. 

Instead, it signifies the earliest preserved evidence of human activity. The GS1 study location is a dynamic, 

constantly changing site, impacted by weathering and gravitational processes such as cracking, rock-fall, 

slope collapse and shifts in periods of bedrock exposure (sediment removal) and sediment accumulation. 

A period of bedrock exposure, or 'bare rock', indicates a state where physical erosion is dominant and 

leaves hardly any evidence of human or other activity in the form of a sediment record. However, this 

does not mean that the study area was not utilized. In fact, several bare floor rockshelters were discovered 

in the wider GS1 area containing well preserved rock art. This further confirms the presence of humans in 

the area over a long period of time.



258 
 

 

 
Figure F4.20: The visualisation of the Outside GS1 vs. Inside GS1 comparison study. Geomorphic and sedimentologic evidence is shown along with the established 
chronologies and the savannah vegetation reconstruction in the study area. Some proxies used for comparison are also shown. From the left: outline of the GS1 rockshelter 
with the dripline and the 14C chronology of the archaeological sequence Inside GS1. The evidence of human and animal impact on the Inside GS1 sediment record is shown 
in the form of a hearth fire and kangaroo dung. Beyond the dripline, the OSL chronology for the Outside GS1 sequence is given along with the depth scale. Natural fire 
record is presented in the form of macro- and micro-charcoal in the Outside GS1 sediments. Evidence of bioturbation is shown as termite mounds and plant roots. The 
stone-line of possible anthropogenic or natural origin found in pit PA_10-M is also shown. 
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Figure F4.21: The GS1 study area reconstruction of formation processes and palaeoenvironment. Pivotal events in 
the past are also marked. Top right: the ground plan of the study area, the red arrow points to the drip-line. Main 
image: on the left the GS1 rockshelter with marked dripline and the depression basin with foot scarp erosion. 
Beyond the dripline, the horizontal ground shows the current sediment accumulation level, the orange and green 
dashed lines depict the subsurface bedrock level as inferred by excavated pits and auger holes (orange and green 
circles). The start of the current accumulation cycle outside GS1 began approx. 15 ka ago based on OSL evidence. 
The onset of human occupation (ca. 206 cm depth) based on magnetic susceptibility results is represented by the 
hearth fire. Human presence, further confirmed by artefacts and charcoal records found inside the GS1 rockshelter, 
is represented by the silhouettes. Termite mounds represent bioturbation and post-depositional mixing recorded 
in sedimentological and chronological analysis, while the kangaroo represents the impact of macropods on the 
palaeovegetation record in sediments from inside GS1. Based on evidence discussed in this and previous chapters 
the two thermometers indicate a warmer and wetter climate resulting in a denser tree cover during early to mid-
Holocene (approx. 10−4 ka years ago) and a cooler and drier climate resulting in a transition to a more open 
savannah woodland that we experience today. 

4.5	 The	significance	of	the	GS1	study	area		

The study area, which includes the GS1 rockshelter and its immediate surroundings, has 

significant potential as a sedimentological, palaeoenvironmental and archaeological case study in the 

terrestrial sediments of the Australian tropical north savannah interior. The significance of the site is 

clearly demonstrated by the new knowledge that has been generated through the research carried 

out to date. The work conducted to date also alludes to the implications for future research. 

This study bridges the sedimentological and palaeoenvironmental record obtained from the 

non-archaeological sediments surrounding the GS1 rockshelter (Outside GS1), with the 

sedimentological and palaeoenvironmental record obtained from the archaeological deposit within 

the GS1 interior (Inside GS1). The aim was to investigate how the two palaeoenvironmental archives 

(Outside GS1 and Inside GS1) complement and question each other and whether bridging the two 

archives enables the production of a more reliable palaeoenvironmental record for the study area. 

This will eventually provide much needed palaeoenvironmental data for the savannah environment 

that characterises most of the interior of tropical north Australia.  

One important outcome of this study is the review of site formation processes. The 

development of the scarp foot zone at the base of the outcrop explains the existing depression (basin) 

that extends from the GS1 interior approximately 15 m beyond the dripline (Figure F4.21). The 

structure of the Jurassic Hampstead sandstone that constitutes the study area conditions its response 

to surface and subsurface weathering mechanisms, such as cavernous weathering, arenization, 

granular disintegration, the moisture effect and bedrock denudation, which further explains the site 

characteristics, particularly the rockshelter development, uneven subsurface morphology and 

smoothed bedrock surfaces. With no recorded evidence, either Inside GS1 or Outside GS1, of wind or 

flooding, these mechanisms appear to be the main processes that shape the GS1 study area and 

govern the occurrence, transport and accumulation of sediment.  
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Another important outcome is the establishment of a chronologic framework for the area of 

study. It shows the last cycle of sediment accumulation commenced approximately 15 ka ago, but the 

overall site formation dynamics started long before that, at least 55 ka ago. It also suggests the 

possibility of interchanging periods of sediment accumulation and sediment stripping, the latter 

probably linked to time intervals of enhanced erosional conditions in the area. Inside the GS1 

rockshelter, to the contrary, the niche and the development of the foot scarp depression caused the 

GS1 interior to function as a sediment trap that allowed sediment to continuously deposit for at least 

38 ka without noticeable interruption or removal. Despite the relatively homogeneous nature of the 

sediments, with poor temporal resolution and severe post-depositional disturbance, the constructed 

age-depth model supports the assumption that a reliable chronology can be established for the GS1 

study area through a multi method approach and the combination of the two archives (Inside and 

Outside GS1).  

Magnetic susceptibility results along with sediment microscopic analysis support the evidence 

of human presence inside the GS1 rockshelter for at least ~38 ka, which aligns well with the evidence 

of stone artefacts (Lowe et al., 2016, 2018). Moreover, it appears that the enhancement of magnetic 

susceptibility through anthropogenic burning is as good as (if not a better) indicator of the first use of 

the site by humans as the appearance of the first stone artefacts. Finally, the combination of the two 

archives for the reconstruction of past vegetation structure showed that human and animal 

(macropods) activity bias the sediment record of the archaeological deposit inside the GS1 rockshelter. 

It also demonstrated the presence of savannah woodland on the study area since the Pleistocene-

Holocene transition suggesting that the area was a viable refugia and a pleasant place to be, at least 

for the last 12 ka.  

The GS1 study area has potential for future research. One inevitable question relates to the 

general dilemma about sediment accumulation inside rockshelters being influenced by human activity 

and to what degree. Hughes (1977: 192-198), almost 50 years ago, concluded that human use of 

rockshelters either led to increased rates of weathering and roof fall or to increased accumulation of 

roof fall in the rockshelters, or both. Prior to Hughes, the possibility of human impact on the 

accumulation of rockshelter deposits was considered by Mulvaney and Joyce (1965: 170), but no 

mechanisms were postulated. At the GS1 study area, to resolve this dilemma, we argue it is essential 

to first understand the current dynamics of sedimentation. For this purpose, sediment traps were 

installed during the two-year field work from 2018 to 2020. The preliminary results showed a 

noticeable difference in accumulated sediment between the GS1 interior and the area outside GS1. 

Pursuing these results was not the objective of this study, nonetheless, we believe that this research 

direction has potential and could be pursued. 
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Finally, during the course of this study it became apparent that despite numerous stone 

artefacts being documented in the archaeological deposit Inside GS1, not one single artefact was 

recorded Outside GS1 in any of the pits or auger holes excavated beyond the dripline. It appears highly 

improbable that not a single artefact would have been lost or dropped or intentionally thrown away 

during the daily activities on the site. This raises a question whether there is a behavioural pattern 

that should be investigated or whether a deeper study of subsurface morphology, sedimentation 

mechanisms, trampling and bioturbation effects might provide an answer to this rather peculiar 

occurrence. Other rockshelter sites across northern Australia, such as Madjedbebe, could be profitably 

examined in this regard. 

To conclude, this study shows that expanding the existing records from known archaeological 

rockshelters into their surroundings represents a valid approach to start filling the gap in 

palaeoenvironmental record for the Australian tropical north interior. The existing data from known 

rockshelter sites provide an excellent starting point and by bridging this data with their surroundings 

it is possible to obtain more reliable and solid records to fill the gap.  
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II	 Thesis	Summary		

II.1	 Summary	of	thesis	conclusions	

This project recognised, and sought to fill, a significant gap in late Quaternary 

palaeoenvironmental knowledge from the tropical semi-arid savannahs that cover much of the north 

Australian interior. The majority of the existing records come from lake, swamp and estuarine deposits 

found in the coastal part of northern Australia as well as the marine domain. The extent of 

palaeoenvironmental research into the interior tropical Australian savannah is greatly hindered by 

poor sediment stratigraphies and unfavourable preservation conditions for organic materials, such as 

pollen, and bones. These limitations can be partially addressed through the integrated 

palaeoenvironmental investigation of sediment records inside and outside rockshelters. Proxies that 

are preserved in these conditions can be studied, while using a multi-method approach for 

interpreting the results can add valuable insight.  

This thesis aimed to produce a palaeoenvironmental reconstruction for the area within the 

semi-arid tropical Australian savannah in Northern Queensland, where the Gledswood Shelter 1 (GS1) 

archaeological rockshelter site is located. This location provides an exceptional opportunity to bridge 

the sediment records from two palaeoenvironmental archives: the archaeological deposit inside the 

GS1 and the non-archaeological, open-site terrestrial sediments extending south-southwest beyond 

the GS1 dripline. Additionally, evidence from nearby Norman River, flowing 1.6 km south of GS1, 

contributes to a valuable case study for addressing the main scientific questions proposed in this 

thesis.  

Four research questions are addressed: (1) What were the main geologic and geomorphic 

processes that created the surrounding landscape and GS1? (2) What is the chronology of the non-

archaeological sediments outside GS1? (3) How has the environment changed in the study area? And 

(4) How do sedimentary records from deposits inside and outside GS1 complement or differ from each 

other and how does this contribute to a better, broader, understanding of sedimentary and 

palaeoenvironmental archives at the GS1 site? 

Chapter 1 ('the landscape layer') addresses the (1) research question. Aerial imagery, digital 

elevation modelling, stratigraphy, sedimentology, and cosmogenic nuclide methods were used to 

identify the geomorphic and geologic processes that formed and shaped the study area, providing a 

landscape context for more detailed investigations of the study area. Geomorphic evidence shows an 

uneven subsurface bedrock morphology and a surface composed of sandstone outcrops, 

escarpments, collapsed slopes and patches of accumulated sediments. The results suggest that the 
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area where GS1 is located represents a large, weathered erosion remnant of a residual hill partially 

covered by sandy sediment accumulation. The GS1 rockshelter has formed in a residual sandstone 

outcrop. The sedimentologic characteristics of sediments outside the GS1 rockshelter indicate 

derivation from the Jurassic Hampstead sandstone by chemical weathering and physical erosion of 

the local bedrock and outcrops. Post-depositional disturbance due to bioturbation was documented 

and attributed to termite, ant and root activity. In addition, a stone line was observed in the PA_10-

M pit approximately 19 m beyond the GS1 dripline, which could be attributed to animal bioturbation, 

physical processes or could represent evidence of human activity in the area during the mid-Holocene.  

Sedimentologic evidence from Norman River terraces demonstrates that the river sediments 

originate from the Jurassic Hampstead sandstone. A palaeochannel adjacent to the modern Norman 

River channel and the elevation of the investigated terraces indicate that river levels were higher at 

some times in the past. The cross profile of the river channel matches a fill-cut terrace, where the 

subsequent incision of the stream channel occurs into the river’s aggraded material. This geomorphic 

evidence of the river dynamics history infers that prior to the present-day incising, the Norman River 

was aggrading. Additionally, the particle size distribution pattern in the sediment sample from the 

lowermost and oldest terrace suggests a lower flow strength during the period of formation of this 

terrace compared to the younger upper terrace, where the particle size distribution pattern indicates 

an increase in flow strength. Overall, the evidence from the Norman River site indicates shifts in water 

flow and sediment supply, potentially linked with changes in palaeoclimate. An increase in water flow 

can be due to more intense precipitation and may indicate monsoon intensification. On the other 

hand, an increase of incision can also be due to a decrease in sediment supply because of reduced 

erosion. It may, therefore, indicate less intense precipitation and a monsoon decrease.  

The work done here shows the importance of understanding the geomorphic processes and 

geologic evolution of the study area to interpret the evidence obtained from stratigraphic and 

sedimentologic analyses around and in the rockshelter itself. The results of this study establish a 

sedimentological and geomorphological framework that help interpret the records from the GS1 

rockshelter.  

In Chapter 2 ('the chronology layer') the (2) research question: What is the chronology of the 

non-archaeological sediments outside GS1?, is addressed. A multi-method dating approach was used 

to obtain ages for sediment deposits outside GS1 and the subsidiary Norman River site. Single-grain 

OSL dating on quartz grains and radiocarbon dating on two charcoal fractions, macro-charcoal and 

Stable Polycyclic Aromatic Carbon (SPAC), enabled the production of a reliable chronology despite the 

poor stratigraphic differentiation and noticeable post-depositional mixing of the deposits. OSL dating 

revealed that the last deposition cycle commenced approximately 15 ka ago, shaping the sediment 
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accumulation we observe at the GS1 site today. The presence of grains older than 50 ka alongside the 

youngest grains (<2ka) within the same chronological sequence (pit PA_10-M), however, indicates that 

some of the sediment pool at the GS1 site is much older. Likely, the sediments have been exposed to 

periods of translocation, removal and deposition. Post-depositional mixing due to bioturbation 

(termite, ant and plant roots) was responsible for a substantial scatter in dose distributions observed 

in OSL radial plots. Yet, the evidence from the GS1 outside chronological sequence (from pit PA_10-

M) suggests another process, apart from bioturbation, may be needed to account for the introduction 

of the oldest (≥50 ka) intrusive grains into the sequence. 

The radiocarbon dating (14C) results on four pieces of macro-charcoal exhibited a good 

correlation with the OSL results. On the other hand, SPAC did not provide reliable chronological 

information for the GS1 outside sediments, possibly due to a combination of reasons connected with 

unfavourable conditions for charcoal preservation and a fine particle size that makes the material 

susceptible to downward translocation in the sandy matrix. The final age-depth model confirmed a 

good correlation between the OSL and 14C macro-charcoal ages. The calculated sedimentation rates 

revealed a significant increase in sedimentation rate during the last ~3 ka.  

Important information was also obtained from the OSL results from the Norman River terraces. 

Considerably less scatter in dose distributions in the OSL radial plots from the Norman River sediments 

can be attributed to a relative lack of termite and ant activity due to the proximity of water. The 

lowermost and oldest exposed terrace is ~40 ka old, while the bottom of the upmost and youngest 

terrace suggests an age of ~11 ka. The latter coincides with the Pleistocene–Holocene boundary and 

indicates that the Norman River was aggrading in this period. Moreover, the river deposited another 

124 cm of alluvium during the Holocene, forming the upmost terrace before it shifted to the incision 

phase we see today.  

This work has shown that establishing a reliable chronology in post-depositionally mixed, open-

site terrestrial sediments in semi-arid Australian savannah is possible but complex. The results are 

highly significant for advancing palaeoenvironmental research in the vast interior of the northern 

Australian continent. They highlight the necessity of employing multiple techniques to establish a 

reliable chronology. Palaeoclimatically, the results of this work suggest a change in climatic conditions 

in the late Holocene, possibly a monsoon lessening. The increase in sedimentation rate in the non-

archaeological deposits beyond the GS1 dripline, approximately 3 ka ago, may be linked to a reduction 

in precipitation, which would result in a decrease in sediment erosion off-site and subsequently lead 

to an increase in sedimentation. The evidence from the Norman River terraces also shows a change in 

river dynamics in the late Holocene, considering the 124 cm of accumulated Holocene alluvium before 
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the shift from aggradation to incision. This shift to incision (discussed in Chapter 1) may be linked to a 

reduction in sediment supply due to a decrease in erosion because of a decrease in monsoon intensity. 

The (3) research question: How has the environment changed in the study area?, is addressed 

in Chapter 3 ('the vegetation layer'). This chapter outlines a vegetation reconstruction study, utilising 

a combination of proxies−phytoliths and δ13C of SPAC (δ13CSPAC), from outside and inside the GS1 

rockshelter. The evidence from outside GS1 shows the continuous existence of savannah vegetation 

throughout the Holocene, confirmed by the shared presence of both tree and grass phytolith 

morphotypes in the sediments. The results, however, indicate denser tree cover between 10 and 4 ka 

ago, during the early and mid-Holocene, followed by a gradual transition to a more open savannah 

woodland during the last 2 ka. In contrast, analyses from inside the GS1 rockshelter suggest a 

substantial prevalence of tree vegetation which, in general, is not consistent with the natural 

vegetation signal represented by the sediment records from outside GS1. This difference between the 

outside and inside GS1 results was recorded in both phytolith and the δ13CSPAC values. Further 

investigation showed that animal and human activity probably influenced the phytolith and δ13CSPAC 

signal inside GS1. More precisely, the recorded grass peaks were augmented by inputs from macropod 

faeces and the woody vegetation peaks from hearth fires lit by human occupants of the shelter.  

This work is the first to use this combination of proxies for vegetation reconstruction, which is 

necessary in the absence of more traditional proxies such as pollen. The outcome confirmed the 

effectiveness of this approach in reconstructing past environmental conditions. It also demonstrated 

how the records from inside rockshelters could be biased due to animal and human activity. This study 

demonstrates the need to expand the research on rockshelters beyond the dripline into their 

surroundings to obtain a more reliable and comprehensive result. Finally, the denser tree cover during 

the early and mid-Holocene may indicate a wetter and warmer climate in the region. This aligns with 

observations regarding changes in sedimentation rates on the Norman River, all of which suggest a 

shift in climatic conditions, likely caused by monsoon weakening over the last ~3 ka, hence following 

the mid-Holocene wet phase. Records of a wet period between 9 and 7 ka were also found in the 

western part of the Australian tropics, specifically in the Kimberley region. 

 

Chapter 4 ('the integration layer') addresses the last research question (4) by bringing together 

the results from the two main palaeoenvironmental archives, outside and inside GS1 rockshelter. 

Specifically, this chapter compares and correlates the geomorphic, stratigraphic, sedimentologic, 

chronologic and vegetation results outside and inside GS1 and investigates how do sedimentary 

records from deposits inside and outside GS1 complement or differ from each other. This work 



267 
 

demonstrates how bridging the outside and inside rockshelters archives contributes to a more 

nuanced and holistic understanding of the formation processes and function of the GS1 site as well as 

to developing a palaeoenvironmental record in the context of early human presence.  

This study shows that the structure of the Jurassic Hampstead sandstone conditioned the site 

response to surface and subsurface weathering processes. The development of a scarp foot zone at 

the base of the GS1 outcrop explains the existing depression in subsurface morphology, now covered 

by sediment. Moreover, the combination of the two archives (Outside and Inside GS1) provided a 

reliable chronological framework for the GS1 site as a whole, despite the relatively homogenous 

sediments of poor stratigraphic resolution and significant post-depositional disturbances. Surprisingly, 

among various methods applied throughout this research, magnetic susceptibility analysis was 

revealed to have great potential as a palaeoenvironmental tool, particularly as an indicator of 

anthropogenic burning. 

Finally, when placing this study within the regional archaeological framework and in the context 

of late Quaternary palaeoenvironmental changes in tropical north Australia, the evidence gathered at 

the GS1 site suggests a good agreement in the duration of human occupation compared to other 

regional archaeological sites. Examples of such sites include the Gregory River at Riversleigh and 

Mickey Springs (chapter I.1D). Additionally, the sedimentary records from terrestrial open-site 

sequences outside GS1 as well as the Norman River terraces, provide evidence of a broader pattern 

of past environmental change that can be discerned. The change in river dynamics from aggrading to 

incising discussed in Chapter 1, the significant increase in sedimentation rate demonstrated in Chapter 

2 and the difference in the savannah tree density between the early and late Holocene discussed in 

Chapter 3, suggest a relatively wet Pleistocene−Holocene, transition period leading to a wetter early 

and mid-Holocene subsequently changing to a drier period of decreased monsoon activity, around 3 

ka ago, and continuing to the present. This pattern generally agrees with the broader literature, which 

suggests that the early to mid-Holocene climates on the coastal margin of eastern Australia were 

significantly wetter than present, but they have gradually become drier over the last 5 ka. The El 

Niño−Southern Oscillation (ENSO) is the most prominent driver suggested for this late Holocene 

drying. In particular, the strengthening of ENSO (notably the El Niño phase) has been used to explain 

climate drying for latitudes ~10 to 45°S.  

II.2	 Future	work	

This project was part of the larger ARC Centre of Excellence for Australian Biodiversity and 

Heritage−CABAH. The results presented in this study will ultimately be combined with a number of 

additional studies being conducted elsewhere in the Australasian tropics, such as Arnhem Land, the 
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Gulf of Carpentaria, Cape York, Papua New Guinea, a variety of Indonesian islands as well as the 

Australian subtropical and temperate regions. One aim of CABAH is to provide new, long, replicated, 

high-resolution records extending from beyond the early human arrival to the present that will enable 

a robust disentangling of climate and anthropogenic drivers of environmental change in deep time for 

the extensive Australian tropical savannah. For the savannah region very few records currently exist. 

Future geomorphic and geologic transects (transverse sections) extending from the GS1 site to 

the Norman River, as well as a comprehensive study of terraces on the Norman River and Woolgar 

River (~30 km south of GS1), would be very worthwhile, based on the results presented in this thesis. 

These will provide new sediment records to support a better understanding of the processes that 

formed the landscapes of the area and the origin and more detailed timing of the (large) changes in 

river dynamics that have occurred in the past, in turn, linked to changes in rainfall and vegetation. In 

addition, the chronologic results in Chapter 2 exhibit a good correlation between OSL ages at the GS1 

study area and the Norman River terraces OSL chronology. Whether this is a matter of coincidence or 

possibly valuable evidence that could allow the establishment of a chronological framework for the 

wider area should be examined in the future. These investigations, combined with the development 

of a modern phytolith collection from the area (unfortunately not possible in this thesis), will 

strengthen our understanding of the drivers of, and responses to, past environmental changes in the 

region. Ultimately, this will deepen our knowledge of palaeoenvironmental change in the North 

Queensland tropical interior, a large region inhabited by humans for tens of millennia. 

The results of this work have also opened new avenues to address what is arguably one of the 

most important dilemmas in Australian rockshelter formation mechanisms: Is there a direct 

relationship between the rate of sediment accumulation and the intensity of human usage of 

rockshelters? The experimental placement of sediment traps outside and inside GS1 gave promising 

results but was very preliminary. The installation of sediment traps and a particle size analysis of the 

sediments could be used to better characterise the amounts and types of trapped particles and 

provide useful information about their dynamics and mechanisms of movement in and around the 

shelter. The groundwork initiated in Chapter 1 of this thesis, which involved field survey, cosmogenic 

nuclide analysis and sedimentology has also opened new avenues for conducting a more 

comprehensive study of the numerous axe-grinding grooves documented in bedrock exposures along 

the Norman River and Woolgar River. These grooves were mentioned in the introductory 

archaeological context provided for the region and it is possible that they have considerable antiquity. 

They are likely to have been re-exposed by incision of the Norman River into its bed, and hence likely 

pre-date the Holocene. 
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Appendices	

Appendix	 A3.1:	 Extraction	 of	 phytoliths	 from	 sediment	 and	 slides	

preparation,	 protocol	 adapted	 from	 L.	Wallis	 (2000,	 pg.	 429‐432)	 and	

Aleman	et	al.	(2013)	

 

Materials and equipment  

Distilled water (also de-ionised if possible) 0.5 cm mesh sieve 

10% Calgon (NaPO)6 Weighing papers 

33% Hydrogen peroxide H2O2 10 cm plastic lidded tubes 

100% Ethanol 50 ml centrifuge tubes 

50% Ethanol Glass stirring rods 

Sodium polytungstate (sg 2.35) 0.425 mm mesh sieve 

Siphon (Vacuum flask)  15 mL centrifuge tubes 

Beakers Drying oven 

Storage vials Ultrasonic bath 

Centrifuge Pipettes 

Water bath or sand bath Fumehood 

 Weighing balance 

 
An example of a sample worksheet used at this study for the phytoliths extraction can be found at the end of this 
document. 
 
Procedure 

1. Dry sediment in drying oven at 70°C overnight 
2. Sieve through a 0.425 mm sieve 
3. Place 5.0 g of sediment in a plastic lidded tube 10 cm 

 
Deflocculation 
4. I. Add 10% (5%) Calgon 

II. Stir thoroughly and place in ultrasonic bath for 1 hour or shaker for 12 hours 
III. Remove from ultrasonic bath/shaker and allow to settle for 6 hours 
IV Siphon off supernatant 
V. Add distilled water and stir thoroughly 
VI. Allow to settle for 6 hours 
VII. Siphon off supernatant 
Repeat steps 4.V. – VII. until supernatant is clear of clay particles. 

 
5. I. Wash residual material into clean labelled 50 ml centrifuge tube using distilled water 

II. Top up all samples with distilled water to the same level 
III. Centrifuge at 3000 rpm for 10 minutes 
IV. Decant  
Repeat step 5.III. -  IV. two times   

 

For all following stages of the procedure the researcher must wear safety glasses, a lab coat and protective gloves. 
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Organic matter removal - Stage 6 should be carried out in a fume hood  

6. I.  Add 20 m l of 33% hydrogen peroxide (H2O2) and stir 

II. Place in water bath at 70°C for at least one hour, or until reaction stops (top up with fresh hydrogen 

peroxide if necessary). Stir occasionally or use the shaker 

III. Remove from water bath and allow to cool 

IV. Top up all samples with distilled water to the same level 

V. Centrifuge at 3000 rpm for 10 minutes 

VI. Decant. 

 

7. I. Add 30 ml distilled water to the tube and stir well 

II. Centrifuge at 3000 rpm for 10 minutes 

III. Decant 

 

If there are carbonates present in the samples proceed to Carbonates removal step using. 15% HCl. In this study this step 

was skipped.  

 

Clays removal  

8. I. Fill the tube with 10% Calgon and stir 

II. Place in a water bath at 70°C and shake for 12 hours 

III. Remove from water bath and allow to cool 

IV. Top up all samples with distilled water to the same level 

V. Centrifuge at 3000 rpm for 10 minutes 

VI. Decant 

 

9. I.  Wash sample through a 0.425 mm sieve into a clean labelled 50 ml centrifuge tube using distilled 

  water. 

II. Top all samples up with distilled water to the same level. 

III. Centrifuge at 3000 rpm for 10 minutes. 

IV Decant. 

V. Material in sieve can be dried and weighed if required or discarded. 

 

10. I. Wash sediment into clean labelled 15 ml centrifuge tubes using ethanol. 

II. Top up all samples with ethanol to the same level. 

III. Shake gently and centrifuge at 3000 rpm for 10 minutes. 

IV. Decant. 

Repeat step 10.II. – IV. two times and let ethanol evaporate for 20 min at 30°C. 

 

Extraction of phytoliths 

11. I. Add 8 ml sodium polytungstate (Na6O39W12) (s.g. 2.3) to tube and mix well. 

II. Centrifuge for 20 minutes at 3000 rpm. 

III. Pipette supernatant and interface off into clean labelled 15 ml centrifuge tube (this will become the 

phytolith tube). 

Repeat steps 11.II. – III. as necessary until all supernatant and interface has been removed. 

Top up with fresh sodium polytungstate as required. 

 

12. I. Top up all phytolith/polytungstate mix with distilled water to the same level (using at least 5 ml  

distilled water). 

II. Centrifuge at 3000 rpm for 10 minutes. 

III. Decant polytungstate into a clean beaker and set aside for recovery. 
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Repeat steps 12.I. – III. for the sediment/polytungstate mix. 

 

13. I. Add 10 ml 50% ethanol to the phytolith tube and mix well. 

II. Centrifuge at 3000 rpm for 10 minutes. 

III. Decant. 

Repeat steps 13.I. – III. for the sediment tube. 

 

14. I. Add 10 ml 100% ethanol to the phytolith tube and mix well. 

II. Centrifuge at 3000 rpm for 10 minutes. 

III. Decant. 

Repeat steps 14.I. – III. for the sediment tube. 

 

15. Weigh and label clean storage vials for remaining sediment and phytoliths. 

16. Transfer sediment and phytoliths to separate storage vials using 100% ethanol. 

17. Place in fume hood with fan on and allow ethanol to evaporate. 

18. Weigh phytolith fraction. 

Preparation	of	phytolith	smear	slides	for	light	microscopy	analysis	

 
Materials and equipment required 

 

Eukitt UV  
100% Ethanol Glass coverslips (22 x 40mm; size '0' thickness) 
Slide warmer Standard 1 mm thick glass slides 
Pipettes 5 μl labels 
UV light  

 
Procedure:  

1. I. Add 2 ml of 100% ethanol to the storage vial containing the dried phytolith residue. 

II. Mix well. 

III. If necessary, immerse the sample in an ultrasonic bath to aid disaggregation and ensure complete 

mixing. 

 

2. I. Pipette 5 μl of the sample out. 

II. Place on the centre of a glass coverslip (22 x 40mm; size '0' thickness). 

III. Spread thinly over the central portion of the coverslip using the disposable pipette tip. 

 

3. I. Warm the coverslip (with sample in place) on a slide warmer at 60°C until the ethanol evaporates.  

II. While the sample (on the coverslip) is drying, apply a few drops of Eukitt to a standard 1mm thick glass 

slide.  

III. Invert the slide carefully and lower onto the coverslip. 

IV. Once the coverslip is attached to the slide, reinvert the slide to an upright position. 

 

4. Label the slide and allow to dry with small lead weights placed atop the coverslip.



303 
 

Sample	work	sheet:	Extraction	of	phytoliths	from	sediments		

Sample 
ID 

Date 
commenced 

Weight 
initial 
(g) 

Deflocculation  Settle in 
dH2O 7h 
(#repeats)  

dH2O 
wash 

H2O2 
(#days) 

dH2O wash 
(repeat 2x) 

10% 
Calgon 
(#days) 

dH2O wash 
(repeat 2x) 

ETOH 
wash 

Measure 
(ml) 

H/L 
process 
(#repeats) 

dH2O 
wash 

50% 
ETOH 
wash 

100% 
ETOH 
wash 

Slide 
name  
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Appendix	A3.2:	General	description	of	identified	phytolith	morphotypes	

and	their	potential	confusers	

A3.2.1	Grass	Morphotypes	(Plate	P3.1)	

Grass Short Silica Cell Phytoliths (GSSCP) (Plate P3.1a-ad) 

 Bilobate	(BIL)	(Plate	P3.1a‐d)		
The shape consists of two lobes separated by two indentations or a distinct castula. Bilobate ends 

can be convex, straight or concave. The castula can break during sedimentation and in that case only one 
lobe can be observed (Unilobe). Long axis is typically 10-25 µm, occasionally up to 40 µm. Bilobates have 
been described from nearly all subfamilies of grasses and they have been often subdivided to distinguish 
forms produced by different subclades (Piperno and Pearsall, 1998, Strömberg et al., 2013). 

 Cross	(CRO)	(Plate	P3.1f‐h)		
The cross shape typically consists of four roughly equal lobes separated by four indentations. 

Occasionally, three-lobed or five-lobed forms can occur. Length and width in planar view is approximately 
equal and the ends can have a different look, e.g. sharp like facets, or smooth like tubercles. Longest axis 
is 8-25 µm. Same as Bilobate, Cross morphotype can be subdivided more finely (Neumann et al., 2017, 
Novello et al., 2012, Piperno and Pearsall, 1998, Strömberg, 2003), which is however beyond the aim of 
this study.  

 Not‐defined	Grass	silica	short	cell	Phytoliths	(ndGSSCP)	(Plate	P3.1i‐r)	
This morphotype consists of different grass silica short cell phytoliths that are clearly grass 

belonging short silica cell phytoliths but could not be attributed to any of the other grass morphotypes. 
This can occur due to phytolith’s position within the sample, the viewing angle under the microscope or 
if the phytoliths are damaged or have an atypical shape.  

 Polylobate	(POL)	(Plate	P3.1s)		
This morphotype consists of two end-lobes separated by a castula, along which additional distinctly 

separated lobes are inserted. Castula lobes can be of similar size or smaller than the end lobes and either 
unpaired or paired (present on both sides of the castula). The surface can be smooth (psilate) or 
ornamented (e.g. ridges, tubercles). Long axis is typically 20-40 µm. 

 Rondel	(RON)	(Plate	P3.1t‐y)	
The Rondel morphotype consists of an approximately circular or oval shape in planar view, which 

can be slightly indented or flattened along one aspect. Other views show variability in shape, size and 
ornamentation. Shape varies from rounded to angular, pointed or carinate and ornamentation can 
comprise ridges, tubercles, spikes. In side view sides are typically concave. Diameter is generally 8-20 µm. 
As in the cases of Bilobate and Cross, Rondel encompasses a wide range of sub-morphotypes that can be 
commonly subdivided to distinguish rondel produced by different subclades (Novello et al., 2012, Piperno 
and Pearsall, 1998, Strömberg, 2003). The latter is beyond the aim of this study.  

 Saddle	(SAD)	(Plate	P3.1aa‐ac)	
The Saddle is a symmetrical morphotype resembling a saddle (Metcalfe, 1960). In planar view the 

shape consists of two more or less convex faces connected by concave faces, while in side view both are 
concave and in the end view both faces are convex. In planar view the faces have the same, or nearly the 
same size and shape, giving the body a symmetrical look. Typically, the longest axis is 8-20 µm. The saddle 
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morphotype is most commonly found in chloridoid grasses, typically associated with arid tropical and 
subtropical grasslands, and it is frequently used as diagnostic of C4 grasses in the Chloridoideae subfamily 
(Fredlund and Tieszen, 1994, Soreng et al., 2017, Twiss, 1992). However, saddles are found in other grass 
subfamilies as well, so having a knowledge of local grass communities and an understanding of the 
(palaeo)environmental context of the study site is recommended before drawing any conclusions.  

 Trapezoid	(TRZ)	(Plate	P3.1ad)	
The morphotype is a quadratic to rectangular or even oblong in planar view, with at least the two 

longer faces (sides) parallel, and with ends that can be straight, convex or oblique. The cross section is 
trapezoidal and typically smooth (psilate). Trapezoids can be distinguished from rondels by the latter 
having concave sides in side view and lacking parallel faces in planar view. Trapezoids are often abundantly 
produced in many pooid grasses (Pooidae) and frequently used as diagnostic of this clade (Fredlund and 
Tieszen, 1994, Kondo et al., 1994, Twiss, 1992). Pooid grasses are the largest subfamily in grass family and 
they include some major cereals as well as lawn and pasture grasses (Soreng et al., 2017). All of them use 
the C3 photosynthetic pathway and they are often referred to as cool-season grasses.  

Grass Morphotypes that are not GSSCP(Plate P3.1ae-ai) 

 Papillate	(PAP)	(Plate	3.1ae‐af)	
This morphotype forms in, and takes the shape of, a specialized trichome found primarily in the 

inflorescence bracts of grasses. The term ‘papillate’ refers to the overall nipple-like shape. Papillates are 
circular to oval with a short, conical, blunt or pointy protrusion in the centre where the plate is thickest. 
The protrusion points obliquely at an angle <900 with the plane of the plate. The plate is smooth and 
homogenous and ranges from being very thin and transparent to being thickened and laminated. In cases 
where the entire plate is silicified its edges can be sinuate, sometime showing small circular holes. 

Papillates are typically ~10-20 µm in diameter. They can be differentiated from Sedge-plates usually 
because the apex of Papillate points at an oblique angle and is often offset from the plate centre.  

 Elongate	dentate	(ELO_DET)	(Plate	3.1ag‐ai)	
This morphotype consist of an elongated shape and dentate margins. 'Dentate' is the appropriate 

descriptor for margin features. The outline is rectilinear or nearly rectilinear in 2D and L:W is ≥2. The long 
side margins have acute–tooth like (dentate) or occasionally carinate projections. Thickness can range 
from thinly tabular to robustly thick. Surface texture is typically psilate (smooth) but can also be granulate 
or papillar. Elongate dentate are commonly formed in the epidermis of Poaceae leaves (ICPT, 2019). 
Although they have been observed in other plant families, this morphotype is common in the 
inflorescence of Poaceae (ICPT, 2019). Length can vary from 20-250 µm and transitional forms with 
Elongate entire, Elongate sinuate and Elongate dendritic occur. 

A3.2.2	Grass	and	Sedge	Morphotypes	

 Bulliform	flabellate	(BUL_FLA)	(Plate	3.2a‐d)	
The name of this morphotype is attributed to the intracellular silicification of bulliform cells of 

grasses (Poaceae) and sedges (Cyperaceae) and the general flabellate shape of the morphotype (ICPT, 
2019). Phytoliths are solid and heavily built with the lower part markedly narrower compared to the 
generally convex upper part. In some cases, the upper part can be truncated, therefore showing a flat or 
concave shape. The sides of the lower part can be straight or concave and the body is often symmetrical 
along the top-to-base axes. Vertical length from top to base can vary from 40-200 µm. The Bulliform 
flabellate morphotype is easily recognizable, although sometimes it can be mistakenly attributed to the 
Blocky morphotype, if lacking the distinctive flabellate shape.  
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 Elongate	sinuate	(ELO_SIN)	(Plate	3.2e‐h)	
The Elongate sinuate morphotype is characterised by an elongate shape and sinuate margins. The 

outline (nearly) rectilinear in 2D and L:W is ≥2. Undulations can range from slightly to very well developed, 
becoming clavate or columnar. Surface texture can vary broadly, from psilate to granulate and striate and 
length can vary as well from 50-200 µm. Elongate sinuate has been observed in several groups of plants, 
from grasses, sedges to pines (Pinaceae) and arrowroots (Marantaceae) and even ferns (Polypodiopsida) 
(Gallego and Distel, 2004, Honaine et al., 2009, Mazumdar, 2011, Metcalfe, 1960, Metcalfe, 1971, 
Sangster et al., 1997, Strömberg, 2003). The latter three however cannot be attributed to our study site 
and therefore we connected this morphotype with grasses and sedges particularly when in the presence 
of other typical grass and sedge morphotypes (ICPT, 2019, Metcalfe, 1960, Metcalfe, 1971).  

A3.2.3	Sedge	Morphotypes	

 Sedge	plate	(SED_PLA)	(Plate	3.2i‐l)	
This morphotype is not listed among the current standard phytolith morphotypes in the ICPN 2.0 

nomenclature although it is mentioned as a recognisable shape (ICPT, 2019, Supplementary Information, 
pg. 4). In this study the Sedge plate was classified as a separate morphotype to distinguish the sedge 
counts from other similar conical shapes and the Papillate. The shape consists of a plate with one or 
multiple short protrusions. The plate can vary in shape from circular and oval to angular and protrusions 
can vary from one to multiple nodules and tubercules that can be blunt or pointy or anything in between 
(Metcalfe, 1971, Murungi and Bamford, 2020, Piperno, 1988, Piperno, 2006, Wallis, 2000). Size along the 

long axis is ~20-60 µm. Sedge plate can be distinguished from Papillate by size, the latter being generally 
smaller, and by the angle and position of the apex. The differences however are not always 
straightforward.  

A3.2.4	Tree,	shrub	and	herb	Morphotypes	(Forest	indicators)	

Ovate (Plate P3.3) 

The group of ovate morphotypes includes ovate shaped phytoliths along with all transitional forms 
from ovate to ellipsoidal, reniform and oblong. The surface can be psilate or ornamented, like granulate, 
tuberculate, nodulate or verrucate. Although the ovate morphotypes share some characteristics with the 
spheroidal morphotypes (described below), they are at the same time as distinct and representative as 
the spheroids. The ovates were therefore counted as a separate group in this study and classified into 
four sub-types:  

 Ovate	psilate	(OVA_PSI)	(Plate	P3.3a,b)		
This morphotype consists of all transitional ovate shapes - from ovate to ellipsoidal, reniform and 

oblong, with smooth surface or without distinguishable surface ornamentation. Size along the long axis is 

~10-25 µm. 

 Ovate	ornate	(OVA_ORN)	(Plate	P3.3c‐e,g)		
This includes all transitional ovate shapes with a distinguishable ornamentation (tuberculate, 

nodulate, granulate or verrucate). They measure ~10-25 µm along the long axis.  

 Ovate	psilate	with	proboscis	(OVA_PSI_prob)	(Plate	P3.3f)		
This morphotype represents the Ovate psilate (OVA_PSI) morphotype with a clearly visible 

proboscis or stalk. The actual origin of the proboscis or stalk is not clear. It could represent either a 
protrusion that marks a site of attachment to a host structure (Piperno, 2006, pg. 39) or a bent upper part 
of a cone or an exaggerated tubercula.  
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 Ovate	ornate	with	proboscis	(OVA_ORN_prob)	(Plate	P3.3f)		
This is the morphotype Ovate ornate (OVA_ORN) with a visible proboscis or stalk. As in the previous 

case the origin of the stalk is not clear although ornamented ovates or irregular spheroids with a stalk 
might sometimes be cystoliths.  

 Cystoliths	(CYS)	(Plate	P3.3h‐i)		
Cystoliths are outgrowths of the cell walls of specialized cells called lithocysts, which occur in the 

epidermis and ground tissue of plant leaves. They are impregnated with silica and/or calcium carbonate 
and resemble a cluster. The cystoliths’ phytoliths are usually large, distinctive bodies with various kinds of 
surface ornamentation, such as verrucate, echinate or tuberculate, and very often they have a 
characteristic stalk where the outgrowths were attached to the cell wall (Piperno, 1988, 2006). Studies 
describe cystoliths from different tropical plant families around the world all belonging to dicots (Bozarth, 
1992, Lentfer, 2003a, Piperno, 1988, 2006, Solereder, 1908, Runge, 1999). When recovered from 
sediments cystoliths can be valuable indicators of plant families and genera. This, however, is beyond the 
aims of this study. In this study the potential cystoliths were counted as a separate morphotype, when 
there was enough confidence to do so, otherwise they were included in Ovate ornate or Ovate ornate 
with proboscis morphotypes. 

Spheroid (Plate P3.4) 

In this study the group of spheroids, sphere-like bodies, encompasses a broad range of variations 
from perfect spheres to subspheroidal or spheroidal irregular, where the basic shape is closer to a sphere 
than an ovate. We differentiated five spheroid sub-types: 

 Spheroid	psilate	(SPH_PSI)	(Plate	P3.4a‐c)		
The morphotype consists of spheroidal and subspheroidal phytoliths with a relatively smooth 

surface. Texture can be homogenous translucent silica or granular. Diameter can vary from 3-30 µm. 
Spheroid psilate morphotype has been identified repeatedly in connection with woody dicots (e.g. Iriarte 
and Paz, 2009, Piperno, 1988, 2006, Watling and Iriarte, 2013) as well as some monocots (e.g. Bremond 
et al., 2004, Runge, 1999). However, it has been often used as evidence for non-grass plants, for example 
as part of a 'forest indicators' group (ICPT, 2019).  

 Spheroid	psilate	with	nodule	(SPH_PSI_nod)	Plate	(P3.4c)		
This is a spheroid psilate morphotype with one or two visual projections that resembles a small 

nodule, tubule or papilla. A similar shape has been described in Collura and Neumann (2017, Fig. 3. c,g) in 
connection with wood phytoliths. It can, however, also be a phytolith confuser – a Chrysophyceae 
stomatocyst (ICPT, 2019) (refer to A3.2.7).  

 Spheroid	psilate	with	proboscis	(SPH_PSI_prob)	(Plate	P3.4f)		
This morphotype is similar to the previous, the only difference being a proboscis or stalk rather than 

a nodule. This shape too exhibits similarities with wood phytoliths presented in Collura and Neumann 
(2017, Fig. 3. h,i). This morphotype can also be confused with potential non-phytoliths (ICPT, 2019) (refer 
to A3.2.7).  

 Spheroid	ornate	(SPH_ORN)	(Plate	P3.4d,e)		
This consists of spheroids with complex surface ornamentation, including tuberculate, nodulate, 

verrucate or granulate and various combinations or transitional forms of all these. The ornamented 
spheroids described in literature are found predominantly in different tissues and structures of woody 
dicots (e.g. Alexandré et al., 1997a, Barboni et al., 1999, Collura and Neumann, 2017, Garnier et al., 2013, 
Iriarte and Paz, 2009, Kealhofer and Piperno, 1998, Mercader et al., 2009, 2011, 2019, Piperno, 1988, 
2006, Testé et al., 2020). They were, however, found also in herbaceous monocots (Piperno, 2006, pg. 
39). According to Piperno (2006, pg. 39) some studies agree that the ornamented spheroids from 
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monocots usually range from 9-25 µm in size or even larger (Chen and Smith, 2013, Crifò and Strömberg, 
2020), with those from dicots being much smaller 3-9 µm. In this study the spheroid ornate was associated 
with woody vegetation regardless of the size.  

 Spheroid	ornate	with	proboscis	(SPH_ORN	with	prob)	(Plate	P3.4f‐g)		
Basically consists of the previous morphotype Spheroid ornate (SPH_ORN) with a visible proboscis 

or stalk.  

 Spheroid	echinate	(SPH_ECH)	(Plate	P3.4k)		
Spheroid echinate represents a spheroidal phytolith with conical projections distributed over the 

entire surface. This phytolith morphotype is typically associated with palms (Arecaceae) (Benvenuto et 
al., 2015, ICPT, 2019, Piperno, 1988, 2006).  

A3.2.5	Non	diagnostic	Morphotypes		

Due to the wide distribution in different plants, the diagnostic value of this morphotypes is very low. 
 

 Acute	Bulbosus	(ACU_BUL)	(Plate	3.5a‐c)		

This morphotype in this study is assigned to hair cells or trichomes. These are fine appendages on 
plants that serve protective and secretory functions. Hair cell phytoliths consist of a solid body with a 
generally narrower acute part (apex) and a wider base (antapex). The apex can be straight or curved, with 
a sharp or rounded tip, while the antapex can be of various shapes from subspheroidal, subspheroidal 
truncated, oblong, ellipsoidal or near parallelepipedal to fusiform, sometimes with pointed ends. The apex 
often forms an angle of less than 90o with the antapex resulting in an asymmetrical or kind of triangular 

shape in side view (ICPT, 2019). The body from base to top is generally ~25-100 µm long and consists of 
homogenous or granular silica. Hair cells display immense diversity and they have been found in dicots 
(Kealhofer and Piperno, 1998, Kondo et al., 1994, Lentfer, 2003a, Mercader et al., 2009, Piperno, 1988, 
2006) and many grasses (Alexandré et al., 1997a, Barboni et al., 2007, Brown, 1984, Piperno, 1988, 2006, 
Zucol et al., 2010), but also sedges (Piperno, 1983, 1988, Strömberg, 2003) and palms (Piperno, 1988, Fig. 
46, Strömberg, 2003).  

 Blocky	(BLO)	(Plate	3.5d‐i)		
Blocky was introduced by ICPT (2019) as a commonly accepted term best describing, but not 

restricted to, phytoliths with more or less parallelepipedal shapes . Blocky encompasses compact, heavily 
built, solid phytoliths with length/width <2. Some Blocky have projections on the edges, ridges, facets or 
protrusions that may appear as dentate margins. In literature Blocky are reported as very common in 
leaves of sedges and grasses. They are, however, commonly found in other monocots, dicots and conifers 
(Strömberg, 2003) as well as in bark from the Mediterranean (Albert et al., 1999, Tsartsidou et al., 2007) 
and Africa (Collura and Neumann, 2017).  

 Elongate	entire	(ELO_ENT)	(Plate	3.5j‐k)	
This morphotype has an overall rectilinear outline with L:W ≥2 and highly variable sizes (20-700 

µm). It also includes slightly arcuate elongated phytoliths with more or less parallel long margins. Surface 
texture is generally psilate or granulate. Long margins are generally smooth, sometimes slightly uneven 
or velloate, with the transverse section ranging from angular or circular to oblong. Ends can be straight, 
concave or convex, rounded or tapering and thickness ranges from thin to robust. The Elongate entire is 
one of the most commonly produced phytolith morphotypes among land plants. It has been reported 
from lycophytes, conifers, monocots and dicots (ICPT, 2019).  
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A3.2.6	Irregular	bodies	

Irregular bodies in this study come in different shapes (e.g. tabular, nodular, geniculate) and sizes, 
from large (≥25 µm) to small (10-15 µm). Irregular bodies were counted separately in each sample (Table 
T3.2, T3.3), but the counts did not add to the sample size. 

A3.2.7	Potential	confusers	

Three potential confusers, as defined in ICPT 2.0 (2019), were observed in this study: the 
chrysophyte cysts (Chrysophyceae stomatocysts), sponge spicules, and diatoms (Plate 3.6l-t).  

The chrysophyte algae or Golden Algae are potential confusers for phytolith Spheroid morphotypes. 
They produce morphologically distinctive, siliceous, microscopic cysts during a resting stage of their life 
cycles. The cysts are more or less globular and can be smooth or have various ornamentation. They can 
be best distinguished from Spheroid psilate by a distinct pore, sometimes with a collar, or resembling a 
proboscis or a flagella (Plate P3.6, l-n). Sponge spicules on the other hand can be confused with the 
Elongate entire morphotype (refer to A3.2.5), because they tend to present as translucent elongates, but 
they can be distinguished by a distinct axial canal (Plate P3.6, p). The diatoms are single celled algae that 
come in all shapes and forms from elongate to globular. Their cells range in size from 2-500 µm. Diatoms 
tend to have a thick frustule with a very distinct ornamentation pattern that usually distinguish them from 
phytoliths (Plate P3.6, o).  
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Appendix	A3.3	 Number	of	counts	per	morphotype	per	sample	Outside	GS1		
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Appendix	A3.4	Number	of	counts	per	morphotype	per	sample	Inside	GS1	
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