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SUMMARY 

Most of the long-term archaeological sequences from north-west Australia are located 

in cave and rockshelter settings, where deposits are often discontinuous. Yet, there 

have been few geoarchaeological investigations in such settings in tropical semi-arid 

regions and in Australia in general. Consequently the dynamics of site formation 

processes and their implications for the integrity of the archaeological record are still 

poorly understood. This thesis aims to rectify this by presenting the geoarchaeological 

analysis of five Pleistocene and Holocene archaeo-stratigraphic sequences from 

sheltered sites located in the Devonian ranges of the southern Kimberley region: Riwi, 

Carpenters Gap 1, Carpenters Gap 3, Djuru and Mount Behn. Located in the adjoining 

Gooniyandi and Bunuba traditional lands, some of the sites have occupation dated back 

to the early colonization of Australia about 49–45 ka (cal. BP). The relatively similar 

cultural, geological and climate setting of the area investigated provides an opportunity 

to explore and assess the long-term archaeo-stratigraphic record of the region, and, in a 

larger perspective, people’s responses to regional environmental change. 

The deposits were examined using micromorphology as the main analytical method as 

this technique allows the detailed characterization of sediment components and 

organization and helps disentangling natural and anthropogenic factors responsible for 

sediment inputs (or removal). This provided a comprehensive depositional history for 

each site and demonstrated that sedimentary dynamics vary mainly depending on the 

shelter’s lithological setting, its position in the landscape, its morphology, human 

occupation intensity, local and regional climatic variations, with each site presenting 

unique accumulation/erosion equilibrium. The geoarchaeological approach allowed a 

detailed exploration of the concepts of discontinuities in archaeo-stratigraphic 

sequences (unconformities, paraconformities, disconformities) and the impact these 

have on the integrity of the archaeological record (missing records, time-averaged 

sequences or palimpsests) for the five sites investigated. A re-appraisal of other 

archaeological sites from north-west Australia archaeo-stratigraphic sequences stresses 

the importance of taking into consideration site formation processes biases in 

Australian long-term human occupation models. 
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The study demonstrates that palaeoenvironmental data can be extracted from cave and 

rockshelter sequences under tropical semi-arid climate. The results reveal that 

aridification spread from the arid interior to the north, starting with the Riwi sequence 

that shows a shift towards much drier conditions around 45 ka, as indicated by 

dominant aeolian inputs in the cave from that time. The Pleistocene sequences all 

indicate a non-linear climate deterioration, with short more humid episodes identified 

late into the glacial period. Where layers dated to the Last Glacial Maximum (22–18 ka) 

are preserved, a slower sedimentation rate is observed, partly related to drier 

conditions at that time. Deglacial and early Holocene records (18–8 ka) indicate return 

to greater precipitation. Mid-late Holocene palaeoenvironmental signals, however, are 

more difficult to detect because they are overprinted by the generally higher 

anthropogenic signal present in these levels or records are missing due to erosion. The 

palaeoenvironmental changes detected in the five sequences provide a record in direct 

association with the archaeological datasets, which allows reflection on human-climate 

interactions. The results show that occupation seems to persevere regardless of glacial 

climate deterioration, which reinforce the suggestion of the Kimberley region being a 

refuge. 

The micromorphology analysis provides high-resolution insights into human activities 

within the shelters by characterizing cultural material composition (botanical or animal 

parts brought into the sites for consumption or combustion, lithic artefact, rock art 

painting spalls) and assessing its state of preservation and stratigraphic integrity in 

function of site-specific post-depositional processes (animal bioturbation, chemical 

alteration). A close examination of features related to combustion allowed identifying a 

variety of human practices and making the distinction between different functions of 

hearths, in situ-burning for clearing and rake-out. 

Overall, the study demonstrates the potential of the southern Kimberley sequences to 

inform palaeoenvironmental changes and to comprehend anthropogenic markers 

better. However, much remains to be explored to achieve a better comprehension of 

site formation processes in tropical semi-arid areas, develop a more precise picture of 

climate changes in north-west Australia and how people responded to them. As 

palaeoenvironmental and archaeological datasets increase with time, our gaps in 

knowledge will diminish. 
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CHAPTER 1.  

RESEARCH QUESTION INTRODUCTION, THESIS 
SCOPE AND OBJECTIVES 

This opening chapter introduces the research question as well as the thesis scope and 

objectives. The first section shows how the research question fits into the current 

questions and development of Australian archaeology. The second and third sections 

present the temporal and geographical scopes of the study and provide an overview of 

the state of knowledge for the study area before the research was undertaken. The two 

remaining sections outline the research objectives and introduce the structure of the 

thesis. 

1.1 INTRODUCTION: A STORY OF HUMAN-CLIMATE 
INTERACTION 

The Pleistocene continent of Sahul was first settled by people who arrived by watercraft 

from Wallacea most probably about 50,000 years ago (Balme 2013; Kealy et al. 2015). 

Rapid dispersal across the continent is indicated by an overall distribution of Pleistocene 

sites older than 40 ka cal. BP across the Sahul landmass (Allen and O'Connell 2014; 

Balme 2013; O'Connell and Allen 2015, see also Figure 1-1). The rapid dispersal across 

the variety of environments composing the Pleistocene landmass of Sahul at that time 

demonstrates that the colonisers were economically, technologically and socially very 

flexible (Balme and O’Connor 2014; Balme et al. 2009; Hiscock and Wallis 2005). The 

Kimberley region contains some of the oldest sites of north-west Australia (Balme 

2013), as attested by some of the oldest archaeological sequences found in Australia 

dated to c. 45,000 cal. years BP: Riwi (Balme 2000; Wood et al. 2016) and Carpenter's 

Gap 1 (Fifield et al. 2001; Hiscock et al. 2016; O'Connor 1995; Vannieuwenhuyse et al. in 

press; Wallis 2001, see the site locations in Figure 1-1). Although the Kimberley region 

today lies under a tropical monsoon climate (Pepper and Keogh 2014; Waples 2007, see 

also modern climate zones in Figure 1-1), the southern part of the Kimberley has been 

an area of fluctuating transition between the tropical zone and the more arid centre of 
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Australia. The Kimberley region is an area of particular interest to explore long-term 

changes in human-climate interaction because of its climate-sensitive geographical 

location and the antiquity of its human occupation. The relationship between human 

history and environmental forcing is an important research theme in Australian 

archaeology that has been investigated from a regional to continental scale by many 

scholars (Hiscock and Kershaw 1992; Holdaway et al. 2010; Lourandos and David 1998; 

Morwood and Hobbs 1995; O'Connor and Veth 2006; O'Connor et al. 1999; Smith 

2013a; Smith et al. 2008; Veth 1989; Williams et al. 2010; Williams et al. 2015c). This 

approach explains the changes observed in the material culture and symbolic 

expressions mainly through social-environmental changes. In order to identify the 

influence of environment on past human behaviour, the archaeological data are usually 

connected to a climate framework and then positive or negative correlations are 

outlined. 

 
Figure 1-1. Map of modern Australia in relation to Last Glacial Sahul, Wallacea and 

Sunda areas showing suggested colonisation routes and the location of archaeological 

sites with antiquity greater than 40 ka. The Kimberley region encompasses two of the 

oldest sites in Australia and today covers an area extending over the tropical, semi-arid 

and northern edge of the arid modern climate zones (map based on figures in Balme 

2013; O'Connell and Allen 2015; Williams et al. 2015c). 
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The major climate shift since humans colonized Australia is the Last Glacial period dated 

to 30-18 ka (Reeves et al. 2013a; 2013b; Turney et al. 2006; Williams et al. 2009, note 

that most ages given in the thesis are calibrated ages 'cal. BP', but only 'ka' is mentioned 

in the text). This climate change had several effects on the Australian landscape 

stretching over several millennia, the main effect being the changes in Australian 

coastlines. The sea level dropped to 120 m below the present-day level at the onset of 

the Last Glacial Maximum ('LGM', between 22-18 ka, see also grey contours in Figure 

1-1) and then rose during the terminal Pleistocene (deglacial) until the mid-Holocene (6 

ka), when sea level slowly stabilized at current levels (Ishiwa et al. 2015; Lambeck et al. 

2014; Lessa and Masselink 2006; Lewis et al. 2013; Reeves et al. 2013b). The ecological 

changes have necessarily influenced human dispersal across the Australian landmass 

over the last 50,000 years, by creating new areas to colonize, then reducing them, but 

also by making the environment less hospitable in some areas (Lampert and Hughes 

1974; Williams et al. 2015c), especially in the more arid centre, that extended into the 

modern semi-arid zone at the onset of aridity (Fitzsimmons et al. 2013; Hesse et al. 

2004; Kershaw et al. 2003a).  

Several socio-environmental archaeological models have suggested that the 

establishment of more arid conditions may explain the sparse evidence for occupation 

in sites from the arid zones and its margins throughout the Pleistocene, in particular 

during the LGM, as it would have been a more challenging environment to live in and, 

as a consequence, a reduced population retracted to ecological refugia (McConnell and 

O'Connor 1997; O'Connor and Veth 2006; O'Connor et al. 1999; Przywolnik 2005; Smith 

2013a; Veth 1989, 1995; Veth et al. 2005; Williams et al. 2015c). It has also been 

suggested that sea level transgression during the deglacial time may have led to 

territorial restriction and higher demographic pressure (David and Lourandos 1998; 

Lourandos and David 1998; Moore 2013; Mulvaney 2013; Smith 1992), and that a brief 

mid-Holocene arid period could explain the Holocene 'proliferation' attested to by the 

emergence of innovative technologies and rock art style regionalisation observed in 

northern Australia around 5 ka (Attenbrow et al. 2009; Haberle and David 2004; Hiscock 

1994; Mulvaney 2013; Rowland 1999; Ulm 2013; Veitch 1996; Williams et al. 2010; 

Williams et al. 2015b). While environmental determinism is one of the many 

approaches that have been adopted by archaeologists to build large-scale theories on 

long-term socio-demographical changes in Australia, how they have inferred these 
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interpretations from the archaeological record can be debated. For example, the 

parallel to environmental forcing is often only made through comparison with long-

distance regional palaeoenvironmental reconstruction, based on different proxies from 

marine, coastal or terrestrial contexts. While socio-economic changes are generally 

inferred from the changes observed within the archaeological cultural material record 

(Hiscock 2006; Hiscock and O'Connor 2006), the underlying causes of variation within 

the archaeological record itself remain an under-evaluated question in Australian 

archaeology, for example, the role that depositional and post-depositional processes 

can play in affecting the preservation and spatial distribution of artefacts (Bird 1992; 

Fanning et al. 2009; Holdaway and Fanning 2010; Holdaway et al. 2010; Langley et al. 

2011; Maloney et al. 2014; Rowland and Ulm 2012; Smith 2012; Ward and Larcombe 

2003). However, investigating these changes is necessary to assess the integrity of the 

archaeological record. Caves and rockshelters are an interesting deposit storage 

environment in which to explore the processes of formation and evolution of the 

archeological record through time because they document both palaeoenvironmental 

and human presence changes. Indeed, caves and rockshelters have been very attractive 

to people, providing shelter from the elements, but at the same time they are very 

sensitive to climate shifts occurring in their local and regional environments (Courty 

1989; de Lumley 1965b; Farrand 2001; Goldberg and MacPhail 2005c; Karkanas and 

Goldberg 2013; Lhomme 1972; Morley 2007; Woodward and Goldberg 2001). For this 

reason, they constitute an exceptional context in which to investigate natural and 

anthropogenic depositional and post-depositional processes and how each factor can 

affect the formation of the archaeo-stratigraphic sequence. Geoarchaeological 

investigation of archaeo-stratigraphic sequences can provide a local 

palaeoenvironmental record in direct relation to the archaeological evidence and 

explain the degree of integrity of the sequence. This thesis explores the long-term 

human-climate interactions in north-west Australia using a microscale 

geoarchaeological approach that will allow deciphering site formation processes and 

discontinuities in archaeo-stratigraphic sequences from caves and rockshelters in the 

southern Kimberley. 
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1.2 SEEKING A BETTER UNDERSTANDING OF A 
REGIONAL ISSUE: DISCONTINUITIES IN NORTH-WEST 
AUSTRALIAN ARCHAEOLOGICAL SITES 

The research presented in this thesis principally arises from the debate on how 

researchers have interpreted archaeo-stratigraphic sequences from north-west 

Australia regarding long-term regional occupation patterns. The early regional 

syntheses on north-west Australian archaeology had interpreted the lack of, or reduced 

evidence of occupation and sedimentation observed in some sites, particularly around 

the time of the LGM, as a process involving regional abandonment and retraction of 

population to ecological refugees such as coastal areas or well-watered gorges 

(O'Connor and Veth 1993, 1996; O'Connor et al. 1993; Veth 1989, 1995). Typically, most 

sites in the region present discontinuities in their sequence, whether stratigraphic, 

chronological, cultural or a combination. While discontinuities are generally pointed out 

in archaeological investigations, their nature and origin have remained poorly explored 

by archaeologists (Campy and Chaline 1993; Mlekuž et al. 2008). While some authors 

suggest that most of the discontinuities observed in north-west Australia were probably 

caused by natural factors (Dortch and Smith 2001; Smith and Sharp 1993), others have 

preferred to see the anthropogenic factor as the primary explanation and have 

interpreted the discontinuities predominantly as absence or reduced human occupation 

(O'Connor and Veth 2006; O'Connor et al. 1999). Both explanations have been 

essentially intuitive as no, or only rare, detailed geoarchaeological investigations have 

been undertaken on the archaeological sequences discussed therefore there is a 

general lack of understanding about site formation processes in the region. In more 

recent syntheses (Hiscock and Wallis 2005; O'Connor and Veth 2006; Przywolnik 2005; 

Smith 2013a; Smith et al. 2008; Williams et al. 2013; 2015c), most authors have 

acknowledged the variation observed between sites and the complexity of taphonomic 

factors involved. They have stressed the need to 're-examine key sites to determine 

why this pattern occurs' (O'Connor and Veth 2006:44) and agreed that a more site to 

site approach is necessary.  

One of the problems of identifying regional patterns is that dates available for 

archaeological sequences were often scarce or inconsistent, which only allowed a 

limited discussion on regional patterning. Several programs of re-investigation of 

previously excavated archaeological sites have been carried out in the last two decades 
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to complete chronologies and resolve past uncertainties. More robust chronologies are 

indeed necessary to refine the timing of regional cultural changes and discuss the 

matter of the discontinuities timing, especially to understand whether they are strictly 

related to phenomenon occurring during the LGM, as suggested by most authors, or 

later during the mid-Holocene, as suggested by Smith and Sharp (1993:55). To start 

understanding the nature, causes and timing of the discontinuities phenomenon, an 

overview of the data and interpretation of long-term occupation from sheltered sites in 

north-west Australia including the Kimberley, Top End, coastal areas (Carnarvon and 

Pilbara), inland Pilbara and Central desert regions is presented in the following section. 

1.3 A REVIEW OF LONG-TERM ARCHAEOLOGICAL 
CHRONOLOGIES FROM NORTH-WEST AUSTRALIA  

The first step in examining the discontinuity issue in north-west Australia was to review 

the chronologies from rockshelter and cave archaeo-stratigraphic sequences from the 

region (46 sites, listed in Figure 1-2, see also Appendices B-1 and B-2 for detailed data 

and references). The timeframe chosen for this review covers sites with first occupation 

from at least the early Holocene, so that evidence can be reviewed for the complete 

time of the Last Glacial and deglacial periods’ impact. 

Some issues can be rapidly identified from the dataset and the projection of the dates 

(Figure 1-2). The first is that the number of dates available by sites is highly variable, 

from a minimum of 2-4 dates (Drysdale III, Jimeri, Ngarradj Warde Djobkeng, 

Nawamoyn, Yardie Well, Hayne’s, Kariyarra, Kunpaja, Mesa J24, Juunkan 1 and 2, Milly’s 

Cave, Yandi, Marillana A, Orebody XXIX, Serpent’s Glen) to more than 20 dates, 

sometimes obtained from different dating techniques (Carpenter's Gap 1, Jinmium, 

Narwala Gabarnmang, Puritjarra). In general, recently excavated archaeological sites 

have a larger number of dates available, resulting from larger budgets associated with 

bigger research programs and decreasing costs in dating. While the paucity of dates 

available is mostly the result of poor sampling rather than poor preservation, it is 

generally difficult to assess the timing and nature of discontinuities in sites with low-

resolution chronology. In sites with a better dating coverage, chronological gaps are 

more than just a sampling artefact effect, and generally reflect a real absence of datable 

material and point to diverse archaeo-chrono-stratigraphic discontinuities. 
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Figure 1-2. Chronologies and location of long-term occupation of caves and 

rockshelters in north-west Australia. The figure shows in light grey the temporal extent of 

discontinuities reported for some sites in the literature. See Appendices B-1 and B-2 for 

data, calibration and references used to create the figure (CAD by D. 

Vannieuwenhuyse, 2016). 
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On the other hand, some dates precede the timing of first occupation and are only 

related to the sedimentary sequence filling history (for example, the luminescence 

dates sampled in archaeological sterile layers at the base of the sequences of 

Madjedbebe, Nauwalabila 1 and Puritjarra, see Figure 1-2). 

Despite the issues related to the available chronological dataset, chronological 

discontinuities are generally the easiest discontinuities to throw light on, as 

demonstrated by several time-series analyses built for the Australian continent 

(Johnson and Brook 2011; Smith et al. 2008; Williams 2013; Williams et al. 2010; 

Williams et al. 2013; Williams et al. 2015c). Summed radiocarbon probability density 

functions give a very interesting global perspective on the archaeological record over 

the long-term and can be useful in identifying gaps in the datasets (Wood 2015) or 

pointing to probable geomorphological discontinuities (Chiverrell et al. 2011). However, 

this technique has some acknowledged limitations (Williams and Ulm 2016), mainly 

because it fails to consider important factors influencing the formation of the 

archaeological record such as its degree of integrity and representativeness of human 

occupation (changes in anthropogenic behaviours), depositional and post-depositional 

processes (geomorphological, anthropogenic, taphonomical), and sampling bias or 

dating uncertainties (Attenbrow and Hiscock 2015; Brown 2015; Contreras and 

Meadows 2014; Wood 2015). While acknowledging the usefulness of such an approach 

to identify gaps in the archaeological continental and regional dataset, the argument 

presented in this thesis is that only a site-to-site approach considers the entire range of 

factors influencing the archaeo-chrono-stratigraphic history of an archaeological site, 

and that large regional scale comparisons tend to smooth the complexity of the 

archaeological record. 

Acknowledging that the dataset available for some sites is fragmentary, it is still possible 

to make some general comments on the antiquity of human occupation in north-west 

Australia and to discuss the timing of discontinuities observed for each site, based on 

the interpretation given by archaeologists in the literature. The first observation is that 

there is variation in temporal coverage between archaeo-stratigraphic sequences 

(Figure 1-2). Only two sites have a sequence older than 50,000 years: Madjedbebe and 

Nauwalabila 1, with the first evidence of occupation suggested to occur respectively at 

levels dated around 50,000 years cal. BP (Clarkson et al. 2015) and beyond 53,000 cal. 
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BP (Bird et al. 2002; Roberts et al. 1994b). However, the antiquity of Nauwalabila 1 

remains controversial as it falls 'beyond the known general range of ages from other sites in 

northern Australia' (Allen and O'Connell 2014:94, O'Connell and Allen 2015). Greater 

reliability is found for sites with antiquity younger than 50,000 cal. BP. Four sites have 

first occupation dated just before 45,000 cal. BP: Riwi (Balme 2000; Wood et al. 2016), 

Carpenter's Gap 1 (Fifield et al. 2001; Hiscock et al. 2016; O'Connor 1995), Narwala 

Gabarnmang (David et al. 2011), and Yurlu Kankala (Morse et al. 2014). Riwi is currently 

the oldest occupation securely dated in north-west Australia with charcoal coming from 

an anthropogenic thermal feature dated at 45,000 years cal. BP (O'Connell and Allen 

2015:74). The fact that long-term sedimentary sequences are rare indicates that caves 

and rockshelters in the region are a relatively young environment of deposition on the 

geological scale but also that they are not the best environment likely to preserve long-

term sedimentary records. 

The presence of discontinuities is common but not systematic; of 46 sites scrutinized, 

16 have no discontinuity reported (Figure 1-2). Of the sites with discontinuities, start, 

end and duration of discontinuities are variable between sites. Three sites have 

temporal discontinuities starting around 34,000 cal. BP during the pre-Glacial period 

(Riwi, Narwala Gabarnmang and Jansz), 11 during the Glacial period (Koolan 2, 

Nauwalabila, Mandu Mandu, Jansz, C99, Boodie, Noala, Kariyarra, Djadjiling, Serpents 

Glen, Kulpi Mara), four around the LGM (Widgingarri, Carpenter's Gap 3, Nawamoyn, 

Madjedbebe) and two during the deglacial (Malangangerr, Milly’s Cave). Ten sites have 

discontinuities starting before or during the LGM and extending onto at least the 

deglacial/Holocene transition or later, pointing to archaeological silences spanning at 

least a period of 10,000 years (Koolan Shelter 2, Widgingarri, Drysdale III, Riwi, 

Nawamoyn, Mandu Mandu, Jansz, C99, Noala, Serpents Glen). Ten sites 

(Breemangurey, Carpenter's Gap 1, Miriwun, Jimeri I, Pilgonaman Creek, Boodie, 

Hayne’s, Noala, Yurlu Kankala, Kulpi Mara), have discontinuities starting around the 

Pleistocene/Holocene transition or during early Holocene that extend onto the late 

Holocene period. A third of the sites also show a change in sedimentation type during 

the Holocene, with Holocene layers containing a higher proportion of anthropogenic 

inputs, either as shell midden material in coastal and mangrove areas, or combustion 

feature residues in inland sites (Figure 1-2), which indicates a change in site use and/or 

more intense occupation. 
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While providing an overview of continuity and discontinuity in chronologies from north-

west Australia and pointing to the variation in timing of the phenomenon, Figure 1-2 

only offers a limited insight into the complexity of the discontinuity issue. Indeed, the 

nature of discontinuities observed in archaeological sequences from north-west 

Australia is variable and has been interpreted in various ways. In many sites, Pleistocene 

stratigraphic units are immediately overlain by mid- to late Holocene units (O'Connor et 

al. 1999:61), indicating low, non-existent sediment accumulation over long periods of 

time or erosion. Koolan 2, Widgingarri (O'Connor 1999a), Brremangurey (Koppel et al. 

2016, in press), Carpenter’s Gap 1 (McConnell and O'Connor 1997; Wallis 2001), Riwi 

(Balme 2000), Miriwun (Dortch and Roberts 1996), Jansz, C99 (Przywolnik 2005), 

Nawamoyn (Jones 1985), Malangangerr (Roberts and Jones 1994; Roberts et al. 1990), 

Pilgonaman Creek, Mandu Mandu Creek, C99 (Morse 1993a), Kariyarra, Yurlu Kankala 

(Morse et al. 2014), Milly's Cave (Marwick 2002) and Kulpi Mara (Thorley et al. 2011) all 

present chrono-stratigraphic discontinuities. Some sites display a lower artefact discard 

rate (O'Connor et al. 1998) for a variable length of time, for example Carpenter's Gap 1 

and Carpenter's Gap 3, a fact that is interpreted as a sign of reduced population density 

(O'Connor 1995; O'Connor and Veth 2006; O'Connor et al. 1998). Other sites, such as 

Manganese Gorge 2 (Veth 1995) and Serpents Glen (O'Connor et al. 1998), completely 

lack cultural material in some layers and are interpreted as cultural hiatuses or 

abandonment. 

This literature overview indicates that, while there is a widespread record of either 

occupational and/or depositional discontinuities in long-term sequences from north-

west Australia, their variation in timing and in nature indicate complex site formation 

histories associated with each site. This is not surprising, knowing that the 

discontinuous nature of cave and rockshelter deposits usually result from a complex 

combination of natural and anthropogenic factors, very often independent in timing 

(Campy and Chaline 1993; Farrand 1993, 2001; Mallol et al. 2012). However, these 

observations bring into question the validity of large-scale regional interpretations that 

see discontinuities as evidence for socio-demographic changes linked to climatic stress. 

While identifying the issue, these regional scale interpretations tend to smooth the 

complexity of the phenomenon over time and over different geographical entities. This 

encourages a re-exploration of all lines of evidence starting at the site scale, by 
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investigating the variation in local depositional and occupational history, before drawing 

conclusions at a larger intrasite or regional scale.  

Another issue is that many site interpretations have suffered from a lack of 

geoarchaeological assessment. Several Australian researchers have raised this issue in 

the last decade by identifying the need for a better consideration and comprehension 

of stratigraphic context and taphonomical issues in Australian archaeological studies to 

explain site formation processes and to argue for the integrity of the sequence (Hiscock 

and Wallis 2005; Langley et al. 2011; O'Connor and Veth 2006; Smith 2012). As more 

and more archaeological data emerged in north-west Australia, exploring the 

discontinuity issue has become essential in Australian archaeological research. A 

complete re-appraisal of the interpretation of discontinuities reported in archaeological 

sites from north-west Australia would be necessary to have a better comprehension of 

the timing and nature of the discontinuities phenomenon and be able to discuss how it 

is possible to interpret it. To achieve that, it is first necessary to review how to 

recognize, describe and define interfaces and discontinuities in archaeological 

sequences and catalogue all the processes creating different types of discontinuities. 

The next step is to gain a better understanding of site formation processes and the 

completeness of the archaeological record as well as refine the timing of the processes 

creating discontinuities at a local scale. To do that, several archaeo-stratigraphic 

sequences from sheltered sites from the southern Kimberley were analysed using a 

geoarchaeological approach. Micromorphology was chosen as the main technique of 

investigation, as it is one of the best tools to assess the integrity of an archaeo-

stratigraphic sequence, disentangle anthropogenic from natural accumulation 

processes and recognize discrete palaeoenvironmental signatures hidden within the 

sediment (Farrand 2001; Goldberg and Sherwood 2006; Karkanas and Goldberg 2013; 

Woodward and Goldberg 2001). A re-appraisal of the regional dataset is offered at the 

end of the thesis, with special attention given to linking chronological data, stratigraphic 

context and archaeological evidence in order to assess the type, origin and timing of 

discontinuity encountered in each site. Only then, can an attempt at re-interpreting the 

evidence in term of how people possibly responded to climate changes over the 

Pleistocene and Holocene timing at a larger scale be made. 
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1.4 RESEARCH PROJECT AND OBJECTIVES 

Between 2011 and 2015, the 'Lifeways of First Australians' project, led by Jane Balme 

(UWA) and Sue O’Connor (ANU), investigated the southern Kimberley to examine 

questions of behaviours associated with the first colonisation of Sahul, taking advantage 

of the exceptional preservation and antiquity of sites in the region. The project involved 

re-assessment of some previously excavated archaeological sites as well as excavation 

of new sites in the area. To interpret changes and continuity in the archaeological 

record over time, the project was particularly concerned with providing a fine resolution 

chronology and a good understanding of site formation processes of the archaeological 

sequences investigated. This thesis details the geoarchaeological investigation 

undertaken to contribute to this aspect of the project.  

The geoarchaeological investigation had several objectives: 

(1) Better understand the site formation processes in caves and rockshelters 

located in this semi-arid tropical area, 

(2)  Assess the integrity of the archaeo-stratigraphic records from southern 

Kimberley archaeological sites, 

(3) Propose a terminology and some explanations for the processes creating 

discontinuities in archaeo-stratigraphic sequences, 

(4) Test the various interpretations linking discontinuities to palaeoenvironmental 

and/or anthropogenic factors, 

(5) Test the validity of archaeological interpretations regarding absence/presence of 

human occupation over the long-term in relation to climate changes, taking into 

account the site formation assessment. 

The research strategy adopted to achieve these goals was to provide a high scale 

geoarchaeological evaluation of five Pleistocene and Holocene cave and rockshelter 

archaeo-stratigraphic sequences from the southern Kimberley Devonian range area, 

using micromorphology as the main technique of investigation. This technique has 

proved to be very helpful in disentangling anthropogenic signatures and 

palaeoenvironmental signals in archaeo-stratigraphic sequences and for documenting 

depositional breaks and interfaces (Goldberg and Sherwood 2006; Karkanas and 

Goldberg 2013; Mallol and Mentzer 2015). The motivation behind this research is the 
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benefit that a geoarchaeological analysis could provide to the study and interpretation 

of the archaeological record of these Kimberley sites. Indeed, gaining a better 

understanding of the depositional history and site formation processes, as well as 

assessing how and to what extent these processes have affected the archaeological 

record are necessary to achieve the best interpretation of a site. The larger theoretical 

implication of this thesis principally lies in what it can bring to the debate about the 

complexity of human responses to environmental changes in regional north-west 

Australia. It is hoped that the results of this thesis will guide future appraisal and 

interpretation of archaeo-stratigraphic sequences in Australia and advocate for more 

micromorphological analyses to be undertaken in Australia, as this study is the first of 

its kind done in the Kimberley, and one of very few available across Australia.  

1.5 LAYOUT OF THE THESIS 

The thesis is organised as follows: 

Chapter 2 contextualises the research by outlining the present and past geophysical, 

environmental and anthropological context of the Kimberley region and study area. 

Supplementary local contextual information is also presented at the beginning of each 

site analysis.  

Chapter 3 presents the background information necessary to understand the 

geoarchaeological approach of caves and rockshelters deposits and justifies the 

methodology and choice of techniques employed to investigate the archaeo-

stratigraphic sequences of the southern Kimberley region. The main processes driving 

site formation are presented and a terminology for discontinuities in archaeological 

sites is proposed. The current state of geoarchaeological research in Australia is 

presented as well as the challenges associated with the practice in this country.  

The geoarchaeological investigation is presented in Chapters 4 to 9, with Chapter 4 

detailing the fieldwork and analytical methods used, and Chapters 5 to 9 presenting the 

data and interpretation of the geoarchaeological analyses of Riwi, Carpenter's Gap 1, 

Carpenter's Gap 3, Djuru and Mount Behn respectively. The sites are presented 

following their more or less greater antiquity, as first occupation in the sites span the 

Pleistocene to mid-Holocene. 
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Chapter 10 brings the results from the five sites together and synthesizes the local key 

findings about site formation processes and discontinuities in cave and rockshelter 

sequences from the southern Kimberley. An evaluation is offered on the extent cave 

and rockshelter deposits in the area are informative on past climate changes and 

human presence once their degree of integrity has been evaluated. This chapter also 

proposes an interpretation of the local sequences in terms of human-environment 

interaction over time.  

Based on the understanding gained through the geoarchaeological investigation of 

sequences in the southern Kimberley, key findings on discontinuities are used to 

present a re-appraisal of archaeo-stratigraphic sequences across north-west Australia in 

Chapter 11. This chapter discusses the possible implications the presence of 

discontinuities has on the interpretation of long-term occupation patterns in north-west 

Australia. 

The concluding Chapter 12 assesses the contribution of this project to documenting 

human-climate interaction and the discontinuities issues, and lays out an agenda for 

future geoarchaeological research in Australia. 
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CHAPTER 2.  

CONTEXTUALISING THE STUDY AREA: 
PRESENT AND PAST PHYSICAL AND  
CULTURAL LANDSCAPES 

 

 

I love a sunburnt country, 

  A land of sweeping plains, 

Of ragged mountain ranges, 

Of droughts and flooding rains. 

 

 

 

 

The sites investigated for this thesis are located in the Kimberley region of Western 

Australia. It is essential to understand the different processes that shaped the 

uniqueness of this region to achieve the best geoarchaeological approach of the sites, 

as much of site formation processes are closely related to factors such as geology, past 

and present climates, geomorphology and human occupation. Hence, the purpose of 

this chapter is to explain the physical and cultural landscapes of the study area by 

providing an overview of its past and present characteristics. The first section presents 

an overview of the physical landscapes of the Kimberley including geology, geography, 

drainage and land systems and vegetation. The second section details the present 

climate and past environment of the Kimberley by including it in the wider climate and 

landscape dynamics of north-west Australia. The last section introduces the Indigenous 

cultural heritage of the Kimberley, including present Aboriginal communities and long-

term archaeological evidence. 
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2.1 PHYSICAL LANDSCAPES 

The Kimberley is an administrative, physiographic and cultural place whose boundaries 

vary depending on the approach taken (Pepper and Keogh 2014). This first section 

provides information about the natural geoheritage of the Kimberley. 

2.1.1 Present geography  

The Kimberley administrative land division is located in the far northern part of Western 

Australia and covers an area of nearly 420,000 square kilometres (ABS, 2015). However, 

the physiographic frontiers of the Kimberley region are more porous than the 

administrative ones and the region is generally considered to be constrained between 

the Great Sandy and Tanami Deserts to the south and east and the 12,000 km-long 

coastline with the Indian Ocean and Timor Sea to the north-west (Figure 2-1). There are 

few sealed roads and some parts of the Kimberley remain remote and difficult to 

access. The five sites investigated are located in the south western part of the 

Kimberley, an area under Fitzroy Crossing council administration. Their location is 

represented by black squares in most maps in this chapter (e.g. Figure 2-1). 

  
Figure 2-1. Kimberley administrative boundaries (main roads and towns) and 

physiographic regions (metadata sourced from Geosciences Australia 2002 based on 

Jennings and Mabbutt 1977 and Pain et al. 2011). The locations of the sites investigated 

are given by black squares (1: Djuru and Carpenter's Gap 3, 2: Carpenter's Gap 1, 3: 

Mount Behn and 4: Riwi). 
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2.1.2 Geology and modern topography 

The present Kimberley physical landscape is shaped by the complex geology of the area. 

The geological structure of the Kimberley can be divided in three main features: to the 

north and comprising most of the Kimberley; the Kimberley Basin (or block) surrounded 

to the south-west and south-east by the King Leopold and Halls Creek orogenic belts, 

themselves bordered by the Canning and Ord Basins to the south-west and east 

respectively (Figure 2-2). The plate collision between the Kimberley Craton and the 

north-west margin of the North Australian Craton initiated the formation of the 

orogenic belt and the creation of the Kimberley Basin circa 1910–1805 Ma 

(Paleoproterozoic period). The Kimberley Basin comprises siliciclastic sedimentary rocks, 

mafic volcanic rocks and intrusive dolorite (1835–1790 Ma, Paleoproterozoic and 

Proterozoic periods). The orogenic belt basal geology referred to as the Lamboo 

Province is composed of gabbro, granite, volcanic and metamorphic rocks resulting 

from intense tectonic activity (deformation and faulting) during successive episodes of 

orogenesis, in particular the Halls Creek Orogeny c. 1835–1805 Ma and the King 

Leopold Orogeny c. 560 Ma (Paleoproterozoic and Proterozoic periods, Tyler et al. 2012 

and references therein).  

 
Figure 2-2. Kimberley region basal geology (modified from Martin et al. 2015). 
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The Canning sedimentary basin formed later during the Phanerozoic period and 

contains Paleozoic Ordovician to Cretaceaous-age sediments (485 to 65 Ma, Brown et 

al. 1984), including Middle and Late Devonian reef complexes that formed on its 

northern margin between 390 and 360 Ma. The Devonian Reef complexes sequence is 

composed of late Givetian and Frasnian facies deposited under basin transgression 

conditions from 387 to 372 Ma and predominantly composed of coral and microbiotic 

calcitic sediments and of Famennian sediments deposited under prograding conditions 

from 372 to 357 Ma, characterised by high energy deposited coarser-grained 

sedimentary facies. Geological facies are subdivided according to their location along 

the basin margins: platform, marginal slope and basin (Playford et al. 2009, see also 

Figure 2-3).  

 
Figure 2-3. Simplified geological map of the Devonian reef complexes showing location 

of sites investigated in red (modified from Playford et al. 2009:5). 

 

Subsequent burial, uplift and erosion processes during the following geological periods 

have engendered the modern Kimberley topography: hilly and low altitude 

mountainous ranges (elevation between 200 and 1000 m, Figure 2-4) are found in the 

central part, with a dissected Kimberley Plateau bordered to the south by the King 

Leopold Range and to the west by the Durack Range, themselves remnants of the King 

Leopold and Halls Creek Orogenic belts (Figure 2-1 and Figure 2-2). The Devonian reef 

complexes also remain in the modern landscape and form a belt of rugged limestone
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Figure 2-4. Kimberley topographical map with drainage basins (metadata sourced from 

Geosciences Australia 2003 and ANZLIC 2007). 

 

ranges, some 350 km long and 50 km wide that marks the transition to the south with 

the Fitzroy Trough, a relatively flat area covered with Quaternary alluvial and aeolian 

deposits (Playford et al. 2009, Figure 2-3). Elevation range is below 200 m in this part of 

the Kimberley but also for coastal areas (Figure 2-4). 

The sites investigated for the present study and the 'Lifeways of First Australians' 

archaeological project are all located in the Devonian reef system ranges (Figure 2-3). 

However, each site is found in a slightly different geological subfacies that will be 

described in more detail at the beginning of each site’s geoarchaeological analysis. The 

Devonian ranges have a special geo- and cultural significance in the southern Kimberley 

region (Australian Heritage Council 2011). Intense karstic processes and erosion have 

led to the formation of extensive cave systems and corridors through the limestone 

ranges and created scenic places such as Geikie and Windjana Gorges, Tunnel Creek and 

extensive cave systems like Mimbi Caves (Playford et al. 2009, Figure 2-3). Most of 

these places not only hold inestimable geoheritage and beauty, but also a deep time 

human history. Indeed, archaeological evidence of ancient human occupation is present 

in most caves and rockshelters (see Section 2.3.2).  
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2.1.3 Kimberley land systems 

A variety of landforms and ecosystems is found in the Kimberley (Waples 2007). The 

different system zones are defined according to characteristics such as geology, 

landforms, soils, drainage systems, vegetation cover, animal communities and climate. 

Depending on what group of criteria is observed, different geographical divisions are 

proposed as shown in the different figures of this chapter. According to the 

physiographic division proposed by Jennings and Mabbutt (1977) and Pain et al. (2011), 

the study area corresponds to the Napier Limestone Range division (Figure 2-1). For the 

Interim Biogeographic Regionalisation for Australia (IBRA, version 7, McKenzie and May 

2003; Thackway and Cresswell 1995), the Kimberley encompasses the bioregions of 

Dampierland, Central Kimberley and Northern Kimberley and the western parts of the 

Ord Victoria Plain and Victoria Bonaparte (Figure 2-5). Under this classification, four of 

the sites investigated (Carpenter's Gap 1, Carpenter's Gap 3, Djuru and Mount Behn) 

are located at the fringe between Fitzroy Trough and Mount Eliza IBRA subregions and 

the fifth (Riwi) in the southern Kimberley interzone (Figure 2-5).  

Figure 2-5. Kimberley 

IBRA regions (Version 

7, metadata from 

GDSEWPC, 2012) and 

main vegetation 

types (metadata 

from Department of 

the Environment 

2012). 
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The typical landform in which all archaeological sites are found is the Windjana Land 

System and is defined by karstic rocky hill ranges formed by the dissection of the 

Devonian limestone and sandstone, bordered by low gradient slopes and intersected by 

plains and floodplains developed along the river paths in the lowlands (Payne and 

Schoknecht 2011, see also Figure 2-6). Rivers played, and still play, an important part in 

shaping the Kimberley landforms. Because the Kimberley has such an extremely 

seasonal climate (semi-arid tropical, see Section 2.2.1), the region is annually water-

limited, with only the major rivers, such as the Lennard and Fitzroy Rivers in the study 

area being perennial (refer to Figure 2-4 for drainage basins divisions). However, during 

the summer wet season, valleys are regularly flooded and this has direct implications 

for geomorphological processes and soil formation, notably in the Fitzroy Plains that 

border the study area (Brocx and Semeniuk 2011; CSIRO 2009). While soil development 

on rocky outcrops is limited, deep sequences of red sandy to loamy calcareous soils are 

found in the floodplains. Dark self-mulching clays (also referred to as 'Gilgai formation') 

are also present in some areas, such as close to Windjana Gorge (Payne and Schoknecht 

2011; Tille 2006 see also Figure 2-6 and Table 2-1 for a more complete description of 

the various landforms, associated soils and vegetation found in the study area).  

The vegetation in the study area is dominated by spinifex (Triodia spp.) and tussock 

grasses with some Acacia spp. shrubs and scattered trees typical of eucalypt woodlands 

(Eucalyptus spp., Terminalia spp. and Corymbia spp.). Tall bunch grass savannah of 

Mitchell grass (Astrebla spp.), blue grass (Dichanthium fecundum) and ribbon grass are 

also observed on alluvial plains. Baob trees (Adansonia gregorii) are most generally 

found in the rocky outcrops over hard spinifex (Triodia wiseana) (Payne and Schoknecht 

2011). The vegetation groups surrounding the western and the most southern site 

investigated here (Figure 2-5) are somewhat different, which is mainly a function of 

lesser precipitation to the south and a slightly different outcrop type (Figure 2-7 and 

Figure 2-8). The native vegetation is relatively well preserved but large areas of the 

savannah are used as pasture and some invasive plant species are also present. 

The fauna found in the study area is diverse. The Dampierland, Central Kimberley and 

Ord Victoria Plain IBRA regions as a whole are home to a variety of vertebrate fauna: 

119 species of native mammal, 166 species of reptile, 29 species of amphibian and 586 

bird species (many of them migrators) and 60 species of fish (ABRS 2009).  
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Figure 2-6. Windjana Land System stylised block diagram showing location of land units 

given in Table 2-1 (Payne and Schoknecht 2011:232). 

 

 

 

 

Table 2-1. Major landforms of Windjana Land System (Payne and Schoknecht 2011:233). 

 

 Landforms Soils Vegetation 

1 Rocky hills: bevelled hill and 

plateau crests up to 800 m 

wide with slopes less than 2%; 

cuestas up to 1.6 km wide with 

dip slopes up to 5%; boulder 

covered hill and scarp slopes 

up to 50% with vertical upper 

walls; pitted, fluted outcrop 

surfaces. 

Mainly limestone 

outcrop with limited 

areas of shallow dark 

grey, loamy to clayey 

calcareous soils 

Very open woodlands, 

scattered shrubs and 

Triodia wiseana, 

Corymbia 

dichromophloia and 

Adansonia gregorii 

alliances. 

2 Lower slopes: concave, up to 

5% and less than 800 m long; 

locally with alluvial fans, 

gradients 1 in 20 to 1 in 30; 

pebble-strewn surfaces with 

local outcrop. 

Limestone outcrop with 

shallow dark brown to 

dark grey, loamy to 

clayey calcareous soils. 

Open woodlands, very 

scattered shrubs and 

ground storey of Triodia 

wiseana. C. 

dichromophloia alliances. 

3 Cracking clay plains: up to 

800 m wide, with slopes less 

than 0.5%; hummocky 

surfaces. 

Dark, strongly self-

mulching heavy clays 

with minor gilgai 

formation. 

Mitchell grass and ribbon 

grass-bluegrass 

grasslands with scattered 

trees and shrubs, Astrebla 

spp. and Chrysopogon 

spp., Dichanthium 

fecundum communities. 

4 Channels: up to 30 m wide 

and 3 m deep, gradients 1 in 

100 to 1 in 500 

Channels, bedloads 

range from sand to 

boulders on bedrock. 

Banks, outcrop with local 

areas of shallow 

brownish loamy alluvial 

soils. 

Fringing woodland 

Eucalyptus camaldulensis 

- Terminalia platyphylla 

fringing communities. 



23 

The southern Kimberley supports a relatively high biodiversity and endemicity, with 

more than 44 vertebrate endemic species (5 mammal species, 7 reptile species, 11 bird 

species and 21 fish species, ABRS 2009). Various species of macropods live in the 

Devonian ranges and use rockshelters as diurnal shelters (Telfer and Griffiths 2006). The 

Kimberley is relatively underexplored and the regional biodiversity is likely to be even 

more complex than our current understanding. However, this biodiversity has been 

endangered since European colonization with some species showing a net decline in 

population numbers and in geographic range and some have become extinct, a 

consequence of introduced species such as cattle, donkeys, wild pigs and feral cats 

(Woinarski et al. 2011). 

 
Figure 2-7. Open Eucalyptus woodland and boabs on outcrops in the vicinity of 

Carpenter's Gap 3, western part of the study area (Photograph by D. 

Vannieuwenhuyse, 2012). 

 
Figure 2-8. Spinifex grassland in the vicinity of Riwi, in the southern part of the study area 

(Photograph by D. Vannieuwenhuyse, 2013). 
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2.2 PRESENT AND PAST ENVIRONMENT  

Understanding the present and past regional climatic framework of the study area is 

essential to achieve the best palaeoenvironmental reconstruction possible of the sites 

investigated. To fully understand the dynamics of climate changes in this particular 

area, it is necessary to review a larger geographical area, as the climate of the Kimberley 

region is influenced by continental scale phenomena. For this reason, this section 

presents a review of the present and past climatic dynamics in action in the north-

western quarter of Australia. The modern climate is presented first and then 

palaeoenvironmental evidence from terrestrial and marine proxies is reviewed to give 

an insight into the long-term climatic shifts in north-west Australia.  

2.2.1 Modern climate 

The climate of north-west Australia is influenced principally by the Australian summer 

monsoon, induced by the seasonal migration of the Inter-tropical Convergence Zone 

(ITCZ) south of the Tropics between November and March. Late or early timing of the 

annual onset of the monsoon is associated respectively with El Niño or La Niña 

conditions in the Pacific. Other climatic influences play a role in winds and pressure 

changes that bring cyclones and heavy rain during summer such as the Madden-Julian 

Oscillation (MJO) and the Indian Ocean sea surface temperature (Sturman and Tapper 

2006, Bureau of Meteorology 2015, see Figure 2-9). The modern climate of the 

Kimberley region is dry hot tropical (tropical savannah) for the most part and tropical 

semi-desert (grassland) for the southern part, with the study area being in the southern 

part of the tropical influence zone (Bureau of Meteorology 2015, see Figure 2-10). The 

study area experiences high monthly average temperatures year round (between 30 

and 40°C) with most of the precipitation (approximately 90% of 600 mm/year) falling 

during the wet season between November and March (Bureau of Meteorology 2015, 

see Figure 2-10 and Figure 2-11). Following the traditional calendar of the southern 

Kimberley Gooniyandi community, the year is divided in four seasons: Barranga (very 

hot weather time), Yidirla (wet season time when the river runs), Ngamari (female cold 

weather time), Girlinggoowa (male cold weather time) (Davis et al. 2013, attached in 

Appendix C). 
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Figure 2-9. Climate patterns of north Australia (map from Bureau of Meteorology 2010). 

 
Figure 2-10. Kimberley climate zones and spatial distribution of average rainfall during 

the wet season (October to April) and dry season (April to November) (data from 

Bureau of Meteorology 2015). The sites studied in this thesis are located by black dots.  
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Temperature (Degrees C) 
        

Mean 37.6 36.7 36.7 36.6 33.2 30.2 30.7 33.3 37.4 40 40.7 39.1 

Highest 44.5 44.5 42.5 41.6 40 37 37.3 39 42.9 45.1 45.5 45.7 

Lowest 28.1 23 27.6 25 17.7 17.9 18.5 20.7 28 30 30 26 

Rainfall (mm) 
        

Mean 173.9 160.4 118.1 31.7 10.7 9.1 6.4 1.1 0.4 16.5 29.6 125.1 

Highest 309 427.4 313.2 103.2 70 55.2 67.8 15.6 3 103 92.8 304 

Lowest 63.4 1.6 11 0 0 0 0 0 0 0 1 33 

Figure 2-11. Climate overview in Fitzroy Crossing, WA. Average precipitation and 

temperatures between 1997 and 2015 (data from Bureau of Meteorology 2015). 
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2.2.2 Palaeoclimate 

Since the syntheses of Australian palaeoclimate by Bowler et al. (1976) and Kershaw 

(1995), efforts have been undertaken to establish continent-wide multiproxy 

palaeoenvironmental reconstruction for Australia, especially with the work of SHAPE 

and OZ-INTIMATE working groups (Bostock et al. 2013; Fitzsimmons et al. 2013; Hesse 

et al. 2004; Hope 2005; Kershaw and van der Kaars 2012; Kershaw et al. 2003a; Kershaw 

et al. 2003b; Petherick et al. 2013; Reeves et al. 2013a; Reeves et al. 2013b; Turney et 

al. 2006; Williams et al. 2009). Datasets in north-west Australia remain geographically 

patchy due to the remoteness of some areas (see site distribution in Figure 2-12), but it 

is undeniable that this region now has sufficient Quaternary sites with the potential to 

inform regional past environments (Ward 2013). However, there are too few published 

palaeoenvironental datasets from the Kimberley specifically. Hence, it is necessary to 

look at a wider area to understand long-term climatic changes in this area. This section 

presents marine and inland palaeoenvironmental studies found in and around the 

Kimberley region within an area bounded between latitude East 105° to 140°, and 

longitude South -5° to -30° (Figure 2-12), which broadly corresponds to the zone of 

climatic influence of the study area. Only the most informative sequences are discussed 

and referenced in the text but a list of sites and associated details (coordinates, analyse 

type, references) can be found in Appendix D. The overview presents 

palaeoenvironmental evidence for sea level fluctuations, terrestrial environments and 

vegetation changes over the past 60 ka. The timeframe chosen extends just over the 

antiquity of human occupation in the Australian continent (Allen and O'Connell 2014; 

O'Connell and Allen 2015) and covers a similar geographical area to the archaeological 

background research context presented in Chapter 1. Ages are given as calibrated 

values (ka cal. BP) as provided in publications, but only 'ka' is mentioned in the text. This 

review will serve as a basis for investigating long-term human-environment interactions 

in each case study and in further discussion chapters, as the changes visible through 

time are essential indicators of landscape dynamics and might help in explaining the 

origin of sedimentary discontinuities. 
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Figure 2-12. Palaeoenvironmental records location in north-west Australia (see 

Appendix D for site coordinates details). 
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Coastline migration and sea level fluctuations 

Sea level was relatively low over the last 60 ka compared to the present day (Chappell 

and Shackleton 1986; De Deckker and Yokoyama 2009; Lambeck and Chappell 2001; 

Lambeck et al. 2002; Lewis et al. 2013; Waelbroeck et al. 2002). Understanding sea level 

changes over this time period in north-west Australia is important, first, because it is 

essential to appreciate how coastline migration could have affected human 

colonization, dispersion and mobility at a large regional scale. Second, these changes 

have direct repercussions on the inland landscape morphology dynamics, for example 

the modification of drainage basin dynamics and subsequent sediment deposition or 

erosion processes. These might have profoundly affected the geomorphology of the 

study area over time, even if located several hundreds of kilometres inland. This section 

presents an overview of the eustatic changes recorded in north-west Australia over the 

last 60 ka. Most of the information available derives from geochemical, isotopic and 

microfossil analyses on marine sediment cores ('marine' records in Figure 2-12), and 

coastal geomorphology studies ('coastal ridges' and 'estuarine' records in Figure 2-12). 

About 60 ka to 32 ka, sea level in northern Australia was fluctuating between 50 and 90 

m below present level, as part of a slow marine regression phase that started about 120 

ka ago (Lambeck and Chappell 2001; Lambeck et al. 2002, Figure 2-13). Between 32 ka 

and 30 ka, sea level dropped dramatically, reaching 120 m below present level, as 

observed in the Bonaparte Gulf (Lambeck and Chappell 2001; Lambeck et al. 2002; 

Yokoyama et al. 2000; Yokoyama et al. 2001b). Low-stand lasted from 30 ka to 18 ka 

with the lowest estimates falling near 130 m below present during the peak of the LGM 

(20.8–18.7 ka, Ishiwa et al. 2015) and placing the ancient coastline a further 100 to 600 

km out from present north-west coastline (De Deckker and Yokoyama 2009; Shennan 

and Milne 2003; Yokoyama et al. 2000; Yokoyama et al. 2001b). This resulted in a much 

larger surface of exposed land that included both Australia and New Guinea called Sahul 

(Figure 2-13). Shoreline regression also created new landscapes, including inner lagoons 

like the Bonaparte depression, only connected to the ocean by the Malita Valley (Clarke 

and Ringis 2000; Ishiwa et al. 2015; van Andel and Veevers 1967; van Andel et al. 1967; 

Yokoyama et al. 2001b) and palaeolakes such the mega Lake Carpentaria that existed 

from 42 ka to 12 ka (Chivas et al. 2001; Couapel et al. 2007; De Deckker et al. 1988; 

Devriendt 2011; Jones and Torgersen 1988; McCulloch et al. 1989; Reeves 2004; Reeves 
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et al. 2007; Reeves et al. 2008; Torgersen et al. 1983; Torgersen et al. 1985; Torgersen 

et al. 1988; Yokoyama et al. 2001b). These changes in land and sea surfaces generated 

considerable modifications in oceanic currents to the north-west of Australia, in 

particular the Indonesian Throughflow and the Leeuwin Current, inducing important 

changes in the Indo-Pacific Warm Pool climatic dynamics and associated north 

Australian climate (De Deckker et al. 2002; Ehlert et al. 2011; Gingele et al. 2001; 

Murgese and De Deckker 2007; Rai and Singh 2012; Spooner et al. 2011; Takahashi and 

Okada 2000). Surface sea temperature was 1–3°C cooler than today during the LGM, as 

estimated from the ratio of Mg/Ca in foraminifera in cores from offshore north-west 

Australia (Barrows and Juggins 2005; Martinez et al. 1999; Okada and Wells 1997; 

Spooner et al. 2005; Wells and Chivas 1994; Wells et al. 1994; Xu et al. 2010).  

Post-glacial warming beginning around 18 ka induced a very rapid sea level rise (marine 

transgression phase) that dramatically changed the north-west Australia coastline 

configuration across the terminal Pleistocene and early Holocene periods (Figure 2-13). 

For example, the complete return to marine conditions of the Gulf of Carpentaria is 

attested by 10.4 ka, which indicates the definitive separation between Australia and 

New Guinea and the return of inter-oceanic circulation (Chivas et al. 2001; Reeves et al. 

2008; Torgersen et al. 1988). By 7.4–6.5 ka and in only a few millennia, the modern sea 

level was reached (Griffiths et al. 2009; Lambeck et al. 2014; Lewis et al. 2013; Mohtadi 

et al. 2011; Stott et al. 2007; Wyrwoll and Valdes 2003; Xu et al. 2010). A shift from 

large alluvial floodplains to a mangrove system is recorded from 9.5 ka to 7.4 ka along 

the north-west tropical coast. The widespread of mangrove forests over the mid-

Holocene (7–4 ka) – qualified as the 'Big Swamp' phase in northern tropical Australia – is 

generally linked to a relative sea level highstand of ~1.5 metres above modern levels 

based on evidence from pollen and geomorphological studies from the Northern 

Territory (Chappell 1993; Clark and Guppy 1988; Mulrennan and Woodroffe 1998; 

Murray et al. 1992; Nanson et al. 1993; Prebble et al. 2005; Wang and Chappell 2001; 

Wasson 1992; Wasson et al. 2010; Woodroffe 1990; Woodroffe et al. 1985; Woodroffe 

et al. 1993; Woodroffe et al. 1987; Wyrwoll et al. 1995), and is closely linked to 

enhanced precipitation regime during that time (Reeves et al. 2013b).  
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Figure 2-13. Migration of the Sahul/Australian landmass north-west coastline over the 

last 60 ka. The sea level curve (from Lambeck and Chappell 2001) highlights the 

different phases explained in the text: 1; OIS3 slow marine regression (60–32 ka), 2; OIS3 

rapid sea level drop (32–30 ka), 3; low stand during Glacial (30–18 ka) with lowest level 

between 20–18 ka, 4; deglacial with rapid marine transgression (18–6 ka), 5; mid-late 

Holocene fluctuations (6 ka–present).  

 

The Kimberley coast, however, reveals a more complex regional variability; 

investigations on the western coastline show evidence of a highstand in the presence of 

macrotidal barriers deposited during the mid-Holocene in Broome (Lessa and Masselink 

2006), while in the King Sound further to the north, no evidence for a highstand are 

found (Jennings 1975). Similarly, geomorphological and pollen analysis in the north-east 

Cambridge Gulf shows an older establishment of mangrove system by 9.5 ka, retracting 

by 6.5 ka, with no evidence of a highstand (Proske et al. 2014; Thom et al. 1975). For 

these reasons, some authors suggest that factors other than just the mid-Holocene sea 

level highstand, such as hydro-isostatic adjustments, accommodation space or sediment 

supply derived from enhanced precipitation, could also explain the mangrove 
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development (Chappell 1974; Jennings 1975; Lambeck and Nakada 1990; Proske et al. 

2014; Thom and Chappell 1975). Over the mid-late Holocene period there are also 

enhanced cyclonic storm surges recorded in the presence of boulders and sand barriers 

along the north-west Australia coast, that clearly indicate a relative intensification of 

tropical monsoon system and cyclones associated with relative high tidal range (Bryant 

1992; Horne et al. 2014; Lees 1987, 1992a, 1992b, 2006; Lees and Clements 1987; Lees 

et al. 1990; Lees et al. 1992; Lees et al. 1995; Nott 2004, 2011; Nott and Bryant 2003; 

Scheffers et al. 2008). From 4 ka, the beginning of generally drier and instable climate 

conditions (Reeves et al. 2013b) engendered a decline and contraction of mangrove 

forests, that have been gradually replaced by flood plain wetlands and freshwater 

lagoon systems across tropical environments (Clark and Guppy 1988; Fujiwara et al. 

1985; Hope et al. 1985; Moss et al. 2015; Nanson et al. 1993; Prebble et al. 2005; 

Roberts 1991; Shulmeister 1992; Shulmeister and Lees 1995; Wasson 1992; Woodroffe 

et al. 1987). The modern coastal environment of north-west Australia is inherited from 

that time and shows a diversity of landforms (delta, tidal flats, lagoons) dominated by 

tidal regime and mainly under erosive dynamics (Brocx and Semeniuk 2011, 2012; 

Semeniuk 1980a, 1980b, 1981, 1982, 1983, 1985a, 1985b, 1993, 1996, 2011). These 

environments pose a number of issues in the preservation of natural and archaeological 

records across the Australian coastline and as a consequence, few records are available 

for the last millennia (Rowland 1999; Rowland and Ulm 2012; Ward et al. 2013). 

Modern sea level seems to have stabilized around 1.4 ka depending on the area (Lewis 

et al. 2013; Wyrwoll et al. 1995), and no significant sea level oscillations have been 

recorded since, apart from a tenuous trend towards a slow rise of global sea level 

observed over the last 150 years (Lambeck et al. 2014).  

Terrestrial palaeolandscapes and climate dynamics 

While coastal environments are relatively well-documented, there are a limited number 

of inland palaeorecords across north-west Australia (see their location in Figure 2-12 

and complete list in Appendix D-1). Terrestrial palaeorecords come from a variety of 

environments but most of them are located close to drainage lines: lacustrine, fluvial, 

dune fields and karstic (speleothems in caves). These environments are more or less 

sensitive to moisture regime variability and provide different scales of temporal 

resolution records documenting past environmental oscillations. Reconstructing 
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landform modifications over time through geomorphological studies helps identify 

depositional versus erosional landscape dynamics, and possible associated climate-

forcing drivers in north-west Australia. 

The first signs of inland aridification are given by lacustrine sequences from the arid 

interior. Indeed, modern playa systems typical of the arid and semi-arid zones of 

Australia are, in fact, the remnants of mega lakes that started to dry up as far as 1 Ma 

ago and continued to do so by pulses through the Pleistocene, as shown in sequences 

from Lake Amadeus (Chen et al. 1993), Lake Lewis (Chen 1997; English et al. 2001), 

Gregory lakes basin (Bowler et al. 2001) and Lake Woods (Bowler et al. 1998; Hutton et 

al. 1984). By 60 ka, lakes from the arid zone (Lewis and Amadeus) had completely 

shifted towards a playa system as shown by the accumulation of gypsum-rich layers 

dated from that period (Chen 1997; Chen and Barton 1991; Chen et al. 1990; Chen et al. 

1995; English 2005; English et al. 2001). Lakes from the semi-arid zone (Woods and 

Gregory lakes), however, were still permanent features and only started to become 

semi-permanent lakes about 37–30 ka (Bowler et al. 2001; Bowler et al. 1998; 

Fitzsimmons et al. 2012). From 37 ka and throughout the Last Glacial, the establishment 

of even more arid conditions is responsible for deflation processes and intermittent 

episodes of aeolian quartz or gypsum dune building around the different lakes, with the 

most intense period of dune formation around 23-21 ka during the LGM (Chen 1997; 

Chen et al. 1993; Chen et al. 1995; English 2005; English et al. 2001; Fitzsimmons et al. 

2012; Hutton et al. 1984; Veth et al. 2009). Intermittent dune formation is also 

documented elsewhere between 35 ka and 11 ka in north-west Australia inland settings 

including the lunettes of Lake Gregory (Fitzsimmons et al. 2012), the vicinity of Derby 

(Goudie et al. 1993) and in the northern Kimberley where a climbing dune was dated to 

the onset of the LGM (21.7 ka) by Wende et al. (1997). Dune building and greater dust 

transport is recorded during the Glacial period over the Australian continent and is 

interpreted as a sign of greater aridity and destabilization of the landscape (Fitzsimmons 

et al. 2013; Fujioka and Chappell 2010; Hesse 2010, 2016; Hesse and McTainsh 2003; 

Hesse et al. 2004; McTainsh 1989; McTainsh and Lynch 1996). The alteration of climatic 

conditions during that time is also associated with a general cooling of temperature 

estimated between 2°C and 10 °C lower than today over the Australian landmass (Hope 

2005; Miller et al. 1997; Williams et al. 2009). 
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The Kimberley and Top End regions are relatively dune-free as the climate is too humid 

and remained relatively temperate, even through the harshest time of the last Glacial 

period. Evidence of a relatively humid climate is recorded for the Kimberley by buried 

palaeosols dated around 45 ka in the Keep River region (Ward 2003; Ward et al. 2005) 

and fluvial sedimentation dated around 37 ka in Cabbage Tree Creek (Wende 1997; 

Wende et al. 1997). In the tropical Top End, the formation of ridges around three 

different pools (Wangi Falls, Gunlom pool and Lilly Pond) at similar timing around 22 ka 

suggests some high magnitude floods happened late into the Glacial period and are an 

evidence that the monsoon was still active in northern Australia at that time (Nott and 

Price 1994, 1999; Nott et al. 1996). There are no dates between 21.5 ka and 18 ka at 

any of the pool sites, which could reflect little precipitation during the onset of the LGM 

or that the sedimentary record was destroyed by later high magnitude flooding (Nott 

and Price 1999).  

While dry conditions and intermittent dune formation are recorded until 14–11 ka in 

arid and semi-arid zones of north-west Australia (Fitzsimmons et al. 2012), episodic 

flooding is demonstrated by the presence of lacustrine and fluvial deposits since 19 ka 

in Lake Lewis (English et al. 2001) and 14 ka in Gregory lakes (Wyrwoll and Miller 2001). 

Although the lakes never reached their original height again, it suggests a return to a 

higher precipitation regime, probably reflecting the complete reactivation of the 

monsoon in the northern part of Australia at that time (Reeves et al. 2013b). 

Intermittent episodes of overbank accretion are also recorded in previously cited fluvial 

settings from 16 ka in the Top End (Nott and Price 1994, 1999; Nott et al. 1996) and 

from 12 ka in northern Kimberley (Ward 2003; Ward et al. 2005; Wende 1997; Wende 

et al. 1997), particularly during the mid-Holocene, which are likely to correspond with 

more humid conditions associated with intensification of the monsoon around that time 

(Reeves et al. 2013b). However, this period is followed by a return to a drier climate at 

the transition to the mid-late Holocene. Dune formation is, for example, shortly 

reactivated around 6–5 ka at two sites in the southern and northern Kimberley 

(Fitzsimmons et al. 2012; Wende et al. 1997) and lower magnitude floods are identified 

in the plunge pools in the Top End (Nott and Price 1994, 1999; Nott et al. 1996). Fluvial 

evidence for the last 2 ka is relatively sparse as a more fluctuating climate regime is 

established in northern Australia (Reeves et al. 2013b), characterised by frequent 

flooding events that erode valleys, resulting in highly discontinuous fluvial records, such 
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the ones recorded in the rivers from the Fitzroy river drainage basin where the study 

area is located (Gillieson et al. 1991; Wohl 1988; Wohl et al. 1994; Wyrwoll and Miller 

2001; Wyrwoll et al. 1992). 

Geomorphological records demonstrate a dynamic and changing terrestrial 

environment through the last 60 ka that can generally be linked to dynamics of climate 

changes. However, these records are relatively discontinuous, have a limited or coarse 

temporal resolution and sometimes reflect only local particularities. Speleothems, 

however, can provide higher resolution records of climatic changes as variation in 

oxygen or carbon stable isotopes measured from their growth laminae can be linked to 

seasonal variability in rainfall and temperature (Hendy 1971).  

Only three speleothems records have been published for north-west Australia: Cave 126 

in the Cape Range Peninsula (Denniston et al. 2013a), Cave KNI-51 (Denniston et al. 

2013c; Denniston et al. 2015) and Ball Gown Cave (Denniston et al. 2013b) in the 

Kimberley (see their location in Figure 2-12 and datasets in Figure 2-14). Ball Gown Cave 

provides the closest palaeoenvironmental dataset available for the study area as it is 

located in the Napier Range, close to Windjana Gorge (Denniston et al. 2013b). Based 

on the combined datasets of the three sites, the oxygen isotopic time series were 

interpreted as variability in the intensity of the Indonesian Australian summer monsoon 

(IASM) with low δ18O values corresponding to more humid conditions and vice-versa. 

Beyond some contradictions between the datasets probably due to differential local 

responses, the three records show relatively similar episodes of strengthening and 

weakening of the IASM succeeding each other over the last 40 ka (Denniston et al. 

2013a; Denniston et al. 2013b; Denniston et al. 2013c; Denniston et al. 2015). The 

highest intensities are recorded around 25 ka, 15 ka and 7 ka. The fact that peaks are 

visible throughout the Last Glacial period led the authors to the conclusion that the 

monsoon was probably still active during that time, even if weakened and highly 

variable, with the peaks corresponding to prominent climatic events (Denniston et al. 

2013a; Denniston et al. 2013b). A pronounced strengthening of the IASM is observed 

after the LGM (Denniston et al. 2013b) and during the early Holocene and mid-

Holocene (Denniston et al. 2013c). The weakening observed during the late Holocene is 

linked to the increase in frequency and amplitude of El Niño/Southern Oscillation 

(ENSO) phenomenon that installs drier conditions in north-west Australia between 4 ka 
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and 1.5 ka. The last 2 millennia reveal multicentennial variability, directly linked to 

patterns in tropical cyclones cyclicality (Denniston et al. 2013c; Denniston et al. 2015). 

 
Figure 2-14. Speleothem datasets from north-west Australia (Denniston et al. 2013a; 

Denniston et al. 2013b; Denniston et al. 2013c). The figure highlights the different periods 

of monsoon strengthening (in green) and weakening intervals identified (in yellow). The 

highest intensities are recorded around 25 ka, 15 ka and 7 ka (shown in blue). 

 

Sea level fluctuations, terrestrial land system changes and precipitation variability 

observed over the last 60 ka in north-west Australia had direct implications on the 

vegetation cover of the continent over time and are the subject of the next section. 

Change in vegetation cover  

Micro- and macro- botanical remains are preserved in a variety of contexts such as 

water bodies (seabeds, lakes and waterholes) and archaeo-stratigraphic sequences 

from rockshelters and caves. Palaeovegetation records provide information about local 

or regional vegetation cover and its changes through time. As each vegetation 

community has its own water requirements, the shifts observed can generally be 

interpreted in terms of change in precipitation regime and moisture availability. 

Offshore pollen records from sediment cores taken on the Australian north-west Shelf 

(location noted by green stars in Figure 2-12 and a full list in Appendix D-2), indicate a 
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long and slow aridification since the Cainozoic to the end of the Pleistocene, noted in 

the increase of grasslands Poaceae species over time in botanical assemblages (Hope et 

al. 2004; Kawamura et al. 2006; Kershaw and van der Kaars 2012; Kershaw et al. 2006; 

Martin and McMinn 1994; van der Kaars 1991; van der Kaars et al. 2000; Wang et al. 

1999). A shift in vegetation from open eucalypt savannah woodlands to open eucalypt 

and Chenopodiaceae shrublands identified in the core FR10/95-GC17 offshore from 

Cape Range, demonstrates an acceleration towards drier conditions between 46 and 40 

ka (van der Kaars and de Deckker 2002). There are only a few inland long-term 

palaeovegetation records for north-west Australia and most of the data available comes 

from archaeo-stratigraphic contexts from the southern Kimberley. For example, the 

phytolith assemblage from Carpenter's Gap 1 rockshelter deposit shows a 

predominance of grass species and the presence of palm species between 40–33 ka, 

suggesting wetter conditions than today (Wallis 2000, 2001). Around 33 ka, the 

phytolith assemblage shifts from savanna grasses to spinifex, suggesting drier 

conditions through the Glacial period to 18 ka. The inverse shift is observed again during 

the mid-Holocene, pointing to a return to a wetter climate at that time. Charcoal and 

macrobotanical analyses from the same site reveal similar trends towards drier 

conditions through the onset of the LGM (Frawley and O'Connor 2010; McConnell and 

O'Connor 1997). Preliminary macrobotanical analyses on charred and non-charred 

remains in Riwi Cave also reveal a long history of palaeovegetation and cultural plant 

use strategies by people going as far as 45 ka (Dilkes-Hall 2014; Whitau et al. in press). 

As the geoarchaeological analysis of these two sequences is presented in this thesis, the 

palaeobotanical analyses undertaken at these sites are particularly valuable and will 

contribute to the comparison and building of a strong palaeoenvironmental 

reconstruction for each sequence. During the period between 35 ka and 20 ka, only low 

pollen concentrations are found in most offshore cores, which is interpreted as a 

general reduction of vegetation cover due to increased aridity (Kawamura et al. 2006; 

Kershaw and van der Kaars 2012; van der Kaars 1991; van der Kaars and de Deckker 

2002; van der Kaars et al. 2000, see also Figure 2-15). A similar trend towards 

aridification is visible in a study of carbon isotopes in the southern Kimberley at Gregory 

Lake that shows a progressive shift from C3 trees and shrubs to a dominance of C4 plant 

species – specific to more arid conditions from around 30 ka until present (Pack et al. 

2003).  
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Figure 2-15. Vegetation cover in Sahul and Sunda during the LGM (modified from 

Kershaw and van der Kaars 2007:2615, their figure 2). 

 

Significant changes in pollen taxa in marine cores are visible at the transition between 

Pleistocene and Holocene with, for example, the appearance of mangrove taxa from 14 

ka, later peaking during the mid-Holocene, reflecting the 'Big Swamp' phase explained 

in the previous subsection on sea level fluctuations (Kawamura et al. 2006; Kershaw and 

van der Kaars 2012; Kershaw et al. 2006; van der Kaars and de Deckker 2002). Inland 

Holocene botanical records are relatively sparse and discontinuous and are rarely dated 

to over 7 ka. Pollen analyses from bogs and swamps reveal few change in pollen 

assemblages, such as in the southern Kimberley at Dragon Tree Soak over the last 6 ka 

(Pederson 1983; Wyrwoll et al. 1992; Wyrwoll et al. 1986) and in the Red Centre at 

Dalhousie Springs over the last 600 years (Boyd 1990, 1994; Hanington 1993), or more 

complex archives, such as the pollen analysis from Black Springs in the Kimberley 

plateau (McGowan et al. 2012). The Black Springs sequence covers the last 6 ka and 

shows successive vegetation shifts starting from a dry swamp environment around 5.7 
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ka, then becoming relatively wetter around 4.6 ka before returning to drier conditions 

between 3.2 ka and 2.8 ka and becoming gradually even drier towards 1.3 ka. The last 

millennium is characterised by a return to wetter conditions (McGowan et al. 2012). 

While these results are associated with an increased seasonality resulting from the 

reinforcement of ENSO during the Holocene (Reeves et al. 2013b), the fact that they 

differ from results obtained in the same region (Denniston et al. 2013c; Proske et al. 

2014) might reflect different local fluvial responses to monsoonal precipitation.  

The macrobotanical remains from Holocene layers in Riwi Cave reveal that people were 

preferentially exploiting species from a vine thicket micro-environment (Dilkes-Hall 

2014; Whitau et al. in press) during the mid-Holocene and the last millennium. However 

an increase in savannah species is observed in the later period, suggesting relatively 

humid conditions during the mid-Holocene and increased aridity during the last 

millennia in this area (Dilkes-Hall 2014:99-101). Another macrobotanical study is 

available from three archaeological sites in the Keep River region (Jinmium, Granilpi, 

Punipunil) but is only concerned with cultural fruit seed processing during the late 

Holocene and modern periods and is not informative on climatic changes (Atchison 

2000, 2009; Atchison et al. 2005). Similarly, the only anthracological analysis available in 

the mid-West of Western Australia (Gascoyne) provides information about people’s 

wood fuel collection strategies during the mid- to late Holocene and indicates a 

relatively similar habit over the last 4 ka (Byrne et al. 2013; Dotte‐Sarout et al. 2015; 

Taylor 2012). The last millennium is also marked by an increase in the burning signature 

in many palaeobotanical records suggesting increased human impacts on their 

environment, probably linked to an increase in Aboriginal populations (McGowan et al. 

2012; Prebble et al. 2005; Shulmeister 1992; Shulmeister and Lees 1995; Williams et al. 

2015a). 
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2.2.3 Synthesis  

Over the last 60,000 years, north-west Australia experienced successive important 

environmental changes (see Figure 2-16 and Figure 2-17 for a visual summary). Circa 60 

ka, the climate was still relatively humid even if already under a slow aridification 

processes. It is only between 40 ka and 30 ka that the development of arid conditions 

started to accelerate, and from 30 ka that these conditions became more evident in the 

responses of the landscape, with more active dune formation, less fluvial activity and 

shift in arid/tropical limit vegetation cover towards northerly latitudes. A general 

deterioration in climatic conditions during the Last Glacial (30–18 ka) is observed in the 

precipitation regime being considerably reduced in the interior whereas the climate 

seems to be more erratic in the Kimberley and Top End regions with a probable 

persistent but weakened monsoon. Over the LGM (21–18 ka) sea levels reached their 

minima at 120 m below present level, exposing the large north-west inner continental 

shelf and creating the Sahul continent. After 18 ka, post-glacial warming and sea level 

rise induced rapid changes in the landscape and climate dynamics by changing 

coastlines and reactivating oceanic circulation and associated climatic patterns. The 

return to more humid conditions is established around 14–12 ka with evidence of a 

return of fluvial activity throughout the region. The marine transgression reached 

equivalent modern sea levels during the mid-Holocene and stabilized during the late 

Holocene. The monsoon intensity reached a peak during the mid-Holocene and 

maximum precipitation is recorded in geomorphologic and vegetation proxies. This 

phase is characterised by the formation of extended mangrove swamps over the north-

west coast. During the late Holocene, a contraction of the Inter-tropical Convergence 

Zone (ITCZ) to the north resulted in a return to more arid conditions which peaks 

around 2 ka. This is followed by enhanced climatic variability and instability in the last 

millennium, visible in the conflicting palaeorecords, available inland (pollen, 

speleothems) and the increased frequency of cyclonic events touching the north-west 

coast. This late Holocene millennium-scale variability is associated with an 

intensification of the ENSO phenomenon and its direct influence on the north Australian 

climate. 

Drawing a synthesis of north-west Australian palaeoenvironmental changes over the 

last 60 ka helps in understanding regional climate complexity. While the dataset is 
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obviously incomplete and much remains to be done to identify precise local variability 

of responses and improve the geographical density of palaeorecords available, this 

overview is a first step in exploring how palaeoclimatic changes might have affected 

past human population over time. While it is evident that these changes had some 

impact on population patterns and density after the arrival and dispersal of modern 

humans in Australia over the last 50 ka (Allen and O'Connell 2014; O'Connell and Allen 

2015; O’Connell and Allen 2004), the attempts at correlating past human behavior to 

climate events in Australian archaeology have been essentially based on a series of 

archaeological indices such as change in artefact discard, emergence of new 

technologies or rock art style and radiocarbon datasets linked to relative distant or 

disconnected palaeoenvironmental records (McDonald and Veth 2007; Smith 2005, 

2013b; Smith et al. 2008; Veth 1995; Veth et al. 2005; Williams et al. 2010; Williams et 

al. 2015c). In this thesis, the palaeoenvironmental dataset review in this chapter will be 

used to explain changes in landscape dynamics and depositional contexts in order to 

measure the extent that sedimentation and erosion processes observed in rockshelters 

and caves can be driven by local or regional palaeoenvironmental changes and the 

extent that the archaeo-stratigraphic sequences are responsive to these changes but 

also record the presence of people. The main interest of the geoarchaeological 

approach is that it provides a palaeoenvironmental reconstruction for each 

archaeological site by looking directly at the sedimentary deposits where archaeological 

remains are embedded. Archaeological remains constitute the main evidence for long-

term presence of humans in the Kimberley and are reviewed in the next section. 
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Figure 2-16. Main palaeoenvironmental data and palaeoclimate trends from north-west 

Australia during the last 60 ka (modified from Ward 2003). 

 

 
Figure 2-17. Changes in climatic conditions in north-west Australia. The periods 

represented are: Glacial (30 ka), LGM (20 ka), post-LGM (17 ka), deglacial (18–12 ka), 

and early, mid- and late Holocene (modified from Reeves et al. 2013b:109, their figure 

9). 
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2.3 INDIGENOUS CULTURAL HERITAGE AND 
ARCHAEOLOGICAL CONTEXT 

This section outlines the Indigenous history of the research area and the current state 

of archaeological knowledge for the Kimberley region. It provides some general 

background information on the cultural material diversity and changes over time in the 

region, a perspective necessary to investigate the possible human-climate interactions 

through time. 

2.3.1 Aboriginal countries and culture 

The archaeological sites investigated for this project are located within the traditional 

lands of Bunuba and Gooniyandi people (Figure 2-18). Bunuba and Gooniyandi groups 

are defined by differences in languages, customary and artistic traditions (McGregor 

1990). While two distinct languages, both compose the Bunuban family language and 

are part of the non-Pama-Nyungan language group of northern Australia (Capell 1940; 

McGregor 1990; O'Grady et al. 1966). While traditional territorial borders were 

probably porous with social and economic interactions between the two communities 

and nearby groups including Kija, Jaru, Walmatjarri and Nyikina people (McGregor 

1990:9), the modern boundaries defined by the Native Titles for the Bunuba people in 

2012 and for the Gooniyandi people in 2013 are distinctly cadastral (Federal Court of 

Australia 2012, 2013).  

 
Figure 2-18. Bunuba and Gooniyandi language groups (Horton 1996) and location of 

sites investigated (shown in red) over the main geographical features from the southern 

Kimberley (Devonian Reef complexes outline from Playford et al. 2009:17). 
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Western colonization has profoundly changed the way of life of Aboriginal people and 

some traditional knowledge has been lost, but many elders still hold knowledge and 

memories from living in the bush when they were young and many still speak their 

traditional languages. The community members are the custodians of the traditional 

culture that encompasses a complex law and custom system (kinship group systems for 

example), rites and ceremonies, stories from the past and more recent times, artistic 

production and knowledge of the land. There is a very strong attachment to the land 

and to the traditional culture amongst the communities. Many members are involved or 

working within corporations and associations that contribute to cultural maintenance 

and knowledge transmission amongst young people. Without the Bunuba and 

Gooniyandi people, the research presented in this thesis could not have taken place. 

2.3.2  Rock art and archaeological research in the Kimberley 

 The Kimberley has a rich and long-term archaeological heritage with numerous rock art 

and archaeological sites found across the country. 

Rock art 

Composed of pictographs (paintings, stencils, prints) and petroglyphs (engravings, 

scratching, grinding) of a variety of styles, the prolific rock art of the Kimberley region 

has attracted the attention of westerners since the early 19th century (Bradshaw 1892; 

Grey 1841) and many rock art researchers since (Akerman 2016; Brockman 1902; 

Crawford 1968; Elkin 1930; Mulvaney 2013; Walsh 1994, 2000; Welch 1990, 1993a, 

1993b). The diversity of rock art production reflects both the culture of the region and 

its evolution through time, with several stylistic periods or traditions identifiable 

(Mulvaney 2013). While Kimberley rock art production is arguably very old, its antiquity 

is mainly evaluated based on stylistic superimposition and stages of weathering in 

default of having any robust direct dating chronology yet available (Mulvaney 2013, see 

also Aubert 2012 for a recent review on Kimberley rock art dating research). However, 

the stylistic sequences established have a geographic distribution limited to the north-

west Kimberley. For example, there is no Gwion Gwion tradition in the study area in the 

southern Kimberley and this highlights that the Kimberley rock art spatial regionality is 

still largely underexplored.  
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Some of the rock art of Bunuba and Gooniyandi countries was first recorded in the 

1960s by Playford (1960) while he was doing a geological survey of the Napier Range 

area and during the same decade by Crawford (1968), who was doing a wide 

archaeological assessment across the Kimberley. The 'Lifeways of First Australians' 

project has allowed a vast recording and analysis of the Bunuba and Gooniyandi rock art 

by Jane Fyfe (PhD in prep. UWA). Her research explores the boundaries of rock art styles 

between the two countries. While the two cultural areas share some similarities in 

motif types (dominance of human and animal type figures and representations of food 

plants such as yams), differences in graphic styles are noticable (Jane Fyfe, pers. comm. 

2015). However, most of the rock art in the area seems relatively recent, mid-Holocene 

in age for the oldest, with many motifs related to the Wanjina, Contact and post-

Contact periods (O'Connor and Arrow 2008; O'Connor et al. 2013). The most recent art 

shows a persistence of traditional themes demonstrating the desire of Aboriginal 

people to mark and maintain their cultural identity during the early pastoral expansion 

and is a testimony to the strong historical Indigenous resistance in this region (Balme 

and O'Connor 2015; O'Connor et al. 2013; Pedersen and Woorunmurra 2000).  

Fragments of painted walls are often recovered in cave or rockshelter deposits and can 

provide some indirect chronological frame for rock art presence in the site by 

association with the deposit age. Very small fragments can be identified in 

micromorphological thin sections and can provide views of complex microscale layering, 

adding to the general understanding of rock art production techniques in the site. 

Archaeological excavations 

While rock art research was initiated in the 19th century in the Kimberley, archaeological 

research involving excavation started only in the 1970s and was initiated by the survey 

and salvage program of the archaeological sites of the Ord River valley (east Kimberley), 

prior to the damming and flooding of the artificial Lake Argyle (Dortch 1972, 1977; 

Dortch and Roberts 1996). Systematic archaeological surveys were undertaken in the 

1970s by the Department of Aboriginal Affairs and previously by Valda Blundell, who 

also excavated in the southern Kimberley (Blundell 1974, 1975). In the second half of 

the 1980s, archaeological research in the Kimberley shifted to the coast, with pioneer 

archaeologists Sue O’Connor and Bruce Veitch both carrying out their PhD research in 
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Figure 2-19. Location of major archaeological excavation sites in the Kimberley. Colours 

refer to the oldest occupation time range for each site: Pleistocene (>30 ka); Glacial 

(30-22 ka); LGM (22–18 ka); deglacial (18–12 ka); Early Holocene (12–8 ka); Mid-

Holocene (8–4 ka); Late Holocene (4 ka–present), see also Table 2-2 for bibliographic 

references and Appendix E for site coordinates. 

 

remote coastal areas, excavating several rockshelters and shell middens. Their research 

revealed the close link between economic and palaeoenvironmental shifts from a 

Pleistocene inland to a Holocene coastal environment related to the rapid Holocene 

eustatic changes (O'Connor 1996, 1999a; O'Connor and Veth 1993; O'Connor and 

Sullivan 1994; Veitch 1996, 1999a, 1999b). More work by O’Connor in the Napier Range 

in the 1990s and 2000s revealed the great antiquity of human occupation in this area of 

the Kimberley (McConnell and O'Connor 1997; O'Connor 1995; O'Connor et al. 2008a). 

At the end of the 1990s, other excavations were undertaken further to the east, in the 

southern Kimberley by Balme excavating in Mimbi cave. The radiocarbon dating 

revealed the oldest sequence of occupation in the Kimberley dated to 45,000 cal BP 

(Balme 2000; Balme and Morse 2006). Later, Harrison excavated a Holocene rockshelter 

on the southern edge of the Kimberley (Harrison 2000, 2002, 2004; Harrison and Frink 
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2000; Harrison et al. 2006) for his PhD research. The north-east area (Victoria 

Bonaparte) was revisited between the 1990s and 2000s by Head and Fullagar with a 

multidisciplinary team and several sites in the Keep River area were excavated and 

dated (Atchison et al. 2005; Fullagar et al. 1996; Galbraith et al. 1999; Head and Fullagar 

1992, 1997; Roberts et al. 1999; Ward 2003, 2004; Ward and Larcombe 2003; Ward et 

al. 2005). 

Archaeological research in the Kimberley has concentrated mostly on the edges of the 

region while the central areas still remain under-explored, mostly as a consequence of 

the rugged topography and remoteness of some areas that limit inland exploration. 

Most of the research has been in rockshelter and cave settings and a few shell midden 

sites on the coast (see Figure 2-19 for site locations and Table 2-2 for bibliographic 

references for each site). Since 2010, several new programs of archaeological research 

in the Kimberley were put together: 'Lifeways of First Australians' in the southern part 

with chief investigators Jane Balme and Sue O’Connor, 'Change and Continuity' in the 

northern Kimberley, led by June Ross and the late Mike Morwood. These projects are 

generating new data on the archaeology and palaeoenvironment of the Kimberley 

region. Archaeological research projects are always shaped in close collaboration with 

Aboriginal groups as we share the same will to preserve the Indigenous cultural heritage 

for the future generations. 

2.3.3 Technology and symbolism in northern Australian prehistory 

The Kimberley was one of the earliest areas colonized in Australia c. 50 ka (Allen and 

O'Connell 2014; Balme 2013; O'Connell and Allen 2015; O'Connor 1999a). By 40–30 ka 

people were living in every environment of the Sahul landmass, revealing a rapid spread 

of humans across the continent (see Figure 1-1). The technological and symbolic 

innovations visible in the Australian archaeological record demonstrate an extraordinary 

flexibility of early colonizers including complex information exchange systems (Balme 

2013; Balme and O’Connor 2014; Balme et al. 2009). This high degree of adaptation is 

visible in the early Australian toolkits dominated by simple stone flaking industries that 

lasted for most of the Pleistocene (Brumm and Moore 2005; Moore 2013). However, 

this industry was no doubt underlain by a complex organic technology that has not 

preserved in the Pleistocene archaeological record but whose evidence is often found in  
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Table 2-2. List of archaeological excavation sites in the Kimberley and associated 

bibliographic references. Numbers refer to numbering of sites in Figure 2-19. 

No Site Sources 

1 Djuru/Windjana Gorge 

Water Tank Shelter 

Maloney et al. 2014; O'Connor et al. 2008a, this thesis 

2 Carpenter's Gap 3 O'Connor and Veth 2006; O'Connor et al. 2014 

3 Carpenter's Gap 1 Frawley and O'Connor 2010; McConnell 1997; O'Connor 

1995; Wallis 2001 

4 Mount Behn This thesis 

5 Japi  Balme 2000  

6 Riwi  Balme 2000; Balme and Morse 2006 

7 Wilinyjibari  Harrison and Frink 2000  

8 Site 20 O'Connor 1999b; O'Connor and Veth 1993; Veth 1995 

9 Site 19 O'Connor 1999b; O'Connor and Veth 1993; Veth 1995 

10 Site 4 O'Connor 1999b; O'Connor and Veth 1993; Veth 1995 

11 Site 32 Thangoo O'Connor 1999b; O'Connor and Veth 1993; Veth 1995 

12 Site 34 Homestead O'Connor 1999b; O'Connor and Veth 1993; Veth 1995 

13 Mangalagun O'Connor 1999b; O'Connor and Veth 1993; Veitch 

1999a; Veth 1995 

14 James Pt Midden O'Connor 1999b; O'Connor and Veth 1993 

15 Malilb O'Connor and Veth 1993; Smith 1987a; Veth 1995 

16 Koolan Shelter 2 O'Connor 1989, 1996, 1999a 

17 Rankin Island O'Connor et al. 2007  

18 High Cliffy 2 O'Connor 1999a, 1999b; O'Connor and Sullivan 1994; 

Veth 1995 

19 Widgingarri 1 O'Connor 1996, 1999a, 1999b 

20 Widgingarri 2 O'Connor 1996, 1999a, 1999b 

21 Goala O'Connor 1999b; Veitch 1996, 1999a; Veth 1995 

22 Wundalal Veitch 1996; Veth 1995 

23 Wundadjingangnari  Veitch 1996, 1999a, 1999b; Veth 1995 

24 Brremangurey Koppel et al. 2016; Szabo et al. 2015 

25 Idayu O'Connor 1999b; Veitch 1996; Veth 1995 

26 Bangorono  Veitch 1996; Veth 1995 

27 Ngurini Veitch 1996; Veth 1995 

28 Drysdale III Morwood and Hobbs 2000; O'Connor and Veth 2006 

29 Kununurra 1 Dortch 1977; Veth 1995 

30 Granilpi Atchison et al. 2005  

31 Punipunil Atchison et al. 2005  

32 Karlinga 1 Ward 2003, 2004; Ward et al. 2005; Ward et al. 2006 

33 Karlinga 2 Ward 2003, 2004; Ward et al. 2005; Ward et al. 2006 

34 Karlinga 3 Ward 2003, 2004; Ward et al. 2005; Ward et al. 2006 

35 Jinmium  Fullagar et al. 1996; Galbraith et al. 1999; Roberts et al. 

1999; Ward et al. 2005; Ward et al. 2006 

36 Goorurarmum 1 Ward 2003, 2004; Ward et al. 2005; Ward et al. 2006 

37 Goorurarmum 2 Ward 2003, 2004; Ward et al. 2005; Ward et al. 2006 

38 Pilchowski's Crossing Bowdler and O'Connor 1991; Veth 1995; Ward et al. 

2006 

39 Pincombe Bowdler and O'Connor 1991; Dortch 1977; Veth 1995; 

Ward et al. 2006 

40 Canyon Dortch 1977; Veth 1995; Ward et al. 2006 

41 Monsmont Site Dortch 1977; Dortch and Roberts 1996 

42 Miriwun  Dortch 1977, 1986; Dortch and Roberts 1996 
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Holocene archaeological and more recent ethnographical record (Balme and O’Connor 

2014; Whitau et al. 2016). The Pleistocene archaeological record is also characterised 

by the emergence of other complex symbolic evidence, including art and personal 

ornaments, burials and long-distance exchanges (see Figure 2-20, Franklin and Habgood 

2007; Habgood and Franklin 2008, 2010; Veth et al. 2011). Northern Australia is 

considered to be a major centre of innovation with numerous symbolic and 

technological innovations having their earliest evidence in the area (Franklin and 

Habgood 2007; Habgood and Franklin 2008, 2010). For example, the world's oldest 

evidence of the production of ground-edge is found in Carpenter's Gap 1 in the 

Kimberley (Hiscock et al. 2016), with later evidence dated to 33,000 cal. BP in 

neighbouring site of Carpenter's Gap 3 (O'Connor et al. 2014) and also at Narwala 

Gabarnmang in Arhem Land (Geneste et al. 2010) around 35,400 cal. BP. Balme and 

O’Connor (2014) have argued that the multipurpose functionality of these tools make 

them the ideal kit for colonizing new environments where resources could not have 

been anticipated. 

 

 
Figure 2-20. Chronology of behavioural innovations in Pleistocene Sahul (from Habgood 

and Franklin 2010:15, their figure 1). 
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Two major environmental shifts have probably greatly influenced landscapes and 

human occupation patterns in northern Australia; the LGM and the deglacial marine 

transgression (Lambeck and Chappell 2001; Yokoyama et al. 2001b, as detailed in 

Section 2.2.2). During the Pleistocene times, populations have been suggested to be 

very low and composed of very highly mobile groups (Williams 2013; Williams et al. 

2015c:95). Throughout the LGM, a common view is that population density retracted 

throughout Australia, with people aggregating in refuge areas like the Kimberley 

(O'Connor and Veth 2006; Smith 2013a; Veth 1989, 1995; Williams 2013; Williams et al. 

2013; Williams et al. 2015c). Surprisingly, little evidence points to a demographic 

compaction due to the sea level rise and the associated loss of vast land surfaces during 

the deglacial as little diversification or change is observed in the technology industry 

through the terminal Pleistocene (Williams et al. 2015c:97). However, these landscape 

changes are reflected in the faunal assemblages of sites now on the western Kimberley 

coast, that record a transition from a Pleistocene land mode to a Holocene marine 

mode of subsistence (O'Connor 1996). 

The last 7,000 years are defined by a visible increase in population density and an 

increase in numbers of sites occupied and evidence of their intensive use (Lourandos 

and David 1998; O'Connor 1999a; Williams et al. 2015c). About 5,000 years ago, the 

introduction of direct percussion points is one of the principal markers in northern 

Australian sequences (Maloney and O'Connor 2014; Maloney et al. 2014). A noticeable 

augmentation of artefact discard density is visible particularly around 3,500 years, 

characterised as a 'proliferation' period for microliths (Hiscock 2008; Maloney et al. 

2015; Veitch 1996). The Devonian range archaeological sites analysed for this thesis 

reflect this phenomenon, both in their increase in artefact density and change in 

sediment composition, typically displaying a more anthropogenic signature during the 

Holocene (Balme 2000; O'Connor 1995; O'Connor et al. 2014; Vannieuwenhuyse et al. 

in press). The introduction of bifacial dentate pressure-flaked points, typically called 

'Kimberley points' about 1000 years ago is also a technological evolution associated 

with the Kimberley (Akerman et al. 2002; Maloney et al. 2014). During the Contact and 

post-Contact period, the production of glass points was especially abundant some being 

used for trading with westerners (Harrison et al. 2006).  
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2.4 CHAPTER CONCLUSION 

Past and present are closely entangled in remote regions of Australia and the Kimberley 

region well illustrates that point. Landforms are inherited from a long geological and 

geomorphological history and present Indigenous culture reflects deep time traditions. 

Understanding change in natural landscapes over time allows building an environmental 

framework where human history has evolved through time. While changes in cultural 

traditions are often coexistent with changes visible in climatic conditions through time, 

this relationship needs to be explored at a more local scale to be clearly understood. 

The Kimberley long-term history has been unravelled through archaeological 

excavations done mainly in cave and rockshelter contexts and for this reason, 

understanding the dynamics of site formation processes in such contexts is essential to 

allow the best interpretation of the archaeological record available for the region. 
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CHAPTER 3.  

GEOARCHAEOLOGY AND MICROMORPHOLOGY 
APPROACHES TO CAVE AND ROCKSHELTER 
DEPOSITS: DEVELOPMENT, CONCEPTS AND 
APPLICATION TO AUSTRALIA 

 

Since archaeology, or at least prehistorical archaeology, 

recovers almost all its basic data by excavation, 

 every archaeological problem starts as 

a problem in geoarchaeology.  

 

 
 
 
As stated by Renfrew (1976:2), many archaeological issues can be overcome and 

resolved by applying a geoarchaeological approach. While Australian archaeologists 

have debated the origin of the discontinuities in archaeo-stratigraphic sequences in 

north-west Australia since the 1990s (O'Connor et al. 1993; O'Connor et al. 1999; Smith 

and Sharp 1993), it is surprising that it has taken twenty years for a geoarchaeological 

approach to be undertaken to contribute to the resolution of this question. Elsewhere it 

is widely accepted that applying a geoarchaeological approach has a high informative 

potential in the study of archaeological sequences, especially for the study of cave and 

rockshelter deposits (Courty et al. 1989; Goldberg and MacPhail 2005c; Goldberg and 

Sherwood 2006; Karkanas and Goldberg 2013; Woodward and Goldberg 2001). The fact 

is that there has been generally little systematic geoarchaeological research in Australia 

over the last four decades, especially detailed site-specific sedimentological analysis.  

This chapter presents a short review of the development of the geoarchaeology 

discipline, in particular micromorphology, and then examines the potential of applying 

this approach to understand better the site formation processes of cave and rockshelter 

deposits and, in particular, its potential to document palaeoenvironmental and human 

changes over time. The main concepts related to depositional and post-depositional 
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processes are explored including the different types of discontinuities encountered in 

cave and rockshelter depositional settings.  

The second section of this chapter examines the advances and gaps in geoarchaeology 

application in Australia, particularly in cave and rockshelter settings. It also explores the 

issues encountered in applying a geoarchaeological approach to a relative still-under-

explored Australian context and discusses the diverse methodological challenges 

possibly encountered in trying to disentangle site formation processes in semi-arid 

tropical cave and rockshelter settings. 

3.1 GEOARCHAEOLOGY: DEVELOPMENT AND 
APPLICATION TO CAVE AND ROCKSHELTER 
DEPOSITS 

3.1.1 Geoarchaeology and micromorphology – brief history of research 
development 

While archaeologists are generally concerned with archaeological questions and often 

lack the natural sciences background to fully understand site formation processes, 

geoarchaeologists play an important role in archaeological site excavations by building a 

comprehensive sedimentological interpretation of the archaeo-stratigraphic sequence 

(Farrand 2001:556). This explains the long history of interaction between archaeology 

and earth sciences since the 19th century (Pollard 1999:7). However, the development 

of 'geoarchaeology' as an independent discipline occurred only during the 1970s, in 

conjunction with the growing interest in understanding archaeological site formation 

processes (Schiffer 1972; Stein 1987), the introduction of more systematic 

archaeological stratigraphic recording (Harris 1979a, 1979b) and the development of 

environmental archaeology (Butzer 1971, 1982; Dimbleby 1965; Evans 1978). Previously 

qualified as 'archaeological geology', the term 'geoarchaeology' was first coined in the 

1970s by American earth science specialists working on archaeological projects (Butzer 

1973; Gladfelter 1977; Hassan 1979; Limbrey 1975; Rapp et al. 1974) and soon the first 

volume in English laying the foundations of the discipline was published in the UK: 

Geoarchaeology: Earth Science and the Past by Davidson and Shackley (1976). In the 

introduction of this book, Colin Renfrew gives the fundamental definition of 
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'geoarchaeology', which is the application of geosciences to resolve archaeological 

problems (Renfrew 1976:2):  

This discipline employs the skills of the geological scientist, using his concern for 

soils, sediments and landforms to focus these upon the archaeological site, and to 

investigate the circumstances which governed its location, its formation as a 

deposit and its subsequent preservation and life history.  

Owing to this definition, there is a wide range of disciplines that can be considered 

'geoarchaeological' such as: geomorphology, geophysics, geochronology, provenance 

studies, all of which use different analytical approaches and study scales (Hassan 1979; 

Shackley 1979; Stein 1993; Weisler and Love 2015). However, the core of the research 

lies in geological and soil science methodologies.  

The first geoarchaeologists were mainly Europeans and North Americans geoscientists 

and archaeologists, generally prehistorians, because applying a stratigraphic approach 

provided a chronological frame to complex Palaeolithic industries when absolute dating 

was not yet available before the 1950s (Brochier 2007:34). France, where prehistoric 

archaeology has a long tradition, produced some of the earliest geoarchaeological 

applications (Boule 1892; Breuil (Abbé) 1932; Breuil (Abbé) and Kozlowski 1931; 

Combes 1870; de Mortillet 1872; Piette 1904). Following the progress in sediment 

analytical methods and dating of the mid 20th century, 'geological studies' were carried 

out in a lot of French caves between the 1950s and the 1970s (Blanc 1955, 1959; 

Bonifay 1955; Bordes 1954; Bordes 1972; Cailleux 1946; de Lumley 1961; de Lumley 

1965a; de Lumley 1965b; Farrand 1975; Laville 1971; Laville et al. 1969; Lhomme 1972; 

Miskovsky 1970; Vaufrey 1949). Unfortunately this early French literature is generally 

under considered because of the lack of translation into English. Other European 

researchers include Zeuner and Cornwall in the UK (Cornwall 1958; Zeuner 1954) but it 

is mainly American researchers who contributed to the widespread practice of 

geoarchaeology. Their work goes back as early as the 1930s and spans the 20th century, 

focusing mainly on stratigraphic palaeoenvironmental reconstruction (Albritton and 

Bryan 1939; Antevs 1941; Butzer 1960, 1965, 1973, 1977; Cressman et al. 1940; 

Leighton 1934; Solecki 1951). These early studies mainly used analytical methods 

interested in the coarser fraction of sediment, such as particle size analysis. However, 

the capacity of these methods to identify discrete changes in a sequence is highly 
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dependent on the sampling resolution done in the field and for this reason, they can 

only provide a relative low-resolution record of changes (Woodward and Goldberg 

2001:349). While their application can be relevant to explore natural depositional 

dynamics, these techniques generally failed to explain the processes of deposition of 

occupation deposits (Brochier 1983; Goldberg 1979). The need for a higher resolution 

approach that would provide a better understanding of depositional history, especially 

for archaeological sequences where cultural deposits can be a predominant 

component, saw the development of microstratigraphic analytical techniques, in 

particular micromorphology, the 'method of studying undisturbed soil and regolith 

samples with microscopic techniques' (Stoops 2003:5).  

The main advantage of micromorphology is that deposits are observed undisturbed, 

which allows the observation of a wider array of deposit characteristics than other 

sedimentological analytical methods that usually destroy the sediment fabric and 

structure (Courty et al. 1989; Karkanas and Goldberg 2008). Micromorphological 

samples allow the characterization and semi-quantification of each component but, 

most importantly, they allow observing the sediment organization (e.g. quartz grains 

coated with clay, particle grading) and the stratigraphic relationship between layers 

(boundaries), that are sometimes not perceptible at the macroscale (Mallol and 

Mentzer 2015:8). For all these reasons, the analysis of undisturbed samples by soil 

micromorphology under petrographic microscope has a higher informative potential 

than other classical sediment analytical techniques (Courty and Fedoroff 2002; Courty 

et al. 1989; Karkanas and Goldberg 2008; MacPhail 2000; MacPhail and Goldberg 1995; 

Stoops et al. 2010b; Van Der Meer and Menzies 2011).  

Micromorphology was originally developed as a pure soil science technique, and its 

basic principles were enunciated by Kubiëna (1938). The technique saw an important 

growth in the agricultural field during the 1960s, particularly in Australia by world leader 

soil micromorphologist Roy Brewer from the CSIRO (Lee 1998), who developed a 

precise terminology for soil fabric description (Brewer 1964, 1972) on which recent 

classification systems are still based (Bullock et al. 1985; FitzPatrick 1984; Stoops 2003). 

The application of soil micromorphology to archaeology developed through the 1980s 

and 1990s, led by researchers such as American Paul Goldberg, French Marie-Agnes 

Courty and Nicolas Fedoroff and English Richard MacPhail, all working on European or 
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Mediterranean archaeological sites (for example Courty 1982, 1983, 1984, 1986, 1989, 

1992, 1994; Courty et al. 1989; Courty et al. 1991; Fedoroff and Courty 1994; Fedoroff 

et al. 1990; Gé and Courty 1993; Goldberg 1973, 1979; Goldberg and Laville 1991; 

Goldberg and Arpin 1999; Goldberg et al. 1994; MacPhail 1987, 1992, 1999; MacPhail 

and Goldberg 1995; MacPhail et al. 1990; MacPhail et al. 1997). These early applications 

and subsequent studies have proved micromorphology to be one of the most efficient 

methods to disentangle natural from anthropogenic signatures, especially in cave 

sediments (Goldberg and MacPhail 2005c; Goldberg and Sherwood 2006; Karkanas and 

Goldberg 2008, 2013; Macphail and Goldberg 2010). As the sites investigated for this 

thesis are all under this context, the main concepts of the geoarchaeological approach 

to cave and rockhselter settings is further developed in Section 3.1.2. 

Geoarchaeology as a discipline became more consolidated through the 1980s into the 

early 2000s as indicated by the multiplication of literature available and major volumes 

being edited on geoarchaeological principles (Barham and MacPhail 1995; French 2003; 

Goldberg and MacPhail 2005b; Goldberg et al. 2001; Holliday 1992, 2004; Miskovsky 

1988, 2002; Rapp and Hill 1998; Waters 1992) as well as a dedicated journal 

Geoarchaeology since 1986, and numerous publications in journals such as Journal of 

Archaeological Science (Holliday 2004:9). The last twenty years have seen many 

improvements in geoarchaeology (see Canti and Huisman 2015; Walkington 2010 for 

recent reviews) but the future still holds many challenges, including narrowing the field 

of research to less explored environments. Regarding micromorphology, most of the 

progress in the field in the last decades has concentrated on the interpretation of 

micromorphological features from a vast array of different contexts. The recent volume 

Interpretation of micromorphological features of soils and regolits edited by Stoops et 

al. (2010) brings together major contributions of micromorphology specialists from over 

the world with each contribution giving a state of knowledge on a particular research 

theme along with future development prospects. Most interestingly, soil 

micromorphology applied to archaeology has become one of the most active areas of 

soil micromorphology research (Stoops 2010:5, Stoops 2014:197, Figure 3-1), which 

advocates for the high potential of this method to document and explain site formation 

processes of archaeo-stratigraphic sequences, especially in cave and rockshelter 

settings. 
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Figure 3-1. The number of publications on micromorphology specific applications during 

the 20th century. Note the fields of archaeology and palaeopedology represent an 

increasing part of publications over the 1990s and 2000s (from Stoops 2014:197, his 

figure 9). 

3.1.2 Geoarchaeological approach to site formation processes of cave 
and rockshelter deposits 

Caves and rockshelters are unusual places in the landscape that have long fascinated 

humans, from the prehistoric times when people found shelter under their roof to the 

most recent times, with early and contemporaneous excavations trying to unravel the 

long-term history they hold (Bailey and Galanidou 2009:3-4). Cave deposits preserve 

evidence of human occupation through time because they usually work as sediment 

traps (Goldberg and Sherwood 2006:28; Morley 2007:19). However, they constitute a 

peculiar depositional environment and understanding the processes responsible for the 

formation of their deposits is complex (Farrand 2001; Goldberg and MacPhail 2005c; 

Goldberg and Sherwood 2006; Karkanas and Goldberg 2013; Woodward and Goldberg 

2001). Cave and rockshelter deposits analyses are best achieved using 

micromorphology, as explained by Karkanas and Goldberg (2013:286):  

Cave sediments are commonly fine grained and lack macroscopic sedimentary 

structures. Only a detailed analysis of the micromorphological characteristics permits 

an accurate determination of the sedimentary dynamics of such cave deposit. 

Understanding site formation processes is crucial to achieve the best interpretation of 

an archaeo-stratigraphic sequence because the processes involved can affect greatly 

the patterns and preservation of artefacts and anthropogenic features on which the 
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interpretations of human behaviours at the site are based (Stein 2001:47-48). In 

principle, the methodological approach to sedimentary analysis of archaeo-stratigraphic 

sequences is relatively simple and independent of the scale of approach. The idea is to 

understand their pre-depositional, depositional and post-depositional history (Goldberg 

and MacPhail 2005a; Schiffer 1983, 1996; Stein 2001) or in other words, how the 

sediment was deposited in the first place and how it has evolved or was disturbed over 

time until the moment it is analysed.  

The first step of the geoarchaeological analysis is the identification of the various 

components constituting the deposit (Figure 3-2 and Table 3-1). Components are either 

geogenic (elements from the geosphere, such as rocks, sediments or soils) or biogenic 

(from the biosphere, parts of animals and plants). Generally in an archaeological setting, 

the complexity comes from the fact that both geogenic and biogenic elements can 

either result from a natural or anthropogenic origin and are derived from local 

(autochthonous/endogenous, inside the cave) and more or less distant sources 

(allochthonous/exogenous, from outside the cave) (Goldberg and MacPhail 2005c:175). 

The combination and proportions of natural/anthropogenic and geogenic/biogenic 

components may vary massively between stratigraphic layers (Farrand 2001:539). The 

work of the geoarchaeologist is to disentangle this mixture by identifying the origin and 

deposition dynamics of each component and suggest a reconstitution of the site 

formation history that explain the degree of influence of each factor (natural or 

anthropogenic) in the constitution of the deposit through time. Having trained both in 

natural earth sciences and archaeology allows the geoarchaeologist to propose the best 

interpretation and assessment possible of the sequence. The different steps of the 

geoarchaeological analysis are summarized in Figure 3-2. 

Geogenic components and palaeoenvironmental reconstruction 

Geogenic sediments are mainly composed of clastic materials deposited in the cave by 

different natural means (water, wind, gravity, etc.). There is a large array of geogenic 

sediment category types that can be found in sheltered sites (Table 3-1), all being 

influenced directly or indirectly by: material chemical and physical properties (e.g. 

resistance to erosion, cohesion and density), transportation agent dynamics (e.g. water 

or wind velocity), climate (e.g. precipitation, temperature), topography (e.g. gravity), 

morphology of the cave (e.g. opening, fissures, active or not karstic system) (Goldberg 
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and MacPhail 2005c). One of the major sedimentological principles is that each 

depositional environment creates a typical sediment organization or type of sediment 

(Miskovsky and Debard 2002). Therefore the different characters of geogenic sediments 

(lithology, particle size, mineral components, organization) can lead to their 

interpretation as a peculiar depositional environment, itself possibly reflecting peculiar 

climatic conditions at a given time. This principle has been applied successfully in many 

 
Figure 3-2. The steps of a geoarchaeological analysis. © D. Vannieuwenhuyse, 2016 
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palaeoenvironmental reconstructions based on cave deposits (Aubry et al. 2011; 

Bertran et al. 2008; Courty and Vallverdu 2001; Cremaschi 1990; Farrand 1975; 

Karkanas 2001; Karkanas and Goldberg 2013; Laville et al. 1980; Morley 2007; Rellini et 

al. 2013; Sasowsky and Mylroie 2007; Texier 2006; Woodward and Goldberg 2001). The 

idea behind this principle is that sediment formation in a cave is sensitive to external 

climatic factors such as temperature, precipitation, increased aridity, etc. (Courty and 

Vallverdu 2001, see also Figure 3-3). However, as each type of sediment organization 

pattern is itself influenced by a complex array of parameters, most authors of 

geoarchaeological studies insist on the need to develop a unique comprehensive 

approach for each site as not all principles are transferable between different settings 

(Karkanas and Goldberg 2013; Woodward and Goldberg 2001), in particular between 

sites under different climates (periglacial, temperate, tropical).  

Many of the theoretical principles of site formation studies and palaeoenvironmental 

reconstructions in cave and rockshelter settings were elaborated in a number of case 

studies in prehistoric sites in Europe and around the Mediterranean Basin (e.g. Courty 

and Vallverdu 2001; Cremaschi 1990; Goldberg and Bar-Yosef 1998; Goldberg and 

MacPhail 2005c; Karkanas and Goldberg 2013; Karkanas et al. 2000; Morley 2007; 

Woodward and Goldberg 2001) but only a few case studies are available for the rest of 

the world, in particular for tropical environments (cf. Lewis 2007; Stephens et al. 2005; 

Stephens et al. in press), as pointed by Canti and Huisman (2015:96). While establishing 

the high potential of a geoarchaeological approach to understand site formation 

processes, in particular when using micromorphology, these European/Mediterranean 

studies also demonstrated that there is a high variability of responses recorded in caves 

under similar climatic forcing. The fact that different patterns of sedimentation are 

found from one site to another over the similar time periods indicates that deposition in 

caves and rockshelters is first dependant on local parameters such as the morphology of 

the shelter, lithology of the host material, topography and, in particular, patterns of 

human occupation intensity (Campy and Chaline 1993; Farrand 2001; Goldberg 1979; 

Karkanas et al. 2000; Woodward and Goldberg 2001). Indeed, when deposition is 

composed mainly of anthropogenic inputs, the natural palaeoenvironmental signals 

within the sequence are blurred (Goldberg and Sherwood 2006; Morley 2007:159). 
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Figure 3-3. Schematic representation of a cave system showing the different processes 

involved in cave sediment formation and their sensitivity to climatic factors (from Courty 

and Vallverdu 2001:494). 

 

Biogenic components 

Biogenic components are any debris or material accumulated in the cave that derives 

from animals or plants. They can be both from natural or anthropogenic origin as 

animals and humans are generally intermittent inhabitants of caves and rockshelters, 

(Courty et al. 1989; Farrand 2001; Goldberg and Sherwood 2006). Natural biogenic 

inputs include animal remains (bones, teeth) of animals that have naturally died in the 

cave, have been brought by other animals for consumption or have been embedded in 

animal faeces or pellets. Micro and macro-botanical natural inputs include remains 

brought into the cave by aeolian processes, from vegetation growing at the entrance of 

the cave, have been brought in by humans and animals for consumption or have been 

embedded in faeces (for a more exhaustive list of biogenic components and parameters 

influencing them, see Table 3-1). The animal and vegetal species found generally reflect 

the present and past local environment of the site (coastal, savannah, arid zone) and 

when their cultural provenance is demonstrated, human consumption practices. 

Micromorphology has played an important role in the identification and 

characterization of biogenic components that sometimes constitute a high proportion 

of cave deposits, for example phytoliths and calcitic ash particles from plants as well as 



61 

microscopic particles such as spherulites formed in herbivore faeces (2012; Albert et al. 

2007; Brochier 1983, 1996; Brochier and Thinon 2003; Brochier et al. 1992; Canti 1997, 

1998, 1999, 2003b; Goldberg et al. 1994; Schiegl et al. 1996) or bat guano (Karkanas et 

al. 2002; Shahack-Gross et al. 2004).  

Anthropogenic signatures 

Anthropogenic signals encompass anything generated by human activity (e.g. artefact 

manufacturing, cooking, lighting, spatial arrangement) including materials brought into 

the cave by people (e.g. artefacts, food waste, etc.) and any direct or indirect action 

that would have affected the cave deposits (trampling, scouring, digging, building a fire) 

(Goldberg and Sherwood 2006:25). As Table 3-1 indicates, anthropogenic materials can 

have a geogenic (e.g. stone, crayons, clay balls) or biogenic origin (e.g. plant and animal 

remains for consumption or ornaments). Anthropogenic features can be very discrete 

but it is not always easy to detect them or define their nature and mode of formation 

because they are often mixed within the natural deposit. It became rapidly evident in 

early geoarchaeological applications that traditional sedimentological techniques were 

not really effective in explaining the nature, depositional processes and post-

depositional evolution of anthropogenic accumulations found in prehistoric caves, in 

particular combustion features or combustion residues (e.g. thick accumulation of ash 

or charred organic matter, complex interspersed hearths), and that the most successful 

approach was the use of micromorphological techniques that observe and characterize 

microscopic particles and can identify microscopic layering and organization (Brochier 

1983; Brochier et al. 1992; Courty 1983, 1984; Goldberg et al. 1994; MacPhail and 

Goldberg 1995; Wattez 1988). 

Combustion features are one of the most common anthropogenic features. However, 

the presence of ash, for example, is not necessarily a sign of an in situ combustion 

feature (Mentzer 2014). Determining whether it is the product of natural reworking or 

human hearth rake-out has different implications for interpreting site occupation 

dynamics (Courty et al. 1989:79). Micromorphology studies and geoarchaeological 

experiments have contributed immensely to the improvement of identification and 

interpretation of fire-related features, in particular how to distinguish between in situ 

fireplaces and dumping/reworked areas (Goldberg et al. 2009; Mentzer 2014; Schiegl et 

al. 2003), but also revealing the nature of activities associated with the formation of ash 
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and phytolith-rich deposits (Albert et al. 2012; Albert et al. 2007; Brochier 1996; 

Brochier and Thinon 2003; Canti 2003b; Karkanas et al. 2002; Schiegl et al. 1996; 

Wattez and Courty 1987; Weiner et al. 1995), understanding the possible different 

functions of combustion features itself (Albert et al. 2012; Aldeias et al. 2012; Berna et 

al. 2012; Friesem et al. 2014; Goldberg et al. 2009; Karkanas et al. 2007; Mallol et al. 

2007; Mallol et al. 2013a; Mallol et al. 2013b; Meignen et al. 2007; Mentzer 2014; Miller 

and Sievers 2012; Miller et al. 2010; Shahack-Gross et al. 2014; Wattez 1994) and 

qualifying the thermic effect of firing on the underlying sediment (Aldeias et al. 2016; 

Berna et al. 2007; Canti and Linford 2000). As a large array of evidence of human 

activity is related to fire places, these are major contributions that helped to unravel the 

complexity of past anthropogenic practices and activities. In addition, the 

micromorphological observations are generally able to bring a final assessment of the 

nature and the integrity of the combustion-related feature investigated, something that 

is often difficult to appreciate or often overlooked from the field observations only. 

Post-depositional processes 

Identifying the different types of sediment composing the deposit of caves and 

rockshelters is not always straightforward because the primary deposited sediment 

undergoes various modifications through time, qualified as post-depositional processes 

(Farrand 2001; Goldberg and Sherwood 2006; Karkanas and Goldberg 2013; Karkanas et 

al. 2000). These processes include mechanical disturbance and chemical transformation 

of the deposit and the material (from both natural and anthropogenic origin, e.g. bones) 

embedded within it. These changes represent the diagenetic evolution of the deposits 

and might be ancient or still active. The degree of development of each post-

depositional process needs to be assessed as it has direct impact on the archaeological 

record integrity. 

Physical or mechanical post-depositional processes have a high potential to disturb the 

primary organization of the sequence (Karkanas and Goldberg 2013:292). Reworking of 

particles is dependant on various disturbance agents, generally water, animal or 

humans (a list of physical reworking examples is in Table 3-2). Water percolating 

through the fissures of the shelter can create streams that can rework or even remove 

sediment outside the cave, depending on the morphology of the shelter and the energy 

of the phenomenon. Animals are another common agent of bioturbation of deposits, as 
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many species inhabit rockshelters and caves. Faunal bioturbation is mainly through 

burrowing action, for example underground channelling or nesting from small insects or 

small rodents (Canti 2003a; Kooistra and Pulleman 2010; McBrearty 1990), and surface 

disturbance such as trampling and digging to create hollows by larger animals 

(macropods, carnivores). The observation of undisturbed sediment samples using 

micromorphology can reveal evidence of intense bioturbation processes in the 

presence of millimetric channels invisible to the naked-eye. This has direct implications 

for sediment luminescence dating (Jankowski 2014). 

Bioturbation is also engendered by roots growing within caves and rockshelters and 

disturbing the deposit and contributing to the input of organic matter that can modify 

the chemical environment of the deposit (Karkanas and Goldberg 2013:294). 

Accumulation of botanical remains can also attract insects and fungi that will contribute 

to its decay and incorporation within the geogenic sediment and increase the degree of 

reworking of particles (Stolt and Lindbo 2010). The other main agent of disturbance in a 

shelter is people. Humans will, intentionally or not, contribute to the trampling, 

compaction, reworking, digging and even removal of sediment and material through the 

variety of activities taking place in the shelter (cleaning, spatial organization, firing, etc.). 

All these natural reworking processes and anthropogenic actions can induce both lateral 

and vertical mixing but also may erode some parts of the primary deposited sediments 

and create unconformities.  

Chemical post-depositional processes can alter substantially the archaeological deposit 

and material embedded within it to the point of destroying it completely (Karkanas and 

Goldberg 2013:292). All geogenic and biogenic components are more or less vulnerable 

to alteration, the degree of which depends on the intrinsic properties of each 

component (chemical stability) and the overall deposit chemical environment (Karkanas 

2010). The deposit’s chemical environment (acid or basic pH) is itself influenced by 

many factors such as the host material, the presence of organic matter and moisture 

penetration all of which are dependant on the morphology of the shelter, climate, etc. 
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Table 3-1. Types of sediment and material found in caves and rockshelters and 

associated parameters' influence (●=major, ○=minor) (after Goldberg and Sherwood 

2006:23 but augmented and adapted for the Australian context).  

SEDIMENT TYPE R
e

si
st

a
n

c
e

 t
o

 e
ro

si
o

n
  

M
o

rp
h

o
lo

g
y
 c

a
v
e

 

To
p

o
g

ra
p

h
y
 i
n

 l
a

n
d

sc
a

p
e

  

G
ra

v
it
y
 

C
lim

a
te

 

Te
m

p
e

ra
tu

re
 

P
re

c
ip

it
a

ti
o

n
, 
m

o
is

tu
re

 

V
e

g
e

ta
ti
o

n
 c

o
v
e

r 

B
io

lo
g

ic
a

l 

A
n

th
ro

p
o

g
e

n
ic

 

A
u

to
c

h
th

o
n

o
u

s 
(i

n
si

d
e

 c
a

v
e

) 

A
llo

c
h

th
o

n
o

u
s 

(l
o

c
a

l)
 

A
llo

c
h

th
o

n
o

u
s 

(l
o

n
g

 d
is

ta
n

c
e

) 

GEOGENIC                           

Bedrock and cave walls granular disintegration 
             

  by chemical weathering ● ● ○ 
 

● ● ● ● ● 
 

□ 
  

  
by physical abrasion (wind exfoliation or tidal 

erosion) 
● ● ● 

 
○ ○ 

    
□ 

  

  by biophysical abrasion (animals or humans) ● ● ● 
     

● ● □ 
  

Rockfall / Block breakdown 
             

  

by chemical weathering, spalling and 

collapse (possibly freezing-thawing cycle 

mechanical erosion during glacial?)                                                

Big boulders, rubble, scree, slump 

● ● 
 

● ● ● ● ○ 
  

□ 
  

Colluvial deposits 
             

  

Reworked sediment and clasts washed-in 

through entrance or fissures(slope-washed, 

run-off, sheet wash, creep)                                               

Mudflows, debris flows 

● ● ● ● ● ○ ● ○ 
  

□ □ 
 

Fluvial/alluvial  deposits 
             

  
Seasonal ephemeral stream                         

Stream deposition or wash out 
● ● ● ● ● ○ ● ○ 

  
□ □ 

 

  
River                                                                                 

Big discharge of mud from flood 
● ● ● ● ● ○ ● ○ 

   
□ □ 

Beach deposits 
             

  
Tide current force and intensity, storms                

Beach sand, rounded gravels, marine shells 
● ● ● 

 
○ 

      
□ □ 

Aeolian deposits (windblown) 
             

  
Geogenic, from deflation quartz sands and 

silts or gypsum crystals from dunes or playa 
● ● ○ ○ ● 

  
● 

   
□ □ 

  
Biogenic: Organic matter macro and micro-

remains (leaves, stems, pollen) 
● ● ○ ○ ● 

  
● 

  
□ □ □ 

Travertine, flowstone 
             

  
by chemical precipitation, induce by 

atmospheric water infiltration within cave 
● ● 

  
● ● ● ○ ○ 

 
□ 
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BIOGENIC  
             Faunal remains 
             

Bones and teeth ● ○ ● 
 

● 
   

● 
 
□ □ □ 

  

Herbivores                                                                  

Macropods, cattle (modern), sheep (modern), 

extinct species              

  

Carnivores                                                                  

Dingo (Holocene), extinct species (thylacine, 

Tasmanian devils)              

  
Omnivores                                                                             

Echidna, rodents, bats, extinct species              

  
Birds                                                                                

Emu, bush turkey, small bird, extinct species              

  

Reptiles                                                                           

Snake, lizards, turtles, crocodiles, extinct 

species              
  Fish (fresh water or marine) 

               Marine mammals? 
             

Molluscs / Malacofauna  ● ○ 
  

● 
 
○ ● ● ○ □ □ □ 

  
Terrestrial, fresh water, marine (coastal or non-

coastal)              
Insect parts ● ○ 

  
● 

 
○ ● ● ○ □ 

  

  

Burrowing species likely to be found in 

sediment:                                                    

Beetles, earwigs, termites,  ants, wasps, bees, 

ant lions, spiders 
             

Animal associated waste or material import 
             

Avian Eggshell ● ○ ○ 
 
○ 

   
● ○ □ □ □ 

  Small birds, emu 
             Excrements ● ○ ● 

 
○ 

   
● ○ □ 

  

  

Herbivores                                                          

Macropods faeces, cattle dung (rich in 

organic matter, modern proof of stabling), 

presence of spherulites in most of them 
             

  
Carnivores                                                                       

Dingo faeces contain digested bones              

  

Bird                                                                                    

Owl pellets contain animal bones and hair, 

guano              
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Omnivores                                                                      

Echidnas faeces with lots of ants, bat guano              
 

Invertebrates and insect faeces 
             Nest parts ● ● ○ ○ ○ 

   
● 

 
□ 

  
  

Insect (underground, floor surface, wall, roof or 

ceiling)              
  Bird (mud nest on roof falling apart) 

             
Plants (charred or not) 

             
Macrobotanicals ● ○ ○ ○ ● ○ ● ● ● 

 
□ □ 

 
  

Wood, seeds, fruit, flower, leaves, stems, bark, 

fibres              
Microbotanicals ● ○ ○ ○ ● ○ ● ● ● ○ □ □ □ 

  
Ash, phytoliths, pollens and spores, starch, 

diatoms              
ANTHROPOGENIC   

             Artefacts and artefacts fabrication waste 
             

  

Stone, bone, shell, wood (hardwood, bark), 

glass, clay balls, pigment, vegetal fibre, animal 

skin 
● ● ● 

 
○ 

    
● □ □ □ 

Food waste/dumping 
             

  Bone, fishbone, mollusc, avian eggshells, fat ● ● ● 
 
○ 

   
○ ● □ □ 

 
Action on deposits - import or output ● ● ○ 

      
● □ □ 

 

  

Presence of wood charcoal or ash related to 

in-situ combustion feature or not (hearth 

cleaning and rake-out), sediment removal 

(dug features or scouring) related to activities 

of cooking, storing, cleaning, brushing, raking, 

floor levelling 

             

Building materials ● ● 
  

○ 
   

○ ● □ □ 
 

  
Stone arrangement, wood, vegetal litter, 

animal skins              
Rock art production ● ● ○ 

      
● □ 

  
  

Engravings or painting abrasion or flaking, 

painted slabs              
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Table 3-2. Most common physical and chemical syn-depositional and post-depositional 

processes observed in cave and rockshelter deposits (adapted from Goldberg and 

Sherwood 2006:25). 

POST-DEPOSITIONAL PROCESSES 

Physical reworking (inducing removal from cave sometimes) 

Water (stream flow, percolating water) 

Deflation (wind) 

Slumping, faulting, mass movement (gravity) 

Roots bioturbation 

Lateral dispersion, compaction (animal or human trampling) 

Vertical translocation (animal burrowing, fluids) 

Mixing by animal burrowing and digging 

Human digging, scouring, scrapping, cleaning 

Chemical alteration (inducing complete disparition from deposit sometimes) 

Dissolution carbonates and phosphates (bone, ash, guano) 

Calcification (cave breccia, secondary carbonates) 

Phosphate mineralization  

Formation of authigenic minerals: evaporites (gypsum, salts), clay, iron-manganese 

Decomposing organic material, acidification 

Formation of organo-mineral complex by soil fauna mixing 

 

Table 3-2 lists sources of chemical alteration in archaeo-stratigraphic sequences. The 

most common observed chemical alteration observed is partial or complete dissolution 

followed by neoformation of minerals, for example, the weathering of bone carbonates 

into secondary carbonates, the alteration of minerals into clays, matrix phosphate 

enrichment resulting from presence of bones, guano and excrement (Forbes and 

Bestland 2006; Karkanas and Goldberg 2013; Karkanas et al. 2000; Karkanas et al. 2002; 

Shahack-Gross et al. 2004). The recognition of these processes is complex because they 

can induce loss of material and volume in the sequence and sometimes blur, or even 

erase, the primary deposition organization or create post-depositional boundaries. 

However, they can also be useful markers of past climate changes, for example the 

relation between more intense precipitation or humid climate leading to intense 

weathering and development of breccias in the cave. 

3.1.3 Time perspective of site formation processes 

Beyond the recognition of depositional and post-depositional processes, the last step of 

the geoarchaeological analysis is to place all the different processes identified into a 

relative timeframe of events. This is achieved better if a fine resolution chronology of 

the sequence is available. The ultimate aim is to provide a comprehensive history of the 
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deposit formation that explains changes in dynamics and rhythms of sedimentation, 

helps identify breaks in the sequence (chrono-stratigraphic discontinuities), diagnoses 

possible palaeoenvironmental signals embedded in the deposit and links them to 

broader scale climatic changes as well as assesses the integrity of the archaeological 

record (Figure 3-2). Once all evidence is combined, it might be possible to reconstruct a 

local human-environment interaction history (Karkanas and Goldberg 2013:287) that 

would be more or less fragmentary, depending on the time periods recorded by the 

sequence. 

3.2 DISCONTINUITIES IN ARCHAEOLOGICAL CONTEXT  

Archaeo-stratigraphic sequences are complex multitemporal deposits affected by 

various formation processes. For this reason, the temporal structure of the 

archaeological record is sometimes complex to disentangle. Archaeologists have long 

been struggling with this issue and have debated the best way to approach it (Bailey 

1983, 2007; Bailey and Galanidou 2009; Holdaway and Wandsnider 2006, 2008; Lucas 

2008, 2010, 2012; Malinsky-Buller et al. 2011; Schiffer 1996; Wandsnider 2004). The 

main issue related to 'time perpectivism' in archaeology deals with how archaeologists 

interpret the archaeological evidence found in archaeological sites in terms of human 

behavioural changes across space and time. This is particularly complex in cave and 

rockshelter settings because of the repeated use of the same confined area over 

millennia that usually results in the formation of time-averaged deposits or fragmentary 

deposits resulting from the variety of depositional and post-depositional processes that 

control and affect the deposit formation (Bailey and Galanidou 2009:216). One view is 

to consider that these records represent long-term trends in human behaviours. 

Accordingly, the reconstruction of regional occupation patterns is often based on the 

apparent change or continuity of the archaeological record. However, when it comes to 

explain the origin of these changes or discontinuities, archaeologists tend to provide a 

relatively straightforward interpretation of archaeo-stratigraphic sequences focusing 

mainly on the cultural evidence or environmental factors and tend to overlook the 

issues about the archaeological record integrity itself (Mlekuž et al. 2008; O'Connor et 

al. 1999). The fact that archaeologists struggle with the discontinuous nature of the 

archaeological record is visible in the relatively blurred terminology and concepts used 

to describe discontinuities. 
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3.2.1 The need to refine the concept of discontinuity 

While concepts related to stratigraphic discontinuities are clearly enounced in the 

geological and geomorphological literature and strictly relate to breaks in 

chronostratigraphic sequences created by natural site formation processes (Murphy 

and Salvador 1999), a certain blur of vocabulary is noticeable in the archaeological 

literature that describes discontinuities in an archaeological context. This results from 

the fact that discontinuities can refer both to cultural and/or stratigraphic changes in 

archaeological sites (Mallol and Mentzer 2015). The definition of cultural discontinuities 

is, however, equivocal as it describes changes visible in the archaeological record 

(presence/absence, abundance, technological changes). It also relies on the 

interpretation of occupation patterns over time and space in the site. Most commonly, 

terms such as 'break' or 'change' are used to express the idea of discontinuity, but it 

becomes more confusing when describing missing records, with multiple terms used 

such as 'gap', 'hiatus', 'lacunae' and 'unconformity'. It is often not completely clear 

whether these terms refer to time, stratigraphic layers or cultural interpretations of the 

sequence. The distinction between descriptive criteria and interpretation should be 

systematic and the nature of the discontinuities should always be qualified 

(chronological, stratigraphic or cultural/archaeological) in order to avoid 

misunderstanding or misinterpretation by readers. One way to distinguish these three 

different types of discontinuity would be to question the nature of the discontinuity 

itself. Is it the result of a chronological gap (no dates falling in a certain period), the 

absence of a stratigraphic layer (no sedimentological record), or the absence of 

anthropogenic evidence? The answer is generally not unique as a mix of these causes is 

generally responsible for creating discontinuities in archaeological sequences. For 

example, a chronological gap can be sometimes explained by the lack of datable 

material in a particular stratigraphic layer, or just function of a sampling bias, or it can 

be induced by the absence of a sedimentological record (Mlekuž et al. 2008). This is 

where a good assessment of the stratigraphy of a site is fundamental to identify 

possible taphonomical issues and understand the depositional and post-depositional 

processes creating the sequence investigated. The organization and superposition of 

the stratigraphic layers, their composition and their interfaces/contacts demonstrate 

breaks and changes in depositional dynamics. Having a better understanding of these 

interfaces is one way to document and understand the discontinuities (Mallol and 
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Mentzer 2015). To achieve that, it is important to first explore the discontinuities strictly 

from a stratigraphic point of view, in order to understand the natural mechanisms 

driving the formation of sedimentary archives and how they can affect archaeo-

stratigraphic sequences. Only then it is possible to define a terminology covering the 

different types of discontinuities observed in archaeo-stratigraphic sequences. 

3.2.2 Natural stratigraphic discontinuities 

Deposition is rarely homogenous through time and sedimentation needs to be 

considered as a non-continuous process (Ager 1973; Sadler 1981) or, as Ager (1973:33) 

puts it, the stratigraphic record is 'more gaps than record'. Indeed, most stratigraphic 

sequences follow a sedimentation by pulse, with multiple diastems, or 'short 

interruptions in deposition with little or no erosion before resumption of sedimentation' 

(Murphy and Salvador 1999:48), that don’t necessarily create visible stratigraphic 

boundaries. These short interruptions have little effect on the general build-up process 

of a site. At a larger scale however, the stratigraphic record is always fragmentary or 

discontinuous and results from successive depositional, stasis or erosional phases 

succeeding to each other (Figure 3-4). These changes create interfaces referred to as 

'stratigraphic discontinuities'.  

 
Figure 3-4. Hypothetical age-depth curve showing the preserved stratigraphic 

sequence (red) and possible deposition/erosion scenario during the accumulation 

history of the site. © D. Vannieuwenhuyse, 2016 
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Stratigraphic discontinuities have been described by earth scientists in geological and 

geomorphological contexts as early as the 17th century (Hutton 1788; Stensen 1669) 

and are fully integrated in modern geology principles (Krumbein and Sloss 1963; 

Lutgens et al. 2012; Murphy and Salvador 1999). A terminology inspired from these 

principles is usually used to describe archaeo-stratigraphic sequences, the different 

layers/strata composing the sequences and the interfaces between them, especially in 

prehistoric archaeology (Harris 1979a; Mallol and Mentzer 2015; Stein 1987). Two types 

of stratigraphic discontinuities are generally distinguished: the first refers to changes in 

sedimentation dynamics but with no evidence of major breaks or interruptions in the 

depositional history and are called 'conformable contacts'. On the other hand, 

'unconformities' or 'unconformable contacts' indicate a clear interruption in the 

depositional history, either related to a non-deposition (stasis) or erosion phase (Harris 

1979a; Lutgens et al. 2012; Mallol and Mentzer 2015; Mallol et al. 2012; Murphy and 

Salvador 1999; Stein 1987). Observing and describing interfaces (boundaries) between 

stratigraphic layers is one way to distinguish between each type of discontinuity before 

interpreting it. Identification between different types of discontinuities can be an issue 

and for this reason, the terminology and concepts associated with the different types of 

stratigraphic discontinuities have been summarized in Table 3-3.  

 

Table 3-4 presents a detailed description of boundaries and sedimentary processes in 

action, the possible identification issues and interpretations as well as an assessment of 

the possible impacts on the archaeo-stratigraphic sequence for each different type of 

discontinuity. These tables offer a clear overview of the concepts that are going to be 

used in this thesis to define discontinuities in sites from north-west Australia. What 

came out this overview is a clear distinction between causes and consequences relating 

to discontinuities and the terminology that should be associated with it. While it is true 

that identifying natural discontinuities in stratigraphic sequences is not necessarily easy 

for archaeologists, this can generally be overcome by the assessment by a 

geoarchaeologist coupled with a detailed chronology. In particular, micromorphology 

has a great potential in helping with the identification of depositional contacts by 

looking at interfaces at a microscale (Mallol and Mentzer 2015:6). 
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3.2.3 Discontinuities in archaeological sites 

Defining archaeo-stratigraphic discontinuities 

While naturally-caused stratigraphic discontinuities are already complex to define, the 

question of identifying and interpreting discontinuities in an archaeological site, 

especially in the complex depositional settings of caves and rockshelters, seems even 

more complicated. Indeed, the build-up of archaeo-stratigraphic sequences is unique 

because they mostly result from both natural and anthropogenic factors and so it is 

necessary to explore both factors. While reviewing the different types of discontinuities 

in archaeological sites for this chapter, the approach adopted has been to apply a 

simple suite of questions: What is the evidence observed? What natural and/or 

anthropogenic causes could explain or create this type of deposit? To what extent is it 

possible to interpret the discontinuity observed in terms of cultural or demographic 

changes? This reasoning led to the terminology presented in detail in Table 3-5 and 

summarized in Table 3-6). Owing to the fact that discontinuities indicate changes in the 

archaeo-stratigraphic sequences, three main types of discontinuities have been defined: 

disconformity (missing archaeological record), palimpsest (time-averaged 

archaeological layers) and archaeological discontinuity (absence or change in 

archaeological material). Table 3-6 presents the different definitions, causes and 

interpretation issues for each type and constitutes the basis on what will be assessed 

and interpreted the discontinuities encountered in sites from the southern Kimberley.  

Interpretative issues of archaeo-stratigraphic discontinuities 

Better definition of discontinuities in archaeo-stratigraphic sequences is essential for 

understanding site formation process and assessing the integrity of the archaeological 

record. However, it appears that their recognition and interpretation is not always 

straightforward for archaeologists or have been limited, especially in caves where only 

small areas are excavated, providing only a limited window in the sedimentological 

history of the site (Mlekuž et al. 2008; O'Connor et al. 1999). The reality is that very 

often interpretations of cultural discontinuities/changes lack a solid appraisal of the 

chronostratigraphic archaeological sequence. However, different types of 

discontinuities have different implications for the interpretation of an archaeological 

sequence. It is not the same to talk about a stratigraphic hiatus (=absence of sediment 



73 

record for a period of time), an archaeological hiatus (=absence of cultural material for 

a period of time, that can result from either a stratigraphic discontinuity, a taphonomic 

bias or the absence of human occupation) and a cultural hiatus (=absence of human 

occupation for a period of time). Indeed, there is an essential difference between the 

absence of archaeological evidence (a fact) and the absence of human occupation (an 

interpretation based on several lines of evidence, including the absence of 

archaeological evidence, but not exclusively). But, most importantly, at no time can the 

lack of evidence be taken for evidence of human absence (Holdaway et al. 2005:34). In 

the case of missing records, the reasons for the creation of the unconformities are often 

complex and result of multiple parameters that only a comprehensive 

geoarchaeological approach to the site can help decipher. Hopefully, following the 

principles developed in this chapter will help in assessing and re-assessing the presence 

and nature of discontinuities in sequences from the southern Kimberley and north-west 

Australia presented in this thesis. 

 

Table 3-3. Summary of different types of stratigraphic discontinuities and their impacts 

on the archaeostratigraphic record. 

DISCONTINUITY TYPE PROCESS INTERPRETATION IMPACTS 

CONFORMABLE CONTACTS 
  

 

change in 

depositional 

dynamic or rate 

successive phases of 

sedimentation 
possible palimpsest 

UNCONFORMITIES 
   

 
PARACONFORMITY 

sedimentation 

stops 
stratigraphic hiatus 

palimpsest/ 

chronostratigraphic gap 

 
LAG DEPOSIT removal fines only stratigraphic hiatus 

palimpsest / 

(chronostratigraphic 

gap) 

 
DISCONFORMITY strong erosion stratigraphic hiatus 

absence of 

archaeological record/ 

chronostratigraphic gap 

 

 

 

Table 3-4. (next two pages) Description of the different types of stratigraphic 

discontinuities, some related identification issues, their interpretation and possible 

effects on the archaeo-stratigraphic record (definitions after Harris 1979a; Lutgens et al. 

2012; Mallol and Mentzer 2015; Mallol et al. 2012; Murphy and Salvador 1999; Stein 

1987). Keywords are in bold. 
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DESCRIPTION 

SEDIMENTARY PROCESSES 

IDENTIFICATION ISSUES  

and INTERPRETATION 

IMPACT(S) ON THE  

ARCHAEOLOGICAL 

RECORD 

C
O

N
F
O

R
M

IT
Y

/ 

C
O

N
F
O

R
M

A
B

LE
 C

O
N

TA
C

T Visible change in 

depositional dynamics or 

rhythms/rates between two 

stratigraphic layers but with 

no evidence of major 

breaks or interruptions in 

the depositional history. The 

transition can be 

clear/abrupt or 

gradual/diffuse.  

Generally interpreted as 

different phases of 

sedimentation associated 

with changes in 

palaeoenvironmental 

conditions or sediment 

sources or episodes of 

slower or faster 

sedimentation. 

Change in 

accumulation rate leads 

to more or less 

condensed or dilated 

deposit and affects 

artefact density. A slow 

deposition rate can 

create a palimpsest  

= several occupation 

episodes all condensed 

in one layer. 

A
B

R
U

P
T 

A clear boundary 

expressed by a distinct 

change in lithology, sorting 

and sediment organisation/ 

composition.  

E.g.: layer of coarser 

lithology or richer in 

organics within a 

homogenous fine sediment 

sequence.  

Some conformable 

contacts can result from 

post-depositional 

processes and create non-

depositional interfaces 

created by bioturbation or 

chemical formation and 

accumulation of various 

elements (secondary 

carbonates, gypsum, 

organic matter, etc.)  

 

G
R

A
D

U
A

L 

A gradual/diffuse boundary 

showing a progressive 

change in lithology, 

sometimes difficult to 

identify or showing 

intercalations of the over- 

and underlying 

stratigraphic layers. 

E.g.: layer of coarse sand 

becoming progressively 

finer towards the top. 

Some gradual boundaries 

can result from the mixing 

by bioturbation of two or 

more stratigraphic layers 

and erase or blur clear or 

sharp primary depositional 

boundaries. 

 

 

U
N

C
O

N
F
O

R
M

IT
Y

 /
 

U
N

C
O

N
F
O

R
M

A
B

LE
 C

O
N

TA
C

T 

Interface indicating an 

interruption in the 

depositional history of a 

stratigraphic sequence, a 

period of non-deposition 

(stasis) or erosion that led to 

a stratigraphic hiatus.  

A change in lithology is also 

detected in general.  

When stratigraphic layers 

over and under the 

interface dip at very 

different angles, it is an 

'angular unconformity'. 

STRATIGRAPHIC HIATUS= 

absence of sediment 

record for a period of time. 

 

  

 

 

Generally associated with 

erosion, soil formation, 

weathering or significant 

change in the 

sedimentary environment.  

The consequence of a 

stratigraphic hiatus is a 

gap in 

chronostratigraphy, and 

a possible missing 

archaeological record. 
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DESCRIPTION 

SEDIMENTARY PROCESSES 

IDENTIFICATION ISSUES  

and INTERPRETATION 

IMPACT(S) ON THE  

ARCHAEOLOGICAL 

RECORD 

P
A

R
A

-C
O

N
F
O

R
M

IT
Y

 

No sediment deposition 

during a more or less long 

period. No erosional 

surface visible but a 

disparity in age 

(determined by absolute or 

relative dating) between 

the layers above and 

below the boundary is 

observed.  

 

E.g.: stable surface floor, 

palaeosols 

 

Difficult to identify whether 

there is no change in 

sediment composition and 

without the help of a fine 

resolution absolute 

chronology (or no 

changes in cultural 

material). 

Geoarchaeological 

microscale analysis can 

be helpful in identifying 

thin palaeosurface floor, 

or soil formation processes 

(weathering) that are 

generally indicative of 

stabilisation of the surface 

for a certain period of 

time. 

Several diachronic 

human occupations 

can accumulate on the 

same floor level resulting 

in a palimpsest of 

occupation at the 

interface between two 

different stratigraphic 

layers, sometimes 

difficult to disentangle. 

 

LA
G

 D
E
P

O
S
IT

 

Removal of fine particles by 

low energy water flow or 

wind (deflation) creating a 

concentration of coarse 

fragments on the same 

surface (rocks, artefacts). 

 

E.g.: desert pavements 

Buried lag deposits are 

difficult to distinguish from 

rock fall layer with 

interstices that have been 

filled by fine sediments.  

Understanding the 

geomorphological (open 

site, rockshelter or cave) 

and past environmental 

context are essential to 

orientate interpretation. 

Creates a palimpsest of 

archaeological layers 

discarded originally at 

different timing.  

 

D
IS

C
O

N
F
O

R
M

IT
Y

 

Clear interface cutting 

through underlying layer(s) 

indicating removal of some 

previously deposited 

sediment.  

Different mechanical 

erosion agents: 

-Gravity = Mass wasting 

(depends on slope). 

-Water = from drop 

splashing, run-off, to fluvial 

channelling.  

-Ice = important erosion 

agent in cold areas (but 

unlikely to be relevant for 

this study). 

-Wind = deflation (aeolian 

erosion). 

-Animal and humans: 

trampling, scraping, 

burrowing or digging of the 

deposit. 

Disconformities are 

generally easy to 

distinguish in a sequence, 

unless the overlying and 

underlying sediments are 

very similar and have no 

visible beddings.  

Sometimes only the fact 

that erosion occurred can 

be noted but determining 

what caused it is 

impossible. It might only be 

possible to suggest a 

period when erosion 

occurred, a degree of 

energy (slow or rapid) and 

the most likely responsible 

agents. Again, 

understanding the global 

geomorphological 

context is of prime 

importance to orientate 

the interpretation. 

The absence of 

sedimentological and 

archaeological record 

(not being preserved, 

eroded and transported 

elsewhere) means that 

that it is not possible to 

document any 

evidence for cultural 

interpretation or 

palaeoenvironment 

reconstruction for the 

period of time missing. 

For this reason, it is not 

possible to interpret such 

an event as a cultural 

hiatus (absence of 

occupation) as 

occupation might have 

occurred but the 

evidence was removed 

by erosion.  
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Table 3-5. Definitions of discontinuities types encountered in archaeo-stratigraphic 

sequences and possible natural and anthropogenic causes. Keywords are in bold. 

WHAT IS 

OBSERVED 

NATURAL CAUSES ANTHROPOGENIC 

CAUSES 

INTERPRETATION ISSUES 

ARCHEO-STRATIGRAPHIC DISCONFORMITY 

Absence of 

cultural material 

or features 

associated with 

removal of 

sediment.  

> MISSING 

ARCHAEO-

STRATIGRAPHIC 

RECORD 

-Erosion/removal of 

archaeo-stratigraphic 

deposit by natural 

agents such as water, 

gravity or wind, but 

also animal 

(burrowing, 

trampling). 

> NATURAL EROSION 

Deliberate or non-

intentional alteration of 

deposits through 

human actions such as: 

floor levelling, digging, 

scraping, scouring, but 

also trampling 

(repeated use of 

paths). 

 > DENUDATION  

-Determine erosion agent is 

not always straightforward 

and needs a 

geoarchaeological 

investigation.  

-A common mistake is to 

interpret it as a cultural hiatus 

(absence of human 

occupation) but here what is 

observed is an absence of 

evidence (archaeological 

hiatus), not an evidence of 

absence of human 

occupation. 

PALIMPSEST 

Cultural material 

and features from 

different time 

periods or 

different cultural 

horizons are 

condensed or 

mixed in the 

same 

stratigraphic 

layer.  

> TIME-

AVERAGED 

RECORD  

-Slower sediment 

deposition rate  

> CONFORMABLE 

CONTACT 

-Cessation of 

sediment 

accumulation (stasis) 

 > PARACONFORMITY 

-Removal of fines  

> LAG DEPOSIT 

- Several occupations/ 

activity on a single 

living floor 

- Repeated use of the 

same area for long 

period 

- Careful excavation and 

cultural material 3D 

recording is necessary to 

assess, disentangle and 

interpret archaeological 

palimpsests. 

ARCHAEOLOGICAL CULTURAL MATERIAL DISCONTINUITY 

Diminution of the 

number of 

cultural material 

or features 

observed in some 

levels of an 

archaeo-

stratigraphic 

sequence while 

natural 

deposition is 

active. 

-Changes in 

deposition rate can 

dilute or condense 

cultural material 

density 

-Taphonomic bias: 

poor preservation of 

some cultural remains 

> ARCHAEOLOGICAL 

RECORD 

DISCONTINUITY 

-Change in artefact 

discard patterns or 

change of industry 

production 

-Change in spatial 

occupation pattern of 

the site  

-Changes in human 

occupation intensity 

(more or less intense) 

> CULTURAL 

DISCONTINUITY/ 

CHANGE 

- Interpretation as cultural 

discontinuity or change 

needs to take in 

consideration possible 

change in sediment 

deposition rate and 

anthropogenic behavioural 

bias. To achieve that, a good 

understanding of the chrono-

stratigraphic sequence is 

necessary. 

ARCHAEOLOGICAL STERILE LAYER 

No cultural 

material or 

features are 

identified in a 

stratigraphic 

layer.  

 

-Taphonomic bias: 

destruction of cultural 

remains (e.g.: 

complete alteration 

of biogenic and 

botanical remains) 

> ARCHAEOLOGICAL 

HIATUS 

Absence of human 

occupation  

> CULTURAL HIATUS 

- Interpretation as a cultural 

hiatus needs to take in 

consideration taphonomic 

bias. 
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Table 3-6. Summary of different types of discontinuities found in archaeological sites. 
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3.3 GEOARCHAEOLOGY DOWN UNDER: PRACTICES AND 
CHALLENGES 

After reviewing the general setting of geoarchaeology as a discipline, its main principles 

and its application to cave and rockshelter deposits, the focus is now directed to the 

Australian continent and the place geoarchaeology has there, including its advances, 

pitfalls and challenges. This section provides an overview of the state of research on 

cave and rockshelter settings in Australia before the work undertaken for this thesis. 

3.3.1 Research themes in Australian geoarchaeology 

While geoarchaeology as an independent discipline was developing in Europe and the 

USA, early geoarchaeological applications in Australian archaeology started around the 

1970s, although not formally under the banner of geoarchaeology (Hughes 1983). The 

first 'geoarchaeological research' was initiated with the discovery of human remains at 

Lake Mungo in the Willandra Lakes area of western New South Wales in the early 1970s 

by Jim Bowler (Bowler 1970; 1972; Bowler et al. 1970). Since then, archaeological work 

in the Willandra Lakes area has always been undertaken alongside geomorphological 

work and has allowed a comprehensive reconstitution of climate evolution, landscape 

changes and human occupation through time (Bowler and Thorne 1976; Bowler and 

Price 1998; Bowler et al. 2003; Grün et al. 2011; Stern 2015; Stern et al. 2013; Webb 

2007; Webb et al. 2006). Geoarchaeological research is still on-going in the Willandra 

Lakes World Heritage area, with recent geomorphological and luminescence dating by 

Fitzsimmons (Fitzsimmons et al. 2014; Fitzsimmons et al. 2015). The international 

iconicity of the site has probably contributed to the long-term geoarchaeological 

exploration in this area, but such a continuum in an archaeological project is actually 

rare in Australia. The reality is that there is only a handful of precursor 

geoarchaeological studies that can be found for the rest of the Australian continent 

during the 1970s, and only one so far documented in the 1980s: the geomorphological 

study done within in the Kakadu Park archaeological project (Hope et al. 1985). 

Throughout these decades, the research focus in Australia shifted towards larger scale 

approaches, generally palaeoenvironmental reconstructions, that nevertheless hold 

some relevance to archaeological work. From these decades have emerged studies on 

'landscape archaeology', 'environmental archaeology' and 'cultural ecology' - research 
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themes that are still at the heart of the Australian archaeology discipline today. Some of 

these themes include human-climate interactions over time, with for example sea level 

changes and associated variation of the Australian shoreline and its impact on human 

population (Jones 1968; Lampert and Hughes 1974; Nunn and Reid 2016; Williams et al. 

2010; Williams et al. 2015c), the still on-going debate about the reasons behind the 

Australian megafauna extinction around 50 ka ago to be related or not to human arrival 

(Dodson 1989; Field et al. 2008; Field et al. 2013; Johnson et al. 2016; Merrilees 1968; 

Miller et al. 2016; Rule et al. 2012; Saltré et al. 2016) or the impact of anthropogenic 

land burning on the Australian ecosystems and landscapes (Bowman 1998; Horton 

1982; Kershaw 1986; Mooney et al. 2011; Williams et al. 2015a).  

A renewal of interest in geoarchaeological approaches is perceptible from the 1990s in 

the Australian archaeological literature. Five main research themes emerged that are 

based on site-specific approaches using earth-sciences techniques at different scales of 

observation: (i) dating the antiquity of human occupation in Australia using 

geochronological techniques (sediment dating), (ii) impact of changing geomorphology 

in the preservation of the archaeological record, (iii) humans as modifying agents of 

their landscape, (iv) site formation processes and palaeoenvironmental reconstruction 

based on caves and rock-shelters archaeo-stratigraphic sequences and (v) rock art 

microstratigraphic chemical characterization with direct and/or indirect dating studies. 

An overview of themes (i), (ii), (iii) and (v) are presented below. Theme (iv) has direct 

relevance to the thesis research and will be develop in more detail in the next section.  

Most of the applications of geochronology in Australian archaeology have been driven 

by the quest for dating the earliest evidence for human occupation and dispersal in 

Australia (Bowler et al. 2003; Clarkson et al. 2015; Fullagar et al. 1996; Jones and 

Roberts 2001; Roberts and Jones 1994; Roberts et al. 1990, 1993, 1994a; Roberts et al. 

1999; Roberts et al. 1996; Turney et al. 2001). Luminescence dating techniques are 

particularly suitable for Australian sites partly because of the paucity of organic remains 

in some Pleistocene archaeological sequences but also because of the very common 

quartz sandy matrix deposit. While the earliest results were often controversial and 

lacked solid parallel detailed sedimentological analysis, such as the first dating results 

for Jinmium rockshelter (Roberts and Jones 1994; Roberts et al. 1990, 1993), the 

methodological approaches have become gradually more reliable and mostly are 
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conducted in close association with sedimentological analyses to corroborate the 

results (Fitzsimmons et al. 2014; Jacobs and Roberts 2007; Jankowski 2014; Roberts et 

al. 2015; Veth et al. 2009).  

Most of the archaeological record in Australia is found in open air settings. Although the 

number of published dates for open (40%) and closed (44%) archaeological sites in 

Australia are roughly the same (Williams et al. 2014), in reality there are far more open 

air sites, but they are generally not dated or are often only reported in consulting 

archaeological reports. The preservation of open air sites is directly related to the 

stability of the landscape where they are found. While Australia is generally considered 

as a land of relatively geological and geomorphological stability, in particular in the arid 

central areas (Hesse 2010; Quigley et al. 2010), early investigations by 

geomorphologists working in association with archaeological projects were reporting 

wind and water driven erosion processes that occurred in the landscape in which 

archaeological remains were found (Bowler 1973, 1976; Bowler and Magee 1978; 

Cameron et al. 1990; Hughes and Sullivan 1986; Sullivan and Hughes 1983). The reality 

is that there are vast areas in Australia that are affected by episodic or seasonal flooding 

in response to violent rains. These have an effect on surface archaeological deposits by 

transporting artefacts away from their original discard position (Gregory 1994, 1998). 

These landscape dynamics and the geomorphological changes they induce in the 

landscape are responsible for an archaeological record that is discontinuous in time and 

in space. This issue of geomorphological and temporal discontinuity and post-

disturbance effects associated with open air sites has been explored by Fanning and 

Holdaway in the arid interior of New South Wales (Davies et al. 2015; Fanning 1994; 

Fanning and Holdaway 2001, 2004; Fanning et al. 2008; Fanning et al. 2009; Holdaway 

and Fanning 2014; Holdaway et al. 2007). Their work reveals the crucial importance of a 

comprehensive geomorphological approach in the appraisal of any spatial 

archaeological dataset and its interpretation of human occupation pattern dynamics. 

Recent research Hughes in New South Wales points to similar issues of post-disturbance 

and surface erosion in fluvial and lacustrine settings to explain the absence of 

archaeological artefacts (Hughes et al. 2014). 

Another geoarchaeological application developed in Australia is linked to rock art 

research, with the microstratigraphic investigations of microlaminations and crusts from 
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rock art panels. The first aim is to characterize the composition of pigments used 

(organic or mineral) and the second is to provide direct and/or indirect dates for 

Aboriginal rock art. Indirect dates are obtained from natural mineral flowstones or nests 

intercaled with the pigments layers. In Australia, this field has been developed mainly by 

Watchman (Watchman 1985, 1987, 1990a, 1990b, 1991, 1996, 1997, Morwood et al. 

1994, Watchman and Hatte 1996; 2005; Watchman et al. 1997; 2000; 2001). This field 

of rock art dating and characterization is still growing in Australia and techniques are 

improving (Aubert 2012; Huntley 2012; Huntley and Freeman 2016; Huntley et al. 2014; 

Huntley et al. 2015). This approach mostly helps to build rock art chronology and also 

provide relevant data on the geochemical microenvironment of rockshelters and local 

palaeoenvironmental conditions, as for example, the study of mineral crusts from 

Carpenter's Gap 1 (Watchman et al. in 2001). 

While the range and quantity of geoarchaeological research conducted in Australia have 

kept growing in the last decade, they remain relatively geographically patchy at the 

continental scale. Because the country is so vast, there is still a lack of basic local 

background datasets in geology, geomorphology and palaeoenvironment, generally 

essential for geoarchaeologists to build on comprehensive analyses. This makes the 

Australian environment an especially challenging one to work on. Many years of 

research are still needed to complete our local understanding of sedimentation 

processes in the variety of landforms and environments across Australia as well as the 

complexity of the archaeological record, especially in cave and rockshelter setting. 

3.3.2 Cave and rockshelter sediment analysis and micromorphology 
research in Australia 

The necessity to improve understanding of Australian archaeo-stratigraphic deposits in 

caves and rockshelters has been emphasised by several Australian authors (David et al. 

2007; Keys 2009; Smith 2009, 2012; Ward and Larcombe 2003). However, so far there 

are insufficient comprehensive geoarchaeological analyses available and too few site-

specific detailed sedimentological analyses published to explore the complexity and 

specificites of this particular depositional context in the Australian continent. For most 

archaeological excavations in Australian caves and rockshelters, sediment analysis is 

limited to stratigraphic and sedimentological description done in the field by 

archaeologists. Follow-up sedimentological laboratory analysis is sporadic and, when 
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existing, often limited to basic methods such as pH measurement or granulometry that 

are not necessarily performed by an earth sciences specialists who could provide 

valuable sedimentological insights (Keys 2009; Webb 1992). To illustrate that point, 

Table 3-7 presents an overview of sedimentary analyses conducted in a selection of 

Australian rockhselters and caves. The fact is that after a few studies in the 1970s such 

as in Devil’s Lair and Koonalda caves (Frank 1971a, 1971b; Hughes 1978, 1980a; Hughes 

and Lampert 1977; Shackley 1978), there have been only a few subsequent attempts to 

conduct detailed sediment analyses in archaeological sheltered sites, with only a few 

trials made in Queensland (Beaton 1991; David 1990; David et al. 1997; Hall et al. 1988; 

Magee and Hughes 1982). The possible reasons for this lack of interest are explored 

below.  

The interest in sedimentological approaches grew back in the 2000s, with the first 

comprehensive geoarchaeological application undertaken in northern Australia by 

Ingrid Ward in the Keep River region of northern Western Australia for her PhD. Her 

research was on understanding the dynamics of sedimentation inside and outside 

several rockshelters in the area. Based on the comparison of occupation sequences, 

Ward proposed a model explaining archaeological site formation processes for the 

semi-arid tropical northern Australia region and their links to landscape dynamics and 

palaeoenvironmental changes (Ward 2003, 2004; Ward and Larcombe 2003; Ward et al. 

2005; Ward et al. 2006). From that time, there are a few examples of more detailed 

sedimentological analysis, mostly done to test new approaches, for example the use of 

geophysical methods. This includes measurement of magnetic susceptibility variability 

from deposits of various shelters scattered around Australia (Keys 2009; Lowe 2012; 

Lowe et al. 2016; Lowe et al. 2014; Marwick 2005; Moffat et al. 2010; Rosendahl et al. 

2014). The outcomes of these analyses have been of varying success in helping 

deciphering anthropogenic signals and site formation processes. Other shelter-related 

research has also investigated the natural genesis and possible modifications of cavity 

morphology by people (Delannoy et al. 2012; Delannoy et al. 2013; Hughes 1980a; 

Hughes and Lampert 1977). But overall, the number of detailed sedimentological 

analyses has been very limited. 
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Table 3-7. Sedimentary analyses conducted in Australian rockhselters and caves. The 

first section presents sites from north-west Australia that have at least sediment field 

description, a section drawing of the sequence and some pH measurements. For the 

rest of Australia, only sites that have also particle size are shown (in light grey: data from 

grey literature) (table augmented from Keys 2009:19-20). 
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north-west Australia   
        

Koolan Shelter 2 
 

o o 
  

o 
   

O'Connor 1989, 1996, 1999a; Singh et al. 1991 

Widgingarri 1 
 

o o 
      

O'Connor 1989, 1996, 1999a 

Brremangurey 
 

o o 
      

Koppel et al. 2016, in press; Szabo et al. 2015 

 Carpenter's Gap 3 
 

o o 
     

o O'Connor et al. 2014; Vannieuwenhuyse et al. in press 

 Carpenter's Gap 1 
 

o o 
     

o 
McConnell and O'Connor 1997; O'Connor 1995; 

Vannieuwenhuyse et al. in press; Wallis 2001 

Riwi  
 

o o 
 

o 
   

o Balme 2000 

Jinmium Rockshelter 
 

o 
       

Atchison 2000; Atchison et al. 2005; Roberts et al. 

1999  

Miriwun  
 

o o 
      

Dortch and Roberts 1996 

Garnwala 2 
 

o o 
      

Clarkson 2008 

Gordolya 
 

o o 
      

Clarkson 2008 

Keep River 
 

o o o 
 

o o 
 

o Ward 2003, 2004; Ward et al. 2006 

Madjedbebe 
 

o o 
      

Clarkson et al. 2015; Roberts and Jones 1994; Roberts 

et al. 1990  
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Bird et al. 2002; Roberts and Jones 1994; Roberts et al. 
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David et al. 2013; David et al. 2011; Delannoy et al. 

2013 
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o o 
      

Przywolnik 2002, 2005 

C99 
 

o o 
      

Przywolnik 2002, 2005 
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o o 
  

o 
  

o 
Manne and Veth 2015; Veth et al. 2014; Veth et al. in 

press 

Hayne's 
 

o 
       

Manne and Veth 2015 

Noala 
 

o 
       

Manne and Veth 2015 

Kariyarra 
 

o 
       

Morse et al. 2014 

Kunpaja 
 

o 
       

Morse et al. 2014 

Yurlu Kankala 
 

o 
       

Morse et al. 2014 

Milly's Cave 
 

o o 
      

Marwick 2002 

Marillana A 
 

o o o 
  

o o 
 

Marwick 2005  

Malea 
 

o 
       

Edwards and Murphy 2003 

Serpents Glen  
 

o o 
      

O'Connor et al. 1998 

Puritjarra 
 

o o 
 

o o 
  

o Prescott et al. 2007; Smith 1987b, 2009 

Elsewhere in Australia 
     

Koonalda Cave SA o o 
 

o o 
   

Frank 1971a, 1971b, 1975 

Devil's Lair WA o o 
 

o o 
   

Shackley 1978 

Platypus QLD o o o 
  

o 
  

Hall et al. 1988 

Echidna's Rest QLD o o o 
     

David 1990 

Cathedral Cave QLD o o o 
     

Beaton 1991 

Ngarrabullgan QLD o o o 
 

o 
  

o David et al. 1997 

Nonda Rock QLD o o 
 

o o 
  

o David et al. 2007 

Gledswood Shelter 1 QLD o o o o o 
 

o 
 

Keys 2009; Lowe et al. 2016 
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Although pioneering studies in soil micromorphology took place in Australia in the 

1960s and 1970s, with Australia being home to one of the major researchers in 

micromorphology (Brewer 1964, 1972), this didn’t lead to an expansion of the discipline 

and its application to archaeological contexts in the following decades as it did 

elsewhere in the world. Only a few reviews of geoarchaeological and microscopic 

applications in Australia are available throughout the 1980s and 1990s (Hughes 1980b; 

Magee 1980; McConnell and Magee 1993) and although geomorphologist Philip Hughes 

(1983:114) stated that: 'A wealth of information can be gained from the analysis of thin 

sections of samples of impregnated deposit', the application of micromorphology to 

study archaeological sequences has been undertaken very sporadically in Australia. The 

few examples available mostly represent minor contributions to geoarchaeological 

investigations, and are from completely different settings: rockshelters and adjacent 

sand sheets in the tropical northern Kimberley (Ward 2003), dunes from the Strzelecki 

and Tirari deserts (Fitzsimmons et al. 2009), rockshelter deposit in the arid Centre at 

Puritjarra (Smith 2009). However, in the last five years, the use of micromorphology has 

spread in Australian universities' archaeology departments and there are several 

students who have been working or are working on archaeological projects using this 

technique: at UWA; a recently completed Honours project on a megafauna site in 

Western Australia by Ashleigh Murszewski (Murszewski 2013; Murszewski et al. 2014), 

at UOW; recently completed PhD work on beach deposits from New South Wales by 

Nathan Jankowski (Jankowski 2014; Jankowski et al. 2015) and the on-going research by 

PhD candidate Cassandra Venn on termites bioturbation and its incidence on 

archaeological deposit mixing and OSL dating, at ANU; PhD candidates Emilie Dillon and 

Elle Grono working respectively on Aboriginal open air sites in arid Australia and tropical 

Neolithic settlements in South East Asia. This renewed enthusiasm for the application of 

micromorphology in Australia is also supported by dedicated positions in Australian 

universities such as Morley and Goldberg at UOW working on a large project on early 

Humans dispersal from Asia to Australia. The variety of projects demonstrates the 

strength of this technique to answer different archaeological questions.  

With only a few references studies to build on, the work done for this thesis has been in 

many aspects pioneer and sometimes very challenging. The next sections explore the 

possible reasons for the lack of detailed geoarchaeological studies in sheltered sites in 

Australia.  
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3.3.3 Challenges of the geoarchaeological practice in Australia 

Having trained in geoarchaeology and micromorphology in Europe, where 

geoarchaeological applications have become a routine study, the experience of 

practising in Australia, where the discipline is still developing has been quite challenging 

sometimes, both from a cultural and practical point of view. The reasons are complex 

but are mainly linked to two factors: the Australian archaeology research practice and 

the specificities of the deposit themselves. Here I explain how I overcame some of these 

issues during my PhD research. These insights are important to understand the strategy 

adopted for the analysis of the southern Kimberley sequences explained in the following 

chapter Methods.  

Issues related to archaeology practice 

First, it is important to realize that the practice of Australian archaeology is 

predominantly dominated by consulting archaeology and that there is only a small 

number of multidisciplinary research driven projects (Holdaway and Fanning 2010). 

Those academic projects themselves are generally tied to a three year cycle funding 

scheme, with specific time and surface restricted excavation permits. For these reasons, 

the presence of a geoarchaeologist on-site is not systematic, as it might be on an 

European or American archaeological project, where excavations extend over several 

years (sometimes decades). Sometimes there is neither the time nor the authorization 

to excavate areas larger than 1 metre by 1 metre test-pit, partly in order to minimize 

disturbance of cultural deposits in respect to Aboriginal traditional communities. As a 

consequence, only small size stratigraphic profiles are available for geoarchaeological 

observations and analysis (Langley et al. 2011:206), and this can limit the 

comprehension of the site stratigraphy. However, size is not an issue in itself, as every 

excavation raises some questions that a geoarchaeological analysis can help answer. 

Because fieldwork duration is often short and areas excavated need to be back-filled for 

the site to be brought back to a 'natural' look, there is often only a short time to do 

detailed sedimentary observations of the section profiles or take samples. The 

geoarchaeological work is therefore often overlooked. 

Other issues arise from the excavation methods and the way Australian archaeologists 

approach stratigraphy in general, which is often given less importance than 
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archaeological material (Holdaway and Fanning 2010). The sediment constitutes the 

matrix in which artefacts are embedded and sometimes is composed of direct remnants 

of anthropogenic activities (charcoal, ash, etc.). For these reasons, achieving the best 

stratigraphic observations in the field is crucial for the future interpretation of the 

sequence and sediment should be considered as an artefact in itself and so given as 

much importance (Karkanas and Goldberg 2013). However, stratigraphy often only 

plays a secondary role in excavations, as noticed by the frequent use of arbitrary 

excavation methods in Australian Indigenous archaeology (Mallol and Mentzer 2015:3-

4, Smith 2012). While the application of those methods can be justified by different 

reasons (homogeneity of some sequences, time restraint, etc.), it proved to confuse the 

stratigraphic, chronological and archaeological units correlation even more during the 

post-field work (Langley et al. 2011; Ward et al. in press).  

Another problem is the relative lack of earth-science background of archaeologists and 

the consequent frequent misreading of stratigraphic boundaries (Farrand 2001). The 

most common trap is the distinction and tracing of depositional units superimposed by 

post-depositional boundaries, for example, whitish secondary carbonates or gypsum 

concentrations that change the sediment colour or texture. However, being able to 

distinguish between depositional and post-depositional processes is crucial to 

understand site formation processes and is a key factor in resolving and identifying 

discontinuities in archaeo-stratigraphic sequences. As much as the geoarchaeologist 

ignores subtle facts regarding artefact typology, even the most experienced 

archaeologist needs the insights of a sedimentologist to interpret the deposit of a site. 

While this is a common issue in archaeology, much progress could be done in Australia 

if more geoarchaeology principles were taught in Australian universities' Archaeology 

programs and excavation practice more focused on stratigraphic context. The solution 

probably lies in a close collaboration between geoarchaeologists and archaeologists 

before, during and after the fieldwork, with the presence of the specialist in the field 

remaining the best way to assure the best sampling strategy.  

Issues related to the specific nature of northern Australia archaeo-stratigraphical 

sequences and analytical challenges associated 

The lack of sedimentological analysis from archaeological sites in northern Australia has 

often been justified by their nature (Ward and Larcombe 2003:1229). A typical long-
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term archaeo-stratigraphic sequence from north-west Australia generally shows the 

superposition of late Pleistocene layers, which often appear homogenous and 

composed predominantly of geogenic natural accumulation, topped by Holocene layers 

with higher anthropogenic signal (superposition of anthropogenic features such as 

hearths or shell middens). While it is true that sequences in north-west Australia do not 

show as complex stratification as sequences in more temperate parts of Australia, for 

example Devil’s Lair sequence (Shackley 1978) or deep-time Palaeolithic sequences in 

Europe, Asia or Africa, it is wrong to think that their apparent homogeneity means that 

are not worth analysing in detail. Each archaeo-stratigraphic sequence, even if it lacks 

complex stratification or shows strong similarity to other sequences in the vicinity has 

its own dynamics of depositional and post-depositional processes relevant to the 

shelter morphology, position in landscape, nature of bedrock and intensity of human 

occupation that needs to be understood to assess the integrity of the archaeological 

record embedded within it. 

The lack of stratification in sites is closely linked to the nature of the deposits itself. As 

most of the substrate in this part of Australia is composed of granitic, sandstone and 

ancient desert dunes (Ward and Larcombe 2003:1229), natural deposits found in caves 

and rockshelters are generally sandy, because the geogenic part of the deposit mostly 

originates from the local weathering of the host bedrock. For this reason, there are a 

few traps possible in the interpretation of elemental sediment characterization in 

Australian semi-arid tropical context (Keys 2009; Webb 1992) that can be avoided if a 

comprehensive geoarchaeological approach is applied and research question framed 

the right way. There is still much to be done to understand the dynamics of landscape 

erosion/deposition in caves and the nature of the sandy deposits itself, as well as 

physical and chemical properties, post-depositional movement and alteration, fluid 

infiltration properties and particle movement in sandy matrices under a semi-arid 

tropical climate. Little is known about the post-depositional disturbance by insects, 

animals and humans in Australian caves, for example the role of natural dwellers such 

as marsupials in disturbing/building cave deposits or the impact of bioturbation by 

insects that build their nests underground (termites, mudwasps, antlions). Understand 

these processes and to what extent they might affect the integrity of a sequence could 

help archaeologists understand the origin of discrepancy in artefact distribution or 

chronologies.  
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The choice of appropriate methods to analyse an archaeo-stratigraphic sequence needs 

to be guided in the first place by the research question(s) raised for the site and then, 

by a comprehensive knowledge of the limitations and potential of the different 

methods applicable. For example, analyses done on loose samples generally blur or 

break up the physical and chemical properties of the sediment, destroying and mixing 

discrete evidence and stratigraphic layers. Micromorphology is the only method that 

allows observing the sediment undisturbed and documenting each component 

properties in context (e.g. quartz grains coated with clay, bones with rim of secondary 

carbonates). However, micromorphology is still underemployed in Australia studies, 

partly because of the cost and lack of facilities, as stated by geomorphologist Philip 

Hughes in the 1980s (Hughes 1983:124):  

The analysis of thin sections of samples of impregnated deposit (...), preparation of 

the samples and their subsequent analysis is a specialised, expensive and time-

consuming process that only a few institutions in Australia are capable of 

undertaking. For these reasons thin section analysis should only be considered for 

long-term archaeological projects of an interdisciplinary nature.  

While putting together the technical aspect of this project 30 years after Hughes’ 

statement, I realized that it was still valid. While there are a number of petrographic 

laboratories offering geologic services and microscopy facilities, they don’t know how to 

deal with archaeological sediment impregnation or don’t have the material to produce 

large thin sections, more appropriate for micromorphological work. While I was given 

access to earth sciences laboratories to impregnate and cut my samples and a 

petrographic microscope, the thin-sectioning of my samples had to be done abroad 

(USA) to guarantee the best quality and pricing. These issues are commonly faced by 

geoarchaeologists who struggle to find laboratory facilities to run their analyses 

because their discipline is in between social sciences and natural sciences. In Australia in 

particular, geoarchaeology still needs to be recognized as an essential discipline in 

Archaeology departments and be systematically integrated into Archaeology academic 

programs, as it has started to be the case in the USA and in Europe. 

For many reasons, geoarchaeology in Australia is a challenging and exciting discipline: 

there is still so much to be done and understand. There is a real need for Australian 

geoarchaeological and micromorphological referential to be built and there are many 
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experiments to be carried to understand the specificities of archaeological site 

formation processes under the peculiar Australian context. While many questions still 

prevail about the integrity of the Australian archaeological record, in this thesis I hope 

to demonstrate the effectiveness of the geoarchaeological approach in gaining 

satisfactory interpretation from Australian stratigraphic sequences when done in a 

comprehensive way. I also hope to bring some new insights into site formation 

processes in caves and rockshelters from the semi-arid tropical area as well as 

promoting its deployment in future Australian archaeological projects. It seems that 

Australian archaeologists have now better integrated the potential and need for 

geoarchaeological assessments in archaeology which demonstrates a real shift in how 

geoarchaeology is considered amongst the Australian archaeology community. This shift 

is well-summarized by a statement recently made by O'Connell and Allen (2015:80):  

(…) the complexity of Late Pleistocene Sahul climate change and its impact on 

habitat and human populations, (...) the details of those changes and their 

chronologies must be understood with much greater precision at regional scales 

than is currently the case. Close interaction on the part of archaeologists and earth 

scientists will be essential here. 
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CHAPTER 4.  

FIELD AND LABORATORY ANALYTIC METHODS 

 

This chapter presents the field and laboratory analytic methods used for the 

geoarchaeological investigation of caves and rockshelters deposits from the southern 

Kimberley. As no previous geoarchaeological investigation has been done in this area, 

one of the challenges of the study was to find the most suitable approaches to analyse 

the nature of deposits in each site examined. As such, several geoarchaeological 

methods were tested but not all of them were successful at producing conclusive 

results. The work done in the field is outlined in the first section of this chapter while 

the analytical methods carried out to analyse the sediment samples are detailed in the 

second section.  

4.1 FIELDWORK 

Three seasons of fieldwork were conducted by the 'Lifeways of the First Australians' 

team between 2012 and 2014. During the 2012 fieldwork (duration two months, July 

and August), several archaeological sites were excavated in Bunuba traditional land in 

the Napier Range: Carpenter’s Gap 3, Djuru and Mount Behn. In 2013, excavations were 

carried out during July at Riwi Cave, in the south Lawford range on Gooniyandi 

traditional land (Figure 2-18). The geoarchaeological field investigation took place 

during the excavations of these four sites. Although no further excavations were carried 

out at Carpenter's Gap 1, a short season (one week in April 2014) was dedicated to re-

opening one of the previous trenches excavated by O’Connor in 1993 and 1994 in order 

to take geoarchaeological samples at this site. The five sites presented in the thesis 

were selected primarily on the basis of their archaeological potential rather than guided 

by geomorphological criteria. The main objectives of the geoarchaeological fieldwork 

were to gain an understanding of the geological settings and shelter geomorphology 

and to record and sample the archaeo-stratigraphic sections exposed by the 

excavations in each site. 
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4.1.1 Mapping 

Mapping the caves and rockshelters helps to understand their morphology and to place 

them in their general landscape context. Mapping was undertaken using a total station 

(electronic theodolite) with the coordinates obtained projected into ArchGIS and 

ArchMap (3D visualization and mapping software) and the outlines drawn using Adobe 

Illustrator software to create the following views:  

- A topographic section of the external slope in front of the site, generally down to the 

valley floor. Coordinate accuracy is evaluated to an approximately two metre error 

range because of the limited GPS signal in remote areas, especially when standing at the 

entrance of a cave.  

- One or several cross sections of the cave/rockshelter, generally following a central axis 

and cutting through the excavation squares, to show the overhang outline and the 

excavation depth.  

- A map of the cave/rockshelter showing modern floor contours and floor levels, the 

position of excavation squares, shrubs and trees, modern active or inactive water 

channels, the position of the main drip-line and the slope directly outside the shelter.  

An extensive photographic cover of each cave/rockshelter and its surroundings was 

done in association with the mapping.  

4.1.2 Archaeo-stratigraphic section description 

The stratigraphic profiles exposed by the excavation process in each archaeological site 

were thoroughly recorded. This is an important step of the geoarchaeological analysis 

as it allows a preliminary assessment of the archaeo-stratigraphic sequence by 

providing first-hand information on the sedimentary characteristics and boundaries of 

stratigraphic layers that are essential to orientate subsequent sampling and laboratory 

analyses and to contribute to the final interpretation of the sequence. The section was 

first cleaned by lightly scraping the surface (from top to bottom) in order to reduce 

irregularities and enhance the colour changes and contrast between stratigraphic 

boundaries. General and detailed close up views of the exposed sections were 

photographed before and after putting vertical and horizontal baseline strings used for 

section drawing measuring. Section drawings done in the field show the main 
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stratigraphic units and anthropogenic features identifiable in section. As the light was 

very poor in some of the sites, for example in Carpenter's Gap 3, some of the 

stratigraphic sections were completed afterwards using photographs taken with flash, 

which usually enhanced colour differences.  

A description of each stratigraphic unit was done following standard soil description 

criteria (F.A.O. 2006) which generally includes: colour, texture, sorting, degree of 

compaction, proportion and nature of clasts or inclusions (e.g. rocks, gravels, 

malacofauna, charcoal), the presence of specific grading/bedding and the nature of the 

interface between layers (diffuse, clear, abrupt). 

Colours were described from a small amount of sediment observed under natural 

daylight using the Munsell Soil Color Chart (1999). Unfortunately, colour descriptions 

given by the Munsell chart do not always fit or describe the subtle colour changes 

perceived on stratigraphic sections. For example, sediments that look 'reddish' are 

described as 'brown', or two layers that have a slight but identifiable colour difference 

are named similarly in the Munsell chart. This issue of perception in sediment colour is 

common in archaeology (Gerharz et al. 1988). Therefore, it was decided to use the 

colour identified in the field for some of the full-text stratigraphic descriptions, with a 

mention of the equivalent Munsell colour code to allow future comparisons.  

4.1.3 Sediment sample collection 

The most representative exposed sections of each archaeo-stratigraphic sequence in 

each site were selected for sediment sampling. Two different types of sediment 

samples were collected: undisturbed and bulk samples. Both samples types were taken 

in close correlation and generally complement each other. Sampling was done from the 

base towards the top of the sequence to avoid contamination between samples 

(Goldberg and MacPhail 2005b:328). Sampling generally followed a vertical column to 

ensure that samples were taken in stratigraphic order. The positions of all sediment 

samples were recorded on the section profile drawing. Undisturbed sediment samples 

were extracted from sections for micromorphology analyses (Courty et al. 1989; 

Goldberg and MacPhail 2003; Van Der Meer and Menzies 2011). A quasi-systematic 

micromorphological sampling was devised to cover as many of the stratigraphic units 

identified as well as targeting anthropogenic features such as hearths. When sediments 
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are fine and relatively compact, a Kubiena tin (metal box 8x5x5 cm) can be inserted 

directly in the sediment (Courty et al. 1989), whether by pushing it gently or by scouring 

the sediment around with a leaf trowel. This method was used in Djuru because of the 

fine texture of the sequence (Figure 4-1). However, the length of each sample is limited 

by the size of the box used and, if a hard inclusion or root is encountered, the sampling 

can fail by disturbing the sediment coherence. When the sediments are loose or 

gravelly, the best option to adopt is to extract sediment monoliths consolidated by 

Plaster of Paris bandages (Goldberg and MacPhail 2003). Because of the relative 

looseness of the sediment in Carpenter's Gap 1, Carpenter's Gap 3 and Riwi, plaster 

bandages were preferred in those three sites. Mount Behn was particularly gravelly and 

loose and particularly challenging to sample for micromorphology and for this site too, 

Plaster of Paris was used. Taking long samples generally ensures a better cohesion of 

the sample and allows sampling over several layers. The plaster wrapping method 

requires building the monolith step by step by sticking small-size pieces of wet plaster 

bandages to the sediment using a clean brush, first on the front of the sample, then on 

the sides, bottom and top while cutting gradually the sediment deeper into the wall 

section (Figure 4-2). Once the thickness desired for the sample is reached and the 

plaster dry, the monolith can be removed carefully from the section by scouring the 

sediment on the back. The back of the sample is covered with further plaster bandages 

and allowed time to fully harden to ensure the integrity of the sample during transport 

and further laboratory preparation. Samples were labelled and orientation marks noted 

with a permanent marker before their final removal from the sections to ensure their 

orientation is not lost along the different sample processing steps. Orientation is an 

important factor for the interpretation of some pedofeatures and needs to be tracked 

carefully along the entire micromorphology analysis procedure. Samples also need to be 

packed carefully to ensure their integrity between the field and the laboratory. Other 

micromorphology sampling techniques exist but plaster bandages seems to be the most 

appropriate for the generally sandy and relative loose sediments found in north-west 

Australian caves and rockshelters. Bulk loose samples (c. 30 g) were collected using a 

clean leaf trowel and bagged into small re-sealable zip plastic bags. Each stratigraphic 

unit identified was sampled and, when stratigraphic layers were thick and homogenous, 

sampling was done every 5 or 10 cm in a systematic way. These loose sediment samples 

were used to carry out various sedimentary analyses including, in the field, measuring 
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Figure 4-1. Micromorphology sampling in progress at the Djuru rockshelter. Kubiena tins 

were used in this fine sediment sequence (photograph by India Dilkes-Hall, 2012). 

 

 
Figure 4-2. Micromorphology monoliths using plaster bandages before final removal of 

the section in Riwi Square 4 southern section. The block is 25 cm high (photograph by 

Dorcas Vannieuwenhuyse, 2013).  
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the pH and defining the colour of the sediment and later in the laboratory, evaluating 

the grain size distribution and carrying out geochemical analysis. Other sediment 

samples, including sediment samples from each excavation unit and from the residue 

after sieving and sorting archaeological finds (but this residue contain only the fraction 

superior to 1.5 mm), were also collected during the excavation. Only a small amount of 

sediment was necessary to carry out most of the analyses for this study and, as such, 

the sediment samples left are a valuable archive for future analyses such as 

microbotanical identification. 

4.1.4 Rock, sediment and other material reference collection 

Rocks, sediments and various materials from a local range (500 metres) around each 

site were sampled to create a reference collection of possible sources of material 

deposited in the archaeological sites. The mineralogical composition of rocks and 

sediment collected was identified by either macro- or microscopic petrographic 

observations. Other commonly found materials in the southern Kimberley site deposits 

were collected from the surroundings or from the excavation sieve residue and 

observed at macro- and micro- scale. These materials included animal faeces of 

macropods and carnivores, plants (leaves, seeds and grasses, including burnt and non-

burnt spinifex), wood ash, clayey bird nests and insect nests. 

4.2 ANALYTICAL METHODS 

The sediment samples taken in the field were subject to a range of sedimentological 

analyses directly in the field or later in the laboratory using established soil science 

techniques (micromorphology, particle size distribution, geochemical characterization). 

All techniques are useful to refine sediment characterization, discriminate stratigraphic 

changes in a profile and complement the preliminary assessment done in the field 

because they all document different aspects of the sediment and create more or less 

quantitative or qualitative information. While the different approaches generally 

complement each other, assessing the utility and the meaningfulness of applying one or 

other sediment characterization method to help understand site formation processes of 

archaeo-stratigraphic sequences from the southern Kimberley was one of the first 

objectives of the study. The balance between the information susceptible to be gained 
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by applying one technique and the time (and sometimes the cost) spent doing it needs 

also to be considered. Most of the time, the decision is specific to the nature of each 

site and needs to be adjusted case by case. The techniques adopted for this thesis are 

detailed in the following sections along with their usefulness and limitations. Some 

analyses, such as micromorphology, grain size distribution and pH measurement were 

carried out systematically for each sample taken whereas other analyses were only 

applied when they could bring additional sediment characterisation. Some 

sedimentological techniques were tested but gave inconclusive results or brought no 

meaningful additional information compared to the time, facilities and cost needed for 

their application. Nevertheless, the principles of these methods are explained and the 

justification for not carrying further this type of analysis explained.  

4.2.1 Micromorphology 

A lot of the information about soil components, soil organization and formation 

processes can be inferred from micromorphological analysis (Courty et al. 1989). As the 

thin sectioning process preserves the original organization of the sediment, it is possible 

to infer much more information about the sequence than the information produced by 

standard soil analyses from loose sediment samples that destroy and mix all the 

components. For this reason, micromorphology was chosen as the main technique for 

investigating southern Kimberley archaeo-stratigraphic sequences. Indeed, 

micromorphology is particularly well-adapted for geoarchaeological investigations 

trying to disentangle anthropogenic, natural and palaeoenvironmental signals as it 

allows the recognition of very small inclusions and fragile features that might have an 

important archaeological and palaeoenvironment significance.  

Thin section preparation 

Induration of soft or friable sediment samples is necessary to allow thin sectioning for 

micromorphology analyses. Standard processes for soil thin sections preparation were 

followed (Camuti and McGuire 1999; Courty et al. 1989; FitzPatrick 1984; Goldberg and 

MacPhail 2005b; Van Der Meer and Menzies 2011) and are summarized in Figure 4-3. 

The first steps of the preparation were carried out by the author in the geotechnical 

facilities of the School of Earth and Environment at UWA. Monoliths collected in the 

field were left to dry out naturally at ambient temperature by removing the top cover of 
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the sample until the preparation process started. All samples were then oven dried at 

low temperature (45°C) for two days.  

The samples were then prepared for impregnation by placing them in made-to-size 

individual aluminium foil container, which minimized the amount of resin needed. Clean 

coarse loose sand was also sometimes added to fill the empty spaces and stabilized the 

irregularities of some samples. Labelling and orientation marks were reproduced 

outside the containers with a marker that does not dissolve in the chemical products 

used in order to ensure sample orientation tracking throughout the entire process. The 

resin used was a mix of polyester resin diluted with styrene at a ratio of seven parts 

resin to three parts styrene (Camuti and McGuire 1999; Goldberg and MacPhail 

2005b:393). Methyl ethyl ketone peroxide (MEKP) was added as a catalyst at about 7 ml 

MEKP to 1 L resin/styrene mixture. The resin was poured on the sides of the samples 

and left to infiltrate slowly into the sediment. Several inputs of resin were generally 

necessary to completely top up the samples. The use of chemicals and their strong 

smell required the impregnation process to be done in a fume cupboard turned on for 

the time necessary for the resin to harden. Depending on the sediment nature, the size 

of the sample, the room temperature, the season in which the impregnation was done, 

the amount of catalyst added but also how the resin reacts with the sediment, the 

drying can take up to several weeks. A slow impregnation and drying process is 

generally recommended to avoid the formation of preparation artefacts such as cracks 

or bubbles (Goldberg and MacPhail 2005b:392). Some samples from the southern 

Kimberley sites took up to two months to dry because of the presence of gypsum. They 

were finally placed in a geological oven at low temperature (45°C slowly raised to 60°C) 

to speed up the process until completely cured. Once the monoliths were hard, they 

were sliced in chips (54 x 63 x 10 mm) using a diamond rock saw and an orientation 

mark was created on top of each. Undertaking the first steps of the thin section 

preparation process allowed a better control on where to position the desired thin 

section within the block and reduced fabrication and shipping costs.  

The orientated chips were then sent to a commercial petrographic laboratory, Spectrum 

Petrographics (Vancouver, Washington, USA), to be thin sectioned (mounting and 

grinding) because UWA does not possess a big enough machine to process large soil 

thin sections. The thin sections prepared are of medium size (25 to 30 microns-thick), 
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Figure 4-3. Steps in micromorphological thin sections preparation: sampling in the field, 

resin impregnation, trimming, thin sectioning. Figures modified from Courty et al. 

(1989:59-61) and photographs taken during the laboratory processing for this project. 
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mounted on a glass slide, non-polished and without cover slide. A total of 68 thin 

sections were made and studied for this project. Once received, the thin sections were 

scanned for archive and publication purposes (Arpin et al. 2002; De Keyser 1999).  

Micromorphological analysis 

Thin sections were first observed at a macroscale to identify the main microfacies 

visible in natural light. Microfacies were named after the thin section number in which 

they were identified (e.g. CG603B: 'CG' for Carpenter's Gap, '3xx' for the site code 

number, 'B' for the second microfacies identified in thin section from the bottom of the 

slide). All thin sections were observed using a Nikon polarizing petrographic microscope 

available at the Microscope laboratory in the School of Earth and Environment at UWA. 

Identification, description and semi-quantitative evaluation of abundance of various 

particles were done under plane polarized light (PPL) and crossed-polarized light (XPL) 

using different magnifications (10x, 25x, 50x, 100x, 500x), following terminology 

outlined by Stoops (2003). 

Every mineral and sediment component has unique optical properties when observed 

under different microscopic lights and filters. Identification and interpretation of 

micromorphological features mainly followed the principles enounced in 

micromorphology manuals and key papers, especially those applied to archaeology 

(Bullock et al. 1985; Courty 2001; Courty and Fedoroff 2002; Courty et al. 1989; 

FitzPatrick 1984; Karkanas and Goldberg 2008, 2013; Kubiëna 1938; MacPhail 2000; 

Matthews et al. 1997; Stoops et al. 2010b; Van Der Meer and Menzies 2011) as well as 

a broad range of case studies in the discipline. Complementary observations using 

fluorescence microscopy, qualitative EDS X-ray microanalyses and X-ray element 

distribution mapping were tested on some thin sections. The fluorescence microscope 

was available from the School of Earth and Environment at UWA and the energy 

dispersive X-ray spectroscopy (EDS X-ray) was carried out using the Tescan Vega-3 

instrument available at UWA’s CMCA. The data collected were analysed and processed 

for imaging publication using the Aztec software attached to the instrument. The maps 

and graphs created are useful to observe the presence, distribution and density of each 

chemical element identified in the sediment. The EDS X-ray mapping was relatively time 

consuming and costly for the benefits and the additional understanding it brought to 
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the identification of mineralogical components present in thin sections and it was only 

tested on a limited number of samples.  

The remaining analytical methods were carried out on bulk samples. 

4.2.2 Particle size distribution 

Particle size distribution is a routine analysis in soil science to quantify the proportions 

of different sediment fractions (e.g. coarse sand, fine sand, silt, see Table 4-1) and to 

define sediment texture (e.g. sandy, silty, etc), which in turn helps to determine 

similarities or differences between stratigraphic units. As each depositional 

environment generally creates a characteristic particle size distribution, this analytical 

method can provide information on sedimentary sources, transport processes and 

palaeoenvironmental conditions (Goldberg and MacPhail 2005b; Krumbein 1934; 

Miskovsky and Debard 2002; Rivière 1977). After a few tests on a selection of 

characteristic samples from all sites, it was determined that the most effective and least 

expensive method to carry out grain size analysis was to dry sieve the fraction under 2 

mm without pre-treatment. The decision to dry sieve rather than wet sieve was 

motivated primarily by the nature of the sediments in southern Kimberley 

archaeological cave/rockshelter deposits. Most cave and shelters in the study region are 

located in sandstone and limestone ranges and which influences the nature and the 

texture of the deposits. The texture identified in most sites in the field was sandy or silty 

and seemed to contain only a small clay fraction (< 4 µm). In addition, preliminary 

testing using different methods to quantify the clay proportion (Mastersizer diffraction 

laser analysis, settling methods) showed that in most samples, its proportion was 

minimal (generally 1-2%). The decision not to carry out further measurement of the fine 

particles content using diffraction laser analysis was finalised after calculating the cost 

of using the UWA School of Earth and Environment machine for the hundred of samples 

that needed to be run. The decision to perform the grain size analysis without pre-

treatment (a common procedure being to first remove all organic matter using 

hydrogen peroxide H2O2 and eliminate the calcium carbonate using hydrochloric acid 

(HCl) was motivated by the fact that calcareous and organic fine particles constitute an 

important proportion of the sediment in many archaeo-stratigraphic sequences 

investigated. Indeed, such particles (calcareous geogenic dust derived from the 
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weathering of host limestone or calcareous ash particles) usually play a dominant role in 

deposit formation in limestone rockshelter and cave contexts (Brochier 1983). However, 

it is necessary to be careful with the interpretation of the grain size distribution in 

sandstone contexts as it could partly reflect the deposition mode of the host geological 

sedimentary rock instead of the deposition mode of the archaeological sequence itself. 

Table 4-1. Grain size scale used in this study, following Wentworth (1922).  

Particle class Size range Phi 

Boulder >256 mm – 8 

Cobble 64–256 mm – 6 to – 8 

Pebble 4–64 mm – 2 to – 6 

Granule 2–4 mm – 1 to – 2 

Very coarse sand (VCS) 1–2 mm 0 to – 1 

Coarse sand (CS) 0.5–1 mm 1–0 

Medium sand (MS) 250–500 µm 2–1 

Fine sand (FS) 125–250 µm 3–2 

Very fine sand (VFS) 63–125 µm 4–3 

Coarse silt 4–63 µm 8–4 

Clay <4 µm >8 

 

Particle size analysis was performed on fraction <2 mm on dry and not pre-treated 

unconsolidated sediment samples at the UWA archaeology laboratory. For each sample, 

a small amount of sediment (1-2 g) was mechanically dry sieved through a mini-sieve 

column set using the separations 2 mm, 1 mm, 500 µm, 355 µm, 250 µm, 180 µm, 125 

µm, 90 µm and 63 µm (following standard grain size scale, Table 4-1). The cumulative 

weight of all fractions was recorded and various diagrams representative of the particle 

size distribution of each sample were creating using Microsoft Excel software. 

4.2.3 pH 

The pH (potential of the H+ ion) measured on a scale of 1 to 12 (Table 4-2) characterizes 

the physiochemical environment of a sediment at a certain time and a certain depth 

(Pansu and Gautheyrou 2007). A value of 7 is considered to be neutral. Alkaline 

sediments are qualified as basic and range from pH 8 to pH 12, while acid sediments 

range from pH 1 to pH 6.  

This is a measurement widely used in archaeology as it is a good indicator of chemical 

stability and thus of the preservation state of archaeological or botanical remains within 
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the sequence (Gordon and Buikstra 1981). Soil pH is strongly influenced by the type of 

bedrock (e.g. calcareous versus granitic), the presence of organic matter and the 

climate (e.g. wet versus dry). For example, acidic soils dissolve bone whereas highly 

basic soils degrade pollen (Schiffer 1996). The preservation of archaeological remains is 

generally better in dry alkaline environments. As most of the cave/rockshelters in the 

southern Kimberley are formed in limestone or sandstone settings, a generally alkaline 

pH was expected. The pH was measured for each excavation unit and distinct 

stratigraphic unit by colorimetric method using the Manutec Soil pH test kit (in the field 

or in the laboratory, depending on the time available in the field). The procedure is 

simple, quick and inexpensive: a small amount of sediment is mixed with a pH indicator 

liquid dye (bromocresol purple) then barium sulphate powder is poured onto the mix. 

Measurement consists of comparing the colour developed by the powder with the pH 

color chart provided with the kit.  

Table 4-2. pH ranges classification (Baize and Girard 1995).  

lower than 3.5  Hyper/ultra acidity 

between 3.5 and 5.0  Strong acidity 

between 5.0 and 6.5  Moderate acidity 

between 6.5 and 7.5  Neutral 

between 7.5 and 8.7  Moderate alkalinity 

greater than 8.7  Strong alkalinity 

 

4.2.4 Powder X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is used to assess the mineralogical composition of sediment or 

rock samples, especially to distinguish between minerals that are composed of similar 

elements but have a different crystallography (atom’s arrangement, e.g. the distinction 

between calcite and aragonite, both CaCO3) or whose exact nature is not detectable 

using other methods.  

A comprehensive set of samples (collected either from the archaeological sequence or 

in the site surroundings) that needed further investigation of their mineralogy 

composition were analysed by XRD. The measurements were carried out using the 

Empyrean diffractometer available at UWA’s CMCA. The samples were first reduced to 

powder (silty range) using the ring mill from the Soil Sciences and Plant Nutrition 

Department at UWA, and then compacted into a metal mount placed into the machine. 
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An XRD pattern of randomly oriented powder was collected for each sample and 

analysed with the PANalytical Highscore+ software attached to the instrument in order 

to identify the phases (minerals) present in the sample. This technique is relatively time-

consuming, complex and costly and should only be used in specific chosen cases even if 

it complements microscopic analysis. 

4.2.5 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy provides both high-resolution secondary electron (SE) 

imaging and low voltage backscattered electron imaging (BSE). This allows the 

observation of particles that are under the petrographic microscope magnification 

range (<10 µm) and provides geochemical data on peculiar spots of interest when used 

in conjunction with qualitative EDS X-ray microanalyses or X-ray element distribution 

mapping using energy dispersive X-ray spectroscopy (Goldberg and MacPhail 2005b; 

Ponting 2004:362).  

A few tests were performed on selected samples using the scanning electron 

microscope (SEM) Tescan Vega-3 available at UWA CMCA. Samples were first coated 

with carbon and placed into the vacuum chamber of the instrument. The data collected 

were analysed and processed for imaging publication using the Aztec software attached 

to the instrument. The procedure followed standard analysis guidelines (Friel and 

Lyman 2006; Goldstein et al. 2003). 

One application for high-resolution observation is morphoscopy analysis, or the study of 

sand grain morphology (Cailleux and Tricart 1959). Applying this approach was 

considered for a time to help characterise the origin, depositional environment energy 

and mode of sand grains in the deposits. Indeed, the variation in grain shape (angular to 

rounded, Powers 1953), surface textures and coatings (Higgs 1979; Krinsley and 

Doornkamp 1973) is related to the physical and chemical processes that the particles 

have been subjected to during sediment transport, deposition and post-deposition. 

However, this approach was in the end not used as sufficient observations on sand grain 

characteristics acquired from the micromorphology thin section observations were 

available. In addition, this method is relatively time consuming and costly. However, 

scanning electron microscopy was useful to observe the crystallography of other 

particles than quartz sand, such as gypsum, for example. 
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4.2.6 Silt suspensions 

Silt suspensions are useful to help identify the nature and composition of silty grain-size 

sediments that sometimes compose a large part of archaeological deposits, such as ash 

particles (Brochier 1996, 2002). The procedure for this method is very simple, quick and 

cheap. A small amount of sediment (0.5 g) was mixed with 200 ml of demineralised 

water and agitated for the particles to be dispersed in suspension. The solution was 

then left to settle for 30 seconds, so that the sediment coarse fraction falls to the 

bottom of the beaker and only the silty fraction remains in suspension (Brochier 2002). 

Then a drop of the mixture is sampled at the top of the solution and mounted on a glass 

slide. Once dry, a drop of (lamp) oil is deposited on the silt suspension sample before 

observation under a petrographic microscope. Identification of particles is based on 

their different optical properties and characteristic shapes. A semi-quantitative 

evaluation of abundance of the various particles is also done to allow comparison 

between samples' composition. The main benefit of using this technique over the 

micromorphological observation of undisturbed sediment is that sediment component 

identification is made easier by the fact that the particles are dispersed, whereas on a 

micromorphology thin section, particles are often aggregated. It is very effective in 

identifying the composition of highly anthropogenic deposit rich in charcoal, ash or 

other organic matter and fines.  

The technique was tested on a small number of sediment samples from ash or charcoal 

rich layers of the sites investigated. However, the preliminary tests undertaken did not 

bring much more information than that provided by the micromorphology observations 

and for this reason, this technique was not repeated to a larger number of samples and 

results are not presented in the thesis. 

4.2.7 Magnetic susceptibility  

The magnetic susceptibility of a sediment/soil reflects the concentration of magnetic 

minerals within it (Crowther 2003). The main components having magnetic properties 

are iron oxides (e.g. haematite) and hydroxides (e.g. goethite), iron sulphides (e.g. 

pyrite) and ferromagnesian minerals (e.g. biotite). The natural magnetic susceptibility of 

soil/sediment depends on several factors principally related to the parent material 

mineralogy and the degree of pedogenesis (itself controlled by time and environment 
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factors such as climate, pH, vegetation cover, reduction-oxidation cycles and biological 

activity). Biological activity plays an important role in the process as it controls the 

soil/sediment porosity and the intensity of the mix (thus fluid and oxygen circulation 

allowing or not certain chemical reactions). Therefore it is generally admitted that high 

biological activity creates more magnetic minerals (Clark 1990; Le Borgne 1955). 

Following this principle, palaeosols (ancient buried topsoils) can be detected within an 

archaeological sequence because they demonstrate a higher magnetic signal. Magnetic 

susceptibility measurements in archaeology are also used to identify stratigraphic layers 

affected by heat (Crowther and Barker 1995, Crowther 2003). Heat (natural or artificial) 

plays an important role in increasing the magnetic susceptibility in soil (Le Borgne 

1960). Heat induces a chain of chemical reactions and transformations of the iron 

oxides that increases the soil magnetic signal. The intensity of the magnetic signal on 

heated sediments varies depending on several factors, first related to the parent 

material mineralogy and then on the burning temperature, duration, repetition and 

redox conditions (Petronille, 2010). Combustion features are generally associated with 

human activity, especially in caves and rockshelters where pedogenesis processes are 

less present. It is even possible in some cases to detect heated horizons or burning 

events that are not visible anymore (in the absence of preserved organic charred 

material) by detecting the magnetic signal left by the heat radiance on the underlying 

sediment below fire places (Clark 1990). However, in Australia, natural bushfires events 

are very common and hence it might be difficult to distinguish natural from 

anthropogenic burning signals in open air sites or relatively open rockshelters (Mooney 

et al. 2011).  

Magnetic susceptibility measurements were taken in the field using a Bartington MS2 

magnetic susceptibility meter and MS2F sensor especially designed for outdoor 

fieldwork. Measurements were taken by directly pressing the sensor tip on the 

excavation profile surface from the bottom to the top of the trench every 2-5 cm 

following stratigraphic superposition. Between each sediment measurement, an air 

control reading is necessary to re-calibrate the instrument to zero. The value recorded 

is best expressed in volume magnetic susceptibility (K) and has a scale of 10-5 in the SI 

(International System of Units) scheme (Dearing 1994), values are given as follows: K = 

123 x 10-5 SI.  
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Magnetic measurements were taken at the three archaeological sites excavated during 

the first fieldwork season in 2012 (Djuru, Carpenter's Gap 3 and Mount Behn). In most 

cases, the values collected showed variations where the presence of features related to 

burning activities were already visible in section. However, control reading (repetition of 

the measurements up to three times on the same section) showed poor reproducibility, 

which indicates the data might not be reliable enough. Indeed, magnetic measurements 

done in the field can be quite variable because of changes in local environmental 

conditions (sediment texture, surface irregularity, moisture, temperature) affecting the 

quality and the consistency of the measurements (Dearing 1994). For this reason, no 

further magnetic susceptibility measurement of sediments was undertaken during the 

2013 and 2014 field seasons and the data collected in 2012 are not presented in the 

thesis.  

4.3 AN INTEGRATIVE GEOARCHAEOLOGICAL APPROACH 

Each technique detailed in this chapter is useful to analyse different sediment 

characteristics and each has its own interest and limitations. A wide range of 

information can be inferred from the data collected: sediment components, 

organization and sources (natural and anthropogenic), dynamics of deposition/erosion 

and post-depositional processes that all contribute to the global understanding of site 

formation history. Table 4-3 summarises the contributions of each technique. Used 

together, all these different methods allowed the creation of a high-scale integrative 

analysis and comprehensive understanding of the archaeo-stratigraphic sequences. 

However, as suggested by the testing of various techniques, some seem to be better 

adapted to investigate southern Kimberley sites’ archaeo-stratigraphic sequences. For 

example, sediment components are best investigated and identified using petrographic 

observation of micromorphological thin sections. Confirmation of the composition of 

mineral components not characterisable through these methods can be done through 

geochemistry analyses using techniques such as spectrometry (EDS-xray) and 

diffractometry (XRD). Sediment organization is only observable in micromorphological 

thin sections but quantitative data concerning texture and sorting are more easily 

obtained doing grain-size distribution. Palaeoenvironmental reconstruction based on 

the sediment characteristics or discrete features are better observed undisturbed too. 



 

107 

Post-depositional processes can be identified using several techniques but their degree 

of impact is better understood if observed under micromorphological thin sections. This 

is the same for anthropogenic components (such as charcoal and ash) and features 

(such as hearths), that are more meaningful in terms of human action if observed 

undisturbed. As such, micromorphology proves to be the most suitable method for the 

present geoarchaeological investigation undertaken. 

 

Table 4-3. Type of information documented by the geoarchaeological techniques 

tested for this study. Sediment characteristics, composition and organisation are then 

interpreted to explain site formation processes. Note how micromorphology is the most 

suitable method for geoarchaeological investigation. 

  

M
ic

ro
m

o
rp

h
o

lo
gy

 

P
ar

ti
cl

e 
si

ze
 

p
H

 

ED
S 

X
-r

ay
 

X
R

D
 

M
o

rp
h

o
sc

o
p

y 
(S

EM
) 

Si
lt

 s
u

sp
en

si
o

n
s 

M
ag

n
et

ic
 s

u
sc

ep
ti

b
ili

ty
 

 Mineral components  
      

  

 Biogenic components  
      

  

 Anthropogenic components  
      

  

 Sediment texture               

 Sediment organization               

 Geochemical characteristics               

 Depositional history               
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CHAPTER 5.  

RIWI 

Ngundaji thanggandi jamanyi ninghi jaja ninhgi. 

This story is my grandparents’ from their country. 

 

 

This chapter and the four following ones report the analytical results of the 

geoarchaeological investigation undertaken on five archaeo-stratigraphic sequences 

from caves and rockshelters in the southern Kimberley Devonian ranges. For each site 

are presented: its local context close-up, the chrono-stratigraphy of the site, the 

geoarchaeological analytical results and an interpretation of the sequence. This first 

chapter of results covers Riwi Cave. 

5.1 SITE CONTEXT AND CAVE MORPHOLOGY 

Riwi is a cave in the South Lawford Range, in the vicinity of Mimbi Caves on Gooniyandi 

traditional land. The area is located on the southern edge of the Australian Summer 

Monsoon influence zone, under a tropical semi-desert climate (South Kimberley 

Interzone IBRA subregion). The cave has formed within Devonian Pillara and Sadler 

limestone facies (limestone, siltstone and calcareous sandstone, Playford et al. 

2009:251, Figure 5-1). The topography of low range outcrops and the extended karstic 

system of the area is inherited from subglacial lakes and solution channels dating to the 

early Permian glaciation (Playford et al. 2009:281, Figure 5-2 A). The cave is located in a 

small, enclosed valley where a seasonal creek flows in a south-east to north-west 

direction and joins the non-perennial Pinnacle Creek flowing in Bugle Gap a kilometre 

away (Figure 5-1 and Figure 5-2 B). The topography is relatively flat, many rocky 

outcrops are exposed and skeletal soils support spinifex and hummock grasslands with 

scattered low trees, typical of steppe vegetation (Figure 5-2 A&B and Figure 5-3 A).  
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Figure 5-1. Geological setting of Riwi cave with approximate location in South Lawford 

Range given by red square (map modified from Playford 2009:251). 

 

 

From the cave entrance, the natural slope gently downgrades towards a small dry creek 

(slope ra o 10 ,    5°, Figure 5-2 C). The cavity is large; 20 m deep by 5 m high (Figure 

5-3 B and Figure 5-4). The entrance faces south-west, with the sun entering only the 

first 2-3 metres of the cave during the day. There are two chambers; the first has a very 

high ceiling of more than 5 m and the second chamber is only accessible by bending 

under a one metre high arch. In this second, darker chamber, there is a high chimney 

with evidence of both flowing water and bats (guano on floor and wall). The floor inside 

the cave gently slopes towards the entrance. A small water channel on the north-west 

side of the first chamber, observed while dry, signifies water circulation within the cave 

during the wet season. The cave has been used as a shelter by macropods and 

numerous kangaroo hollows are visible on the second chamber floor. The cave floor is 

sandy, with many dead leaves and twigs, some scats and insect mud nests in certain 

areas. A yellow ball flower tree (Mallotus nesophilus) grows at the entrance of the cave 

(Whitau et al. in press). The ceiling at the entrance to the cave has many bottle-shaped 

birds’ nests made of mud. 



110 

 
Figure 5-2. Riwi cave topographical setting. A: Aerial view of Riwi area (Google maps, 

2015) showing the Devonian reef complex outcrops and dissected topography 

inherited from the early Permian glaciation; note the karst rectilinear corridors visible on 

the lower part and the flat-floored depressions corresponding to the former extent of 

subglacial lakes and channels on the upper part (Playford et al. 2009:235), black box 

shows the area represented in B: Schematic representation of Riwi cave valley showing 

extent of skeletal soils, low platform outcrops and dissected outcrops, C: Riwi 

topographic valley section, axis shown in B (topographic survey and CAD by D. 

Vannieuwenhuyse, 2016). 
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Figure 5-3. Views of Riwi cave. A: facing the cave, note the dissected outcrop and the 

skeletal soils where spinifex was growing back after a bush fire clearing that happened 

a few months before the 2013 field season, B: looking into Riwi cave, note the yellow 

ball flower tree (Mallotus nesophilus), the loose sandy floor with scattered organics 

before excavation and the bird mud nests on the ceiling (photographs by D. 

Vannieuwenhuyse, 2013. 

 

  
Figure 5-4. Riwi cave plan (A) and section (B) showing excavation squares. Note the 

kangaroo hollows in the second chamber and the water channel on the left side 

(topographic survey and CAD by D. Vannieuwenhuyse, 2016).  

A B 
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5.2 ARCHAEO-STRATIGRAPHIC SEQUENCE AND 
CHRONOLOGY  

Riwi cave shows clear evidence of human occupation with rock art on the cave walls 

and lithic artefacts scattered on the floor surface. The first excavations in 1999 (Balme 

2000) revealed over a metre of complex stratified deposit with first occupation dating 

to 45 ka (cal. BP is used throughout the remainder of the text, see calibration details in 

Table 5-2), which was then the oldest occupation known in the Kimberley area. The 

squares excavated during the 2013 fieldwork allowed observation of extended 

stratigraphic sections that have been sampled for micromorphology and bulk sediment 

analysis. Archaeological material recovered from the Riwi sequence was sorted by 

categories including charcoal, seeds, lithic artefacts and bones (Figure 5-5).  

Three squares were excavated at Riwi: adjacent squares 1 and 4, square 3 within the 

cave and square 5 at the mouth of the cave (Figure 5-4). Twelve stratigraphic units (SU) 

were identified in squares 1, 3 and 4 (Figure 5-6 – Figure 5-8) excavated within the cave 

and four in square 5 (Figure 5-9). Detailed sediment descriptions of stratigraphic units 

from squares 1, 3, 4 within the cave are presented in Table 5-1. In squares 1, 3 and 4 

the sequence is divided, both visually and chronologically, into two sets of stratigraphic 

layers. From the base (120 cm below surface level) to approximately 20 cm below the 

surface, are the Pleistocene layers (SU12 to SU3), dominated by strong brown 

sediments and interspersed with combustion features. The timing of deposition of 

these layers was dated by OSL and radiocarbon, with both chronologies showing a good 

consistency for most of the sequence (Wood et al. 2016, attached as Appendix A-1). 

Pleistocene layers range in age from ~50 ka to 20 ka with occupation beginning on the 

top of SU12 around 46.4 – 44.6 ka (95.4% probability range) (Table 5-2 and Figure 5-10). 

Holocene layers (SU2 and SU1) unconformably overlie the Pleistocene layers and are 

dated to 7 ka and the last millennium; they have a greyish colour due to their high 

proportion of ash. The Pleistocene-Holocene transition was especially targeted for 

micromorphology sampling in order to investigate the possible processes causing its 

discontinuity. The Holocene layers contain a high proportion of well-preserved botanical 

remains such as seeds, nuts, fruits, paper bark fragments and wood shavings (Dilkes-

Hall 2014).  
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Figure 5-5. Material recovered from Riwi squares 3 and 4 (raw data are provided in 

Appendices F-1 and F-2).  

 

Square 5 has a more condensed sequence only 67 cm deep (Figure 5-9). No dates are 

available for this square but similarities in the superimposition of stratigraphic layers, 

suggest that SU4 is probably Pleistocene and SUs3-1 are probably Holocene. The 

differences observed between the sequence at the entrance of the cave and the 

sequence within the cave reflect the fact that erosion processes and chemical 

weathering are more intense in the cave mouth area, which is less protected and 

subject to more run-off and water infiltration from the drip-line. As this square is within 

the main access area to the cave, it has been repeatedly trampled by animals and 

people. 

The stratigraphic discontinuity visible in section was confirmed through a OSL and 14C 

dating program (Wood et al. 2016) that identified a succession of periods of deposition, 

breaks in deposition and several chronological gaps (Table 5-2 and Figure 5-10). SU12 

began to accumulate around 50 ka. The age-depth curve (Figure 5-10) suggests that 

relatively rapid accumulation occurred between 45 ka and 31 ka (SUs 12 to 4). Several 

chronological hiatuses are indicated in the upper part of the sequence, each time 

associated with an absence of sedimentary deposit. The first chronological hiatus in the 
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radiocarbon chronology spans the period between 34–31 ka to 20 ka, the second 

between 20 ka and 7 ka, and the last one between 7 ka and 1 ka (Figure 5-10). Between 

these gaps, discrete pulses of sedimentation are visible. For example, some of the 

material dated to the LGM comes from level SU3 and is only visible in the corner south-

east of square 3 at the junction between the well-defined strong brown Pleistocene 

layers older than 31 ka and the grey Holocene layers (Figure 5-8). Apart from this 

corner, Pleistocene layers dated to 34–31 ka are directly in contact with Holocene layers 

dated to 7 ka. The preservation of the upper sequence in this part of the cave could be 

related to the presence of mud nest building that has created a hard, protective cap 

(Figure 5-8), but at the same time, the bioturbation caused by insects in this corner 

(Figure 5-37) makes the stratigraphic context less reliable. One LGM date obtained (S-

ANU38220) is out of sequence as the charcoal sample dated was recovered from the 

top of the sequence (XU1, SU1) which elsewhere is dated to the recent Holocene. While 

there is incontestably some residual LGM charcoal material in Riwi sequence, caution 

should be exercised with their association with any archaeological material from these 

levels, as the charcoals dated were sampled from the sieve residue and not from the 

wall, which implies less precision about the sampling context. The Holocene layers SU2 

and SU1, while both rich in ash, are actually two distinct episodes of sedimentation. SU2 

is associated with a cluster of dates about 7 ka and the SU1 was deposited after 1 ka.  

Riwi provides an excellent demonstration of why applying a combined approach of a 

fine resolution chronology and a detailed stratigraphic analysis is necessary to fully 

understand the formation history of an archaeological site. Chronology helps identify 

breaks in sedimentation that might not be visible in the stratigraphy and stratigraphy 

provides the context for chronological sampling and Bayesian modeling of the 

chronology and helps to understand the reasons for changes in accumulation rate. At 

Riwi, a variety of processes could have been responsible for the successive archaeo-

stratigraphic discontinuities observed in the sequence. One of the main challenges for 

the Riwi study was to find out whether it was possible to determine what caused the 

disconformities observed. 

 

 



 

115 

 

 

 

 
Figure 5-6. Riwi squares 1 and 4 stratigraphic sections views after OSL sampling and 

during micromorphological sampling (size of block is 25 cm high). Refer to Figure 5-7 for 

scale. Note the sharp transition between the strong brown Pleistocene layers and the 

grey Holocene layers (photographs by D. Vannieuwenhuyse, 2013). 
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Figure 5-7. Riwi squares 1-4 stratigraphic sections with stratigraphic unit descriptions for 

squares 1, 3 and 4. Radiocarbon and OSL dates sampling location are also indicated 

on the profile (CAD by D. Vannieuwenhuyse, 2016, also published in Wood et al. 2016, 

attached as Appendix A-1). 
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Figure 5-8. Riwi square 3 stratigraphic section showing the location of dated 

radiocarbon samples (photographs and CAD by D. Vannieuwenhuyse, 2013 & 2016, 

also published in Wood et al. 2016, attached as Appendix A-1). Layer descriptions are 

available in Figure 5-7 and Table 5-1. 
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Figure 5-9. Riwi square 5 stratigraphic section with stratigraphic unit descriptions 

(photographs and CAD by D. Vannieuwenhuyse, 2013 & 2016). 
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Table 5-1. Detailed description of Riwi squares 1, 3 and 4 stratigraphic units. 

SU SU description 

* Back-filling artefact layer of 1999 excavation. Mixed loose brown sediments, not 

present everywhere, clear boundary with SU1. 

1 Brown grey (7.5YR5/3) very fine sand and silt with abundant leaf litter, rich in 

charcoal and ash, numerous mud nests, insects and insect cocoons and related 

bioturbation, several leafy beddings visible (concave shape typical of kangaroo 

hollows), sharp boundary with SU2. 

2 Grey-brown (7.5YR5/2) ashy layer (with light grey to whitish lenses) very fine sand 

to silty sediment with charcoal and few leaves, very sharp boundary with 

underlying Pleistocene layers. 

3 Reddish brown (5YR4/4) very fine sand (only visible in square 3 corner D), some 

inclusions such as insect cocoons and leaves, sharp boundary with SU4. Layer 

preserved by mudwasp building nest on floor? 

4 Discrete layer of greyish very fine sand only visible in square 3 corner D, relative 

sharp boundary with SU5. 

5 Strong brown (7.5YR4/6) very fine sand on top of big hearths, only visible in square 

3, sharp boundary with SU6. 

6 Combustion features with packed chunks of charcoal in large concave pits, 

interspaces filled by brown very fine sand (square 1) or ash (square 3), very sharp 

boundary with SU7. 

7 Strong brown (7.5YR4/6) very fine sand, scattered charcoal fragments, several 

hearths (best visible in square 3), clear to diffuse boundary with SU8. 

8 Brown (7.5YR4/4) fine to coarse sand with dark brown (7.5YR3/2) rounded coarser 

aggregates of various sizes, variable presence of gypsum nodules (2-5mm), clear 

to diffuse boundary with SU9 and SU10. 

9 Brown (7.5YR4/4) concave lenses of fine sand rich in organic matter fibers, 

variable presence of gypsum nodules (2-5mm), only visible in sq1 and sq3, clear 

boundary with SU10. 

10 Strong brown (7.5YR4/6) very fine sand to fine sand, scattered charcoal 

fragments, few combustion features (mainly in square 3), numerous gypsum 

nodules (2-5mm), no clear boundary with SU11. 

11 Strong brown (7.5YR4/6) very fine sand, scattered charcoal fragments, several 

combustion features in squares 1 and 3 (carbonized dark brown 7.5YR3/4 or 

heated yellowish red (5YR5/6) sediment with charcoal and ash lenses), no 

gypsum nodules in square 4 and square 1 but some in square 3, clear boundary 

with SU12. 

12 Yellowish red (5YR5/6) very fine sand with lots of gravel and rocks (up to 30 cm), 

several concave water channels at the bottom with well-sorted fine sand. 

  Bedrock 
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Table 5-2. Radiocarbon and selection of OSL dates available for squares 1-3-4 at Riwi. 

Calibration was done using OxCal v. 4.2 (Ramsey and Lee 2013), with SHcal13 curve for 

radiocarbon samples (Hogg et al. 2013). The results follow the ones given in the age 

model from Wood et al. 2016, paper attached as Appendix A-1), see also Appendix B-2 

for supplementary data. 

S

U 

Laboratory 

code 
Sample details 

D
e

p
th

 (
c

m
) 

Sampling location 
Radiocarbon 

age (BP) 

Calibrated 

date BP 

(95.4% 

probability, 

unmodelled) 

1 S-ANU38220 SQ4-XU1-QD 3 sieve residue 2013 18930±50 22960–22525 

 
D-AMS004068 SQ4-SOUTH-24 11 section 2013 816±27 730–670 

 
D-AMS004064 SQ1-EAST-34 6 section 2013 956±29 915–760 

 
S-ANU43337 SQ3 XU8 QC 20 sieve residue 2013 670±20 650–555 

 
S-ANU39505 SQ3-SOUTH-26 10 section 2013 6385±30 7415–7170 

 
S-ANU38221 SQ4-XU5-QD 12 sieve residue 2013 6445±30 7420–7270 

2 Wk7605 SQ1-XU3-10cm 10 spit 1999 5290±60 6200–5910 

 
D-AMS004069 SQ3-WEST-21 25 section 2013 6179±29 7160–6935 

 
D-AMS004065 SQ1-SOUTH-36 10 section 2013 6206±37 7175–6935 

 
S-ANU38223 SQ4-XU8-QD 17 sieve residue 2013 6245±30 7245–7000 

 
D-AMS004063 SQ1-EAST-32 10 section 2013 6384±32 7415–7170 

 
D-AMS004061 SQ1-EAST-26 15 section 2013 6250±35 7245–7000 

 
D-AMS004062 SQ1-EAST-28 15 section 2013 6315±32 7275–7025 

 
D-AMS004067 SQ4-SOUTH-20 18 section 2013 6452±34 7420–7270 

3 S-ANU38225 SQ3-XU3-QD 6 sieve residue 2013 18390±60 22420–21960 

 
S-ANU38226 SQ3-XU5-QD-F1 10 sieve residue 2013 16930±50 20540–20140 

4 S-ANU39509 SQ3-EAST-32 12 section 2013 27280±160 31400–30940 

5 S-ANU39507 SQ3-EAST-30 16 section 2013 30690±220 35010–34140 

6 S-ANU39506 SQ3-EAST-28 21 section 2013 29050±180 33730–32980 

 
Wk7896 SQ1-XU5-20cm 20 spit 1999 29550±290 34200–33040 

 
S-ANU35907 SQ1-EAST-20 23 section 2013 29790±190 34230–33560 

 
S-ANU35920 SQ3-NORTH-18 20 section 2013 30110±200 34540–33770 

 
D-AMS004070 SQ3-NORTH-22 16 section 2013 30154±141 34490–33850 

7 S-ANU35916 SQ1-SOUTH-32 20 section 2013 29720±190 34170–33500 

 
Wk7606 SQ1-XU7-25cm 23 spit 1999 31860±450 36730–34770 

 
D-AMS004066 SQ4-SOUTH-17 23 section 2013 31888±153 36160–35340 

 
S-ANU35914 SQ1-SOUTH-29 26 section 2013 33000±280 37830–36480 

 
S-ANU37707 SQ4-XU12-QD 29 in situ 2013 34450±340 39780–38290 

8 S-ANU35913 SQ1-SOUTH-25 33 section 2013 33850±300 38960–37200 

 
S-ANU35918 SQ4-SOUTH-12 39 section 2013 33340±280 38410–36650 

9 S-ANU35906 SQ1-EAST-16 36 section 2013 33560±300 38610–36850 

 
S-ANU35919 SQ3-NORTH-14 37 section 2013 34000±310 39230–37460 

10 S-ANU37706 SQ3-XU19-QB 45 in situ 2013 36680±420 41970–40400 

11 ANUA13005 SQ1-XU13 66 spit 1999 41300±1020 46890–43040 

 
S-ANU35911 SQ1-SOUTH-12 66 section 2013 41520±750 45990–44030 

 
S-ANU35910 SQ1-SOUTH-9 71 section 2013 29840±190 34270–33590 

 
S-ANU35909 SQ1-SOUTH-2 75 section 2013 41590±760 46480–43600 

 
S-ANU35917 SQ4-SOUTH-1 78 section 2013 42140±810 46000–44060 



 

121 

S

U 

Laboratory 

code 
Sample details 

D
e

p
th

 (
c

m
) 

Sampling location 
Radiocarbon 

age (BP) 

Calibrated 

date BP 

(95.4% 

probability, 

unmodelled) 

12 ANUA13006 SQ1-XU16 95 spit 1999 40700±1260 47070–42430 

 
Riwi-27 SQ1-EAST OSL 78 section 2012 42400±1900 44770–39920 

 
Riwi-28 SQ1-EAST OSL 81 section 2012 43300±2000 45990–40510 

 
Riwi-29 SQ1-EAST OSL 83.5 section 2012 46500±2200 49530–43340 

 
Riwi-30 SQ1-EAST OSL 86 section 2012 45300±2000 47720–42790 

 
Riwi-31 SQ1-EAST OSL 89 section 2012 48800±2200 51520–45920 

 
Riwi-32 SQ1-EAST OSL 91.5 section 2012 45200±2000 47660–42690 

 
Riwi-33 SQ1-EAST OSL 94 section 2012 48400±2200 51280–45340 

 
Riwi-34 SQ1-EAST OSL 97 section 2012 43500±2100 46320–40470 

 
Riwi-35 SQ1-EAST OSL 100 section 2012 46400±2300 49650–43000 

 
Riwi-36 SQ1-EAST OSL 103.5 section 2012 51300±2300 54160–48410 

 
Riwi-37 SQ1-EAST OSL 106.5 section 2012 48900±2400 52120–45490 

 

 
Figure 5-10. Riwi radiocarbon and OSL dates plotted by depth below surface level. The 

grey rectangles represents absence of sediment accumulation and chronological gaps 

associated (data from Wood et al. 2016, see also Appendix B-2). 
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5.3 GEOARCHAEOLOGICAL ANALYSIS 

5.3.1 Sampling 

Sediment sampling at Riwi was undertaken after completion of the excavation and 

sections cleaned and drawn. Several micromorphological blocks were removed from the 

section in square 1-4 eastern and southern sections (Figure 5-11), targeting both 

natural and anthropogenic boundaries. Fifteen thin sections were obtained and 

analysed (Figure 5-11). Resin impregnation issues were encountered with some Riwi 

samples as a result of their high gypsum content. The resin hardened around the edges 

of the samples but not within it. To overcome this issue, small holes were made with a 

thin drill and a second impregnation was done using a thinner mix of resin and styrene. 

Samples were then let to set very slowly. Final drying was undertaken at 50oC in a 

geological oven for 50 hours to ensure complete dryness of the samples before cutting. 

Loose sediment samples were collected from the section in all squares from the entire 

sequence at regular intervals, from each identified stratigraphic unit or sub-unit. pH 

measurements and grain size distribution were undertaken on a selection of samples 

from the section (small triangles in Figure 5-11 and Figure 5-12) and other samples 

were processes for geochemical analysis and electron microscopy images when further 

analysis was necessary. 

5.3.2 Results 

Micromorphological results are presented in Table 5-3 and summarized visually in 

Figure 5-12. Micromorphological descriptions are given by stratigraphic units (SUs) with 

special mention of the boundaries between these units. In each stratigraphic unit and 

thin section, several microfacies were identified and labeled in alphabetical order from 

bottom to top (e.g. R505C: Riwi thin section 505, third microfacies from the bottom, see 

Figure 5-11 for example). Supplementary data are provided in Appendices F-2 to F-7 

and include grain size distribution, semi-quantitative counting of each component from 

each, full size thin sections scans, and a catalogue of microphotographs.  
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Figure 5-11. Location of micromorphological samples on Riwi squares 1 and 4 sections. 

Scan of all thin sections (R501 to R512) showing boundaries between microfacies. The 

equivalent stratigraphic unit is shown on the left. See Appendix F-6 for full size thin 

section scans. © D. Vannieuwenhuyse, 2016 
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Table 5-3. Riwi micromorphological description by stratigraphic unit with associated 

microfacies. See Appendix F-5 for detailed semi-quantitative data for each microfacies. 
SU
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Common characteristics to all microfacies: 
Compact complex single-space grain microstructure composed mostly of pellicular grains 
(with complete or partial inherited clay coatings) and intergrain micro-aggregates. Weak 
porosity (close packing, 10%). Mineral components composed of mainly sand-sized 
grains, dominated by quartz, but minor presence of some feldspars, elongated micas 
(biotite and muscovite) and calcareous sand-sized grains. Clay is mainly present in clay 
coatings around quartz grains. Bimodal sorting, with a majority of aeolian subangular 
well-sorted very fine sand, and some rounded medium and coarse sands (from 
weathered sandstone). Average particle size distribution (fraction under 2mm estimated 
in thin section and by sieving): Gravel: 0-2%, CS: 0-2%, MS: 2-5%, FS: 2-10%, VFS: 20-50%, 
Silt: 20-40%, Clay: 5-10%.  
Granostriated and undifferentiated birefringence fabric, changing to calcitic crystallic in 
microfacies containing high proportion of ash. Complex organo-mineral in intergrain 
micro-aggregates (clay and amorphous organic matter).  
Variable presence of phytoliths, tissue residues and organic matter, macro-charcoal 
fragments and microcharcoal, calcitic ash (generally square or rhomboedric shape, size 
~20 µm), microbones (>2 mm), phosphatic aggregates (animal droppings), bird eggshell, 
malacofauna, insect mud channels. 
Secondary carbonates and gypsum nodules in various proportions in the different levels. 

Holocene layers 

1       not sampled for micromorphology analysis because too loose 

2 E 509 D Yellow-grey ashy mix of natural and anthropogenic sediments characterised by a high 
proportion of ash (50-80%) giving the sediment a calcitic crystallic birefringence fabric. 
Some big charcoal fragments present in 508B and 509A (different thin section but same 
microfacies), 509B is composed of non-disturbed combustion residues, with more than 
80% of articulated ash particles. 509C, 509D and 511G contains a mix of variable 
proportion of combustion residues (ash particles and microcharcoal) and geogenic 
orange sands. 

  E 509 C 

  E 509 B 

  E 509 A 

  E 508 B 

  S 511 G 

Transition Holocene/Pleistocene 

      Disconformity observed in East and South sections: 

  E 508 B East: transition between SU2 and SU6 is clear and mainly identified by the change in  
proportion of charcoal fragments and ash between 508A and 508B: less packed CH and 
higher proportion of ash particles are observed in 508B. 

  E 508 A 

  S 511 G South: The transition between SU2 and SU7, while very sharp at a macroscale level of 
observation is a bit less clear under the microscope. Changes in proportion and sorting of 
the sediment components were identified: absence of ash particles in 511E and 511F 
(SU7), but abundant in 511G (10-20%), organic matter rare in 511E and 511F and 
abundant in 511G. A high proportion of coarse-size rounded sands (10-20%) in 511F is 
noted. 

    511 F 

   511 E 

Pleistocene layers 

3       present in square 3 only, not sampled for micromorphology 

4       present in square 3 only, not sampled for micromorphology 

5       present in square 3 only, not sampled for micromorphology 

6 E 508 A Packed geogenic orange sands with high proportion of large charcoal fragments (1-2 cm) 
and medium proportion of ash particles.    E 507 C 

 Transition SU6/7 

  E 507 B The boundary, very sharp at a macroscale level of observation, is also very sharp under 
the microscope between 507B and 507C but there is a transitional microfacies 507B 
showing elongated bedded organic matter following the feature outline and some ash 
particles from upper microfacies 507C (SU6). 
 

7 E 507 A Packed geogenic orange sands with weak proportion of tissue residues, medium 
proportion of charcoal, some ash related to combustion features, few microbones, some 
phosphatic nodules, possible presence of gypsum. 511A and 511B form a combustion 
feature interspersed in the natural sedimentation. The boundary with SU9 is clear. 

  E 506 C 

  S 511 E 

  S 511 D 

  S 511 C 
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  S 511 B 

  S 511 A 

  S 515 E 

8 E 506 B Packed geogenic orange sands with higher proportion of medium-size rounded sands 
(5%, instead of generally <2%), some microfacies showing elongated vegetal organic 
matter horizontally bedded (515B, 515C). High proportion of tissue residues, high 
proportion of charcoal, no ash, few microbones, some phosphatic nodules, variable 
presence of gypsum. Darker clumps have a similar mineral composition and sorting that 
surrounding matrix but contains higher proportion of vegetal organic residues 
(decomposed organic matter or charred) and clay. Some insect mud nests observed. The 
boundary with SU9 is clear. 

  E 506 A 

  E 505 E 

  S 515 D 

  S 515 C 

  S 515 B 

  S 515 A 

  S 510 D 

  S 510 C 

  S 514 G 

9 E 505 D Packed geogenic orange sands with higher proportion of medium-size rounded sands 
(5%, instead of generally <2%, 505B and 510B) and high proportion of elongated vegetal 
organic matter horizontally bedded (505C). High proportion of tissue residues, medium 
proportion of charcoal, some ash, few microbones, some phosphatic nodules, variable 
presence of gypsum. The boundary with SU10 is clear. 

  E 505 C 

  E 505 B 

  S 510 B 

10 E 505 A Packed geogenic orange sands with numerous gypsum nodules (size varying from <1 mm 
to 5mm). Low proportion of tissue residues, low proportion of charcoal, no ash, few 
microbones, some phosphatic nodules. The gypsum nodules are composed of 
microcrystalline gypsum (10um crystal size). 514B to 514F form a combustion feature 
interspersed in the natural sedimentation. Some mud nests observed.  

  S 510 A 

  S 514 F 

  S 514 E 

  S 514 D 

  S 514 C 

  S 514 B 

  S 514 A 

  S 513 B 

 Transition SU10/11 

  S 513 B There is no sedimentological difference observed between SU10 and SU11 apart from 
the change in proportion of gypsum.   S 513 A 

11 E 504 E Packed geogenic orange sands with some gypsum nodules (size generally from <1 mm to 
3 mm). Low proportion of tissue residues, low proportion of charcoal, some ash particles 
associated to combustion features, few microbones, some phosphatic nodules. The 
gypsum nodules are composed of bigger gypsum crystals (>20 µm up to 200 µm, crystal 
size generally increasing with depth). 502A, 502B, 502C, 503A and 503B form a 
combustion feature, 503D to 503G form another combustion feature, both interspersed 
in the natural sedimentation. Passage features were observed in some microfacies of the 
lower half of SU11 (503F, 502C, 502B, 512C). 

  E 504 D 
  E 504 C 
  E 504 B 
  E 504 A 
  E 503 G 
  E 503 F 
  E 503 E 
  E 503 D 
  E 503 C 
  E 503 B 
  E 503 A 
  E 502 C 
  E 502 B 
  S 513 A 
  S 512 E 
  S 512 D 
  S 512 C 
  S 512 B 
 E 502 B  

Transition SU11/12 

  E 502 A Boundary observed in East and South sections: The transitional microfacies (502B, 512B) 
are marked by a high proportion of microcharcoal, charcoal fragments and charred 
particles. Some passage features were observed at the transition between 502A and 
502B, indicating some bioturbation. 

      

  S 512 B 

  S 512 A 

12 E 501 C Packed geogenic orange sands, presence of some sandstone and some dark iron-
manganese small gravel. Presence of phytoliths but absence of tissue residues and ash,   E 501 B 
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  E 501 A only very rare charcoal fragments, few microbones and no phosphatic aggregates. The 
channel visible in section (501B) contains only fines particles (silt and clay size) but 
doesn't display any grading. Few very small gypsum nodules are present (<1 mm-3 mm) 
and display large gypsum crystals (200 µm, desert-rose like). 

 

 
Figure 5-12. Summary of Riwi sediment characteristics: particle size distribution, pH and 

micromorphological observations. The micromorphological table indicates the 

presence/absence of various particles and post-depositional features and their relative 

proportion/development intensity through the sequence. The data used to build this 

diagram are presented in Appendices F-3 and F-5. © D. Vannieuwenhuyse, 2016
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5.3.3 Sediment components and sedimentary dynamics 

The sediment components identified under the microscope in the Riwi sequence are a 

mix of geogenic and biogenic particles found in variable proportions in the different 

layers (Figure 5-12). The bulk of the sediment in the Riwi deposit is composed of 

geogenic quartz sand grains (Figure 5-14). Phytoliths are found in low numbers in all 

Pleistocene levels and are generally less visible, but still present in the Holocene layers 

(Figure 5-17). Vegetal organic matter is present in variable proportions and states 

through the sequence (fresh or decomposed tissue residues, carbonised remains, Figure 

5-18 – Figure 5-20). Anthropogenic particles, here mainly charcoal and ash related to 

combustion features, are found in variable proportions, but increasing significantly in 

the top of the sequence (Figure 5-20 and Figure 5-21). Biogenic elements such as 

bones, coprolites or shells are found in lesser proportions in general and are scattered 

through the profile (Figure 5-22 – Figure 5-24). Malacofauna and insect residues are 

rare (Figure 5-38). Gypsum was observed at a macro- and micro-scale in the form of 

whitish aggregates throughout the Pleistocene layers, with a higher concentration in 

the medium section of the profile, particularly in SU10 (Figure 5-31 – Figure 5-33, see 

also stratigraphic sections for variation in lateral and vertical distribution Figure 5-7 and 

Figure 5-8). The possible sources and depositional dynamics for the main sediment 

components (mineral, botanical and biogenic, post-depositional) as well as their 

changes of proportion through the sequence are discussed in the following sections.  

Geogenic fraction 

Mineral petrographic identification reveals that the bulk of the sediment (>90%) in Riwi 

deposit is composed of quartz sand grains (Figure 5-14). Feldspars, micas and calcitic 

grains were also identified but represent only a minor proportion (~10%) of the mineral 

components. Clay is mainly present as coatings around sand grains (Figure 5-14 E&F). 

Particle size distribution of the sediment fraction (sediments under under 2 mm were 

sieved by hand) and an estimate of the percentage of each sand fraction 

(micromorphological observation under the microscope) reveal a bimodal or trimodal 

distribution for most samples (Figure 5-13). 
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Figure 5-13. Grain size distribution for main stratigraphic units in Riwi (the locations of the 

samples are shown as red triangles in Figure 5-11). Note the higher proportion of 

medium and coarse sands in lower units SU12 and SU11, the good sorting of very fine 

sands in SUs 9, 8 and 7, the coarser distribution of SU8 and the silty components of SUs 2 

and 1 resulting from the high proportion of ash particles in these levels. The smooth 

curves are drawn through the top of distribution histograms obtained for each sample. 

See Appendix F-4 for raw data used for this diagram. 

 

This distribution suggests two different sources of geogenic material: first some well-

sorted very fine sands (63–125 µm), with a subangular shape (Figure 5-14) and second 

some weakly sorted medium and coarse size sands (250 µm–2 mm), generally with a 

more rounded shape (Figure 5-15 C&D). The coarser fraction (250 µm–2mm) derives 

from the in situ chemical weathering and physical breakdown of sandstone bedrock and 

cave walls. Quartz sand grains eroding out of in situ weathered calcareous sandstone 

gravel were observed in the lower part of the sequence, particularly in SU12 (Figure 

5-15 A&B). This demonstrates that the sediment accumulated within the cave is partly 

autochthonous. The lithology and sorting of this coarser sand fraction reflect the reef 

marine depositional setting of the outcrop itself.  

The proportion of sands >250 µm changes over the profile, representing approximately 

25% of the fraction under 2 mm at the bottom of the sequence (SU12), 10–20% in 

strong brown reddish layers (SUs 11, 10, 7, 5), 30% in SU8 and between 10–15% of the 
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Holocene layers SU2 and SU1 (Figure 5-12). These changes in proportion indicate more 

or less intense in situ granular disintegration (maybe linked to more or less intense 

weathering process depending on more or less humid periods) and the higher 

proportion of other material composing the deposits, which suggest a change in 

depositional dynamics. Evidence of reworking by water is visible at the base of the 

sequence in the form of several water channels displaying concave shapes and showing 

fine silt sorting under the microscope (Figure 5-16). This suggests medium-energy water 

discharge through Riwi cave during the early phase of its depositional history. 

The bulk of the sediment is composed of well-sorted very fine sands (63–125 µm), with 

proportions varying from 65% to 90% of the fraction under 2 mm (Figure 5-12). This 

sorting and size is characteristic of aeolian deposits (Goldberg and MacPhail 

2005b:120–130, Cooke et al. 2006). The very fine sand-size grains are subangular, 

suggesting that the particles haven’t been transported over a long distance and that 

they probably derive from a local source, like many dunes systems in Australia 

(Newsome 2000). However, most of the grains are partially coated with a thin film of 

orange haematitic clay that gives the sediment its strong brown colour (Figure 5-14 

E&F). The redness of the sands is a very common characteristic of Australian desert 

sands (Mabbutt 1988:363). The grain coatings, also referred to as 'cutans' in the 

Australian Soil science literature, are in fact a relict pedofeature, originally formed 

within dunes during a phase of stabilisation that allowed pedogenesis to take place and 

processes like clay illuviation to occur (Brewer 1960, 1964). Grains that are only partially 

coated were abraded during aeolian reworking (Bullard and White 2005; Bullard et al. 

2004). Aeolian reworking of exogenous material from local dunes seems to be the main 

agent of deposition within Riwi cave during the Pleistocene. While there is no dune 

system in the direct vicinity of the cave today, this part of the Kimberley is on the edge 

of the Great Sandy Desert and linear dunes are present less than 15 km to the south of 

the cave. The variation observed between the proportion of exogenous aeolian sands 

and endogenous decayed sands indicate changes in depositional dynamics and 

sedimentary sources through time in Riwi cave. 
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Figure 5-14. Microphotographs of geogenic exogenous aeolian sands from Riwi 

sequence. A&B: Note the very good sorting of very fine quartz sands (R507A, PPL & XPL, 

scale 1000 µm), C&D: Detail of A&B, note the subangular shape of very fine sands 

(R507A, PPL & XPL, scale 100 µm), E&F: Note the iron-rich clay coatings around quartz 

sand grains giving the sediment its strong brown colour (R501A, PPL & XPL, scale 100 

µm). © D. Vannieuwenhuyse, 2016 
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Figure 5-15. Microphotographs of geogenic endogenous components from the Riwi 

sequence resulting from cave wall breakdown. A&B: sandstone fragment with rounded 

medium coarse quartz sands popping out of its calcitic matrix (R501A, PPL & XPL, scale 

500 µm), C&D: coarse sand sized limestone fragments and rounded medium and 

coarse quartz sands in very fine sands (R510B, PPL & XPL, scale 1000 µm). © D. 

Vannieuwenhuyse, 2016 

 

 

    
Figure 5-16. A: Photograph of water channel at the bottom of SU12 in Riwi square 1 

north east corner (scale 10 cm, photograph by D. Vannieuwenhuyse, 2016), B: 

microphotograph showing accumulation of silty particles in water channel (PPL, scale 

1000 µm). © D. Vannieuwenhuyse, 2016 

A B 
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Botanical fraction 

Micro- and macro-botanical remains are present throughout the Riwi profile (Figure 

5-12) and sometimes compose a relatively high proportion of the sediment (e.g. ash in 

Holocene layers). Preliminary testing of pollen density in Riwi revealed a very low 

concentration and poor preservation in the Pleistocene layers, in part resulting from the 

iron-rich geochemical environment (Cassandra Rowe, pers. comm. 2015) but phytoliths 

were observed in all thin sections from Riwi (Figure 5-17). Phytoliths in archaeological 

deposits are generally derived from the in situ decayed plants parts that have been 

rapidly buried (Brochier 1999a; Delhon 2008; Delhon et al. 2003; Madella and Lancelotti 

2012; Piperno 2006). Determining whether the introduction of these siliceous plant 

remains within the cave is related to natural processes, animal presence or human 

cultural practice is complex (Wallis 2000, 2001:107). The fact that phytoliths are found 

throughout the sequence, particularly at the bottom in SU12, a layer with little 

archaeological material and which is considered archaeologically sterile because of the 

lack of lithic artefact and the absence of anthropogenic feature, points to their 

introduction via natural means, most probably as a result of soil deflation processes 

(Madella and Lancelotti 2012).  

Vegetal organic matter is observed in variable states through the sequence. Fresh tissue 

residues, such as wood tissue, seeds and rootlets (Figure 5-18), are mostly observed in 

Holocene layers. Within the Pleistocene layers, the vegetal organic matter is generally 

more decomposed and fragmented (Figure 5-19). Whether the botanical remains within 

the deposit are of cultural or natural origin is complex to disentangle as botanical 

remains could have entered the cave by many different means. Mammals may bring in 

plant fragments on their coats or deposit them in their faeces while birds and insects 

may also bring in plant fragments for consumption and to incorporate into their nests. 

Plant remains may also be incorporated into the deposit by physical means (wind and 

water) and from seed rain from plants growing within the cave (Dilkes-Hall 2014). An 

analysis of macrobotanical remains other than charcoal from squares 3 and 4 at Riwi 

reveals that, apart from leaves and twigs that are most likely brought in by wind, the 

majority of macrobotanical remains have been transported by humans and reflect wet 

season occupation (Dilkes-Hall 2014:101).  
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Residues of combustion (charcoal and ash, Figure 5-20) were observed in all 

archaeological layers (SU11 and above). While ash particles were observed in the 

Pleistocene layers as part of combustion features, ash composes the majority of the 

sediment in the Holocene layers. The ash particles are preserved in both packed and 

anatomically connected states (Figure 5-21). Macro- and micro-scale charcoal 

fragments are also scattered in the matrix (Figure 5-20 C–F). While for the most part, 

charcoal seems to be related to human activities, some carbonised vegetal remains, 

especially the microscale ones, could also result from a different depositional history. 

Indeed, the carbonisation of wind-blown microbotanical remains could also have 

occurred after their deposition, in particular underneath flat combustion features. 

Similarly, microcharcoal can also derive from natural or humanly managed bush fires, of 

which Australia has a long history (Head 1989; Mooney et al. 2011). Some charred, 

elongated fibrous botanical residues found in several levels of the Pleistocene layers, 

particularly in SU9, share similarities with spinifex carbonised remains collected as 

comparative material around the site (Figure 5-19 C&D). 

Animal parts and products 

Biogenic inclusions are usually related to the occupation of the cave by animals, as 

attested by the presence of herbivore faeces and bird droppings identified in thin 

sections (Figure 5-22). Bones and bone fragments are observed throughout the 

sequence in thin section including archaeologically sterile SU12; thus, these bone 

fragments could result from either animal or human occupation (Figure 5-23). Charred 

bones were identified during sorting and observed under microscope (Figure 5-23 

C&D). The presence of bird eggshell (Figure 5-24) and malacofauna shells 

(micromorphological observation and sorting) could be related to either natural inputs 

(birds nesting in the cave, the presence of snails in the site) or anthropogenic inputs via 

consumption or use as ornaments. Several marine ornaments beads have been found in 

Riwi deposit and demonstrate long-distance trade (Balme 2000; Balme and Morse 

2006). 
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Figure 5-17. Microphotographs of phytoliths in Riwi sequence. Note the typical optical 

isotropism of phytoliths creating dark areas in XPL. Various shapes are observed 

(elongated, serrated, spiny). A&B: R505C (PPL & XPL, scale 100 µm), C&D: R512C (PPL & 

XPL, scale 1000 µm), E&F: R501A (PPL & XPL, scale 50 µm). © D. Vannieuwenhuyse, 2016 
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Figure 5-18. Microphotographs of fresh botanical remains in Riwi sequence. A&B: wood 

fragment, note the lignin-rich cells display first-order (bright) interference colours in XPL 

(R511G, PPL & XPL, scale 1000 µm), C–E: fresh botanical tissues in R510A, note transversal 

and longitudinal cross-sections, possibly spinifex grass (PPL, scale 1000 µm), F: possible 

seed cross-sections (R509D, PPL, scale 100 µm). © D. Vannieuwenhuyse, 2016 
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Figure 5-19. Microphotographs of decomposed botanical tissue residues in Riwi 

sequence. A: decomposed tissue residues and charred particles mixed in geogenic 

matrix (R511A, PPL, scale 1000 µm), B: decomposing vegetal tissue residue (R515B, PPL, 

scale 100 µm), C&D: horizontally bedded elongated decomposing or charred tissue 

residues (R515B, PPL, scale 1000 µm and 100 µm), E&F: matrix showing mixing between 

geogenic and vegetal inputs, note that the phytoliths (isotropic in XPL) are more visible 

due to high degree of decomposition of the vegetal organic tissues (R512B, PPL & XPL, 

scale 100 µm). © D. Vannieuwenhuyse, 2016 
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Figure 5-20. Microphotographs of charred botanical remains in Riwi sequence. A&B: 

charcoal fragments and ash particles, note the ash calcitic crystallic (bright) high 

interference colours (R507C, PPL & XPL, scale 1000 µm), C&D: elongated charred 

particles in geogenic matrix (R507B, PPL & XPL, scale 100 µm), E&F: inflorescence 

fragment charred by heat of combustion features and microcharcoal mixed in 

geogenic sediments (R502B, PPL & XPL, scale 500 µm). © D. Vannieuwenhuyse, 2016 
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Figure 5-21. Microphotographs of ash in Riwi sequence. A&B: ash-rich matrix, note the 

very crystallic calcitic birefringence in XPL (R509C, PPL & XPL, scale 1000 µm), C&D: non-

disturbed calcitic ash particles showing colour variation from yellowish to grey and the 

presence of phytoliths in the outer parts identified by their isotropic properties in XPL 

(R509A, PPL & XPL, scales 500 µm and 1000 µm), E: accumulation of calcitic ash 

particles (R503B, PPL, scale 100 µm), F: articulated calcitic ash particles at high 
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magnification showing their rhomboedric shapes (R508B, XPL, scale 100 µm), G&H: 

articulated wood ash particles with still incomplete burnt charred cells (R502C, PPL & 

XPL, scale 1000 µm). © D. Vannieuwenhuyse, 2016 

 

 

 

 

 

 
Figure 5-22. Microphotographs of animal scats in Riwi sequence. A&B: macropod 

faeces rich in semi-digested vegetal fibres (R512AB, PPL & XPL, scale 100 µm), C&D: 

bone [bo] and coprolite [co], note the similarity in colour and optical characteristics, as 

both are rich in apatite that is isotropic (turns to black) in XPL (R504B, PPL & XPL, scale 

1000 µm), E&F: apatite-rich bird dropping with vegetal tissue residues and phytolith [ph] 

inclusions (R510A, PPL & XPL, scale 500 µm). © D. Vannieuwenhuyse, 2016 
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Figure 5-23. Microphotographs of bones in Riwi sequence. A&B: fresh bone fragment 

showing typical pale yellowish colour in PPL and wavy black grey interference colours in 

XPL due to its fibrous internal fabric (R515E, PPL & XPL, scale 500 µm), C&D: burnt bone 

displays brownish colour in PPL and loss of birefringence in XPL (R515B, PPL & XPL, scale 

100 µm). © D. Vannieuwenhuyse, 2016 

 

 

 
Figure 5-24. Microphotographs of eggshell from Riwi sequence, possibly burnt (A&B: 

R505A, PPL & XPL, scale 100 µm). © D. Vannieuwenhuyse, 2016 
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5.3.4 Anthropogenic signals: combustion features 

The most striking aspect of the Riwi sequence is the numerous hearths interspersed 

within the Pleistocene levels and the high concentration of ash and charcoal in the 

Holocene layers. Field observation reveals three different combustion feature types 

(Figure 5-25 – Figure 5-27):  

 Pleistocene flat combustion features (Type A) 

 Pleistocene and Holocene dug combustion features (Type B)  

 Holocene thick ash-rich accumulation (Type C).  

The presence of so many combustion features represents an exceptional opportunity to 

undertake a detailed micromorphological analysis and document Australian deep-time 

combustion features practices. The micromorphology investigation of combustion 

features can help document the anthropogenic activities and actions associated with 

their formation and also assess their degree of preservation or alteration (Mallol et al. 

2013a; Mentzer 2014; Wattez 1992) by:  

 Identification of by-products associated with combustion (charcoal, ash, burnt or 

heated material such as bones or biogenic products) (Estévez et al. 2014; March et 

al. 2014; Mentzer 2014; Stiner et al. 1995; Wattez 1988; Weiner et al. 1995);  

 Identification of whether these particles are preserved within a hearth feature or 

another combustion feature type and to what extent they are intact or disturbed. By-

products of burning are not always associated with a hearth: ash accumulation can 

be the result of hearth cleaning by scooping out and dumping particles in another 

area of the shelter, or can result from site maintenance clearing through burning 

(Goldberg et al. 2009; Mallol et al. 2013a; Mentzer 2014; Miller and Sievers 2012; 

Miller et al. 2010); 

 Documenting the effect of combustion features on the natural deposit (Aldeias et al. 

2016; Mallol et al. 2013b) and the nature and degree of post-depositional processes 

that have affected the feature (Mentzer 2014);  

 Building a comprehensive typology of combustion features and their potential 

functions based on experimental or ethnographical comparisons (Mallol et al. 2007).  
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Figure 5-25. Photographs of Riwi squares 1 and 4 wall sections showing superposition of 

combustion features (types A, B and C) (photographs by D. Vannieuwenhuyse, 2013). 
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Figure 5-26. Photographs of Riwi square 3 wall sections showing superposition of 

combustion features (types A and B) (photographs by D. Vannieuwenhuyse, 2013). 

 

 

 
Figure 5-27. Different types of combustion features in Riwi sequence (CAD by D. 

Vannieuwenhuyse, 2016).  
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Pleistocene flat combustion features – Type A  

In the Riwi sequence, the natural sedimentation was sufficiently rapid during the 

Pleistocene between 45 ka and 31 ka (SU11 to SU7) to allow the preservation of a large 

number of superimposed hearth features, as visible in squares 1-3-4 sections in Figure 

5-25 and Figure 5-26 (see also detailed view and microfacies associated in Figure 5-28) 

with, from bottom to top:  

(1) dark brown layer (concave shape visible in stratigraphy);  

(2) orange-pinkish layer;  

(3) level with charcoal chunks;  

(4) whitish layer. 

The dark colour (Figure 5-28 C, microfacies R502B and R503E) of the concave dark 

brown layer (1), results from the carbonization of vegetal organics already present in 

the geogenic matrix before the fire was lit on top. Their carbonization was induced by 

the heat radiance from the fire lit on the ground surface. Similar botanical inclusions 

that are not charred, are observed within the sediment underneath the feature (Figure 

5-28 D). Similar blackening effects and concave shapes were observed in 

micromorphological analysis of flat Middle Palaeolithic fires in Spain (Mallol et al. 

2013b) and controlled archaeological experiments (Aldeias et al. 2016; March et al. 

2014). These studies conclude that the concave dark layer should not be considered as 

an active part of the fire place but as part of the substrate, as well as the archaeological 

material recovered within it. This has important implications for the sampling methods 

of hearth features and for the attribution of archaeological assemblages (Mallol et al. 

2013b:2516).  

Some of the hearths (Figure 5-25, Figure 5-26, Figure 5-28) also display an orange-

pinkish layer (2) which corresponds to the surface where the fire was lit and where the 

highest temperatures were reached, inducing total combustion of organics already 

present in the sediment and the typical rubefaction of the sediment resulting from the 

oxidation of iron components (Aldeias et al. 2016; Canti and Linford 2000). The sharp 

transition visible in Figure 5-28 B between microfacies R503A and R503B probably 

indicates the occupation surface at the time the fire was lit. The layer containing 

charcoal and ash (3) corresponds to the active part of the flat combustion feature. It 

contains small and large charcoal fragments and carbonised organics, depending on the 
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Figure 5-28. Microfacies types in Pleistocene flat combustion features (type A). Left: 

detailed view of bottom of SU11 in Riwi square 1 eastern section showing superposition 

of two combustion features and location of micromorphological samples. Middle: scan 

of thin sections R502 and R503 showing the different microfacies identified. Right: 

Microphotographs of microfacies types. A: top layer with charcoal fragments (R503G, 

PPL, scale 1000 µm), B: orange-pinkish and whitish layers (R503A/B, PPL, scale 1000 µm), 

C: dark carbonised organic rich layer (R502B, PPL, scale 100 µm), D: reddened 

sediments due to heat radiance (R502A, PPL, scale 100 µm). © D. Vannieuwenhuyse, 

2016 

 



146 

 features observed in section (Figure 5-28 A, microfacies R503G). The top whitish layer 

(4) is composed of more or less compacted ash particles (Figure 5-28 B, upper 

microfacies R503B), often still in anatomic connection. The undisturbed preservation of 

fragile particles such as ash indicates the in situ character of the firing event and a very 

good integrity of the structure (Mentzer 2014; Miller et al. 2010), as well as a relative 

rapid burial by natural sedimentation after the firing episode. 

Not all four layers are always found in the combustion features observed in section 

(Figure 5-25 and Figure 5-26). This indicates either a variable level of preservation for 

each feature or some difference in heat intensity and probably variability in where the 

feature was cut by the section exposed by excavation. The micromorphological 

observations indicate a practice of fires simply lit on the ground, with each hearth 

probably representing a short and single event and each surface representing a 

short‐time living surface (Figure 5-27, Type A).  

Dug combustion features – Type B 

Around 34 ka, a different type of combustion feature is observed in section (SU6), these 

features are dug into the ground, sometimes cutting through flat combustion features 

beneath (Figure 5-25, Figure 5-26 and Figure 5-27, Type B). Type B combustion features 

contain large fragments of charcoal embedded within a fine matrix of geogenic sands 

and/or ash particles (Figure 5-29 A). The fact that the ash particles are generally not 

found in anatomical connection indicates that combustion residues have been 

disturbed (Mentzer 2014). The presence of natural strong brown sediment within the 

structure is associated with the possible covering of the fire with sediment, such as is 

practiced in an Aboriginal oven-like cooking method (Clarke 2011; Crawford 1982:92). In 

anoxic conditions, wood combustion is never complete and creates more wood 

charcoal remains (Théry-Parisot et al. 2010a; Théry-Parisot et al. 2010b). The particle 

organization within these features is likely to reflect the successive anthropogenic 

actions related to this cooking method. 

Holocene combustion features and ashy layers – Type C 

The Holocene layers also contain combustion features dug in the ground (Figure 5-25, 

Figure 5-26, Figure 5-30, SU2b), but are mainly composed of a compact ash-rich deposit 

(Figure 5-30, SU2a). The high content of ash might reflect a more complete combustion
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Figure 5-29. Microfacies types in Pleistocene dug combustion feature (type B). Top left: 

detailed view of combustion feature SU6 in Riwi square 1 east section showing location 

of micromorphological sample. Bottom left: scan of thin section R507 showing the 

different microfacies identified. Right: microphotographs of microfacies types. A: mixed 

charcoal fragments, ash and geogenic sands (R507C, PPL, scale 100 µm), B: sharp 

transition bottom SU6 (R507B/C, PPL, scale 1 cm), C: bedded organic particles below 

the combustion feature that could indicate digging (R507A, PPL, scale 1000 µm). © D. 

Vannieuwenhuyse, 2016 



148 

resulting in less charcoal and more ash or repeated use of the central area. 

Under the microscope, the ashy layers show a very calcitic, crystallic birefringence in 

XPL due to the high proportion of calcitic ash particles (Figure 5-30, XPL microphotos B, 

D, F, H). Plant tissues contain calcium oxalate phytoliths (CaC2O4.2H2O) which are 

transformed chemically by dehydration during combustion above 400oC, then by 

oxydation and rehydratation after cooling into more stable calcite (CaCO3) without 

affecting their original shape (Brochier 1996; Canti 2003b; Shahack-Gross and Ayalon 

2013). Calcitic ash particles are, in fact, pseudomorphs of these calcium oxalates (or 

'POCC', Brochier and Thinon 2003). Silica phytoliths are also observed along with calcitic 

ash (Figure 5-30 G&H). Ash can have different shapes for different wood species, as 

attested to in temperate French studies of archaeological calcitic ash particles where 

identification to the genus/species were made (Brochier and Thinon 2003; Wattez 

1988). However, the occurrence of oxalate shapes relating to individual species is 

extremely rare and, like phytoliths, calcitic ash are generally polymorphic, which means 

that similar shapes can occur in different wood species and several different shapes can 

occur in the same wood species. In Riwi, the calcitic ash particles all have a similar 

rhomboedric shape when observed under the microscope (Figure 5-30 E&F). For this 

reason, no further attempt was made to undertake tests on experimental samples to try 

to decipher different varieties. The polymorphic nature of calcitic ash observed in the 

sites and more generally in the Australian context could also be explained by the limited 

number of Australian native plant families and genera and the fact that wood structure 

is very similar between Australian species (observations based on anthracological study, 

Whitau and Dotte-Sarout, pers. comm. 2015). 

Some ash particles present in SU2b are found in anatomic connection but most are 

observed disturbed (Figure 5-30 G&H). This indicates zones turbated or dispersed. In 

mixed facies (2a), both fresh and carbonized organic matter are observed along with 

geogenic sands and vegetal organic debris, fresh or carbonized (Figure 5-30 A-D), 

indicating a degree of mixing in the upper Holocene levels, which may be related to 

trampling. 
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Figure 5-30. Holocene combustion feature (square 1 east section) at different scales. 

Top: view of section and location of micromorphological sample R509. Left: thin section 

R509 with microfacies identified. A-H: Microphotographs of microfacies from Holocene 

combustion feature. A&B: Mixed facies SU2a (PPL & XPL, scale 100 µm), C&D: transition 

between mixed facies and ashy accumulation (PPL & XPL, scale 1000 µm), E&F: thick 

accumulation of non-articulated ash particles and geogenic sands (PPL & XPL, scale 

100 µm), G&H: accumulation of non-disturbed ash showing presence of phytoliths in XPL 

(PPL & XPL, scale 1 cm). © D. Vannieuwenhuyse, 2016  
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Changes in combustion features type over time and potential associated functions 

Similar flat combustion features (Type A) are observed over the period covering 45 ka to 

31 ka. The combustion by-products associated with Type A are mostly ash, with only a 

few charcoal fragments, implying a relatively complete combustion of the wood. They 

also do not display the characteristics of a fire that has been used repeatedly where 

particles are generally observed disturbed. As such, this type of combustion feature 

probably indicates short lived activities or short visits to the cave. The fact that these 

fragile features have been buried rapidly and preserved indicates that people were not 

using the cave all the time, as natural sedimentation had the time to bring new sand 

inputs within the cave, burying the remains of human activities. Each hearth however, 

represents a surface floor used by people. The fact that Type A is found over a long 

period of 14,000 years indicates a repeated use of this place by many generations. The 

permanence of the gesture indicates a transmission of knowledge of practice and places 

by the First Australians for millennia. 

A shift in combustion types occurred around 34 ka with the introduction of dug 

combustion features (Type B). These hearths indicate some new practices, or practices 

already existing but now brought into the cave around this time. The dug combustion 

features contain much more charcoal residues/by-products indicating incomplete 

combustion. Baking meat or fish on coals is one of many Aboriginal traditional cooking 

techniques (Clarke 2011; Crawford 1982:92). A dug space retains more heat than an 

open fire and the earth excavated can be put on top to allow slow cooking as observed 

in ground-ovens. As such, the Type B combustion features could reasonably have a 

function of cooking pits within the cave. This type of fire could also be interpreted as 

repeated use of the same fire place, with fire maintained for a longer period, reflecting 

longer stays by people within the cave from this time.  

The Holocene, Type C combustion features are difficult to distinguish from each other 

because of trampling and mixing. They constitute a palimpsest of fire places and 

activities taking place in the cave. 
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5.3.5 Post-depositional processes 

Gypsum (CaSO4.2H2O)  

The main post-depositional process observed in Riwi is the presence of pedogenic 

gypsum throughout the sequence. Gypsum is commonly found in semi-arid 

environment soils/sediments (Nettleton 1991). The possible processes of its formation 

within Riwi cave were explored in order to assess its impact on the deposit. Visible in 

section at a macroscale, particularly in the upper Pleistocene levels (SUs10–4, Figure 

5-7, Figure 5-8, Figure 5-12 and Figure 5-31 A), some of the white nodules reach over 5 

mm in length (Figure 5-31 B). Such nodules are sometimes referred to as 'snowball' 

morphology gypsum in the soil science literature and are typical of fine-grained deposits 

(Buck and Van Hoesen 2002). When crushed between two fingers, the nodules have an 

oily flour-like consistency. The distribution and size of the gypsum nodules vary laterally 

and vertically throughout the sequence and are particularly developed in SU11 and 

SU10 (Figure 5-12). It is easy to mistake the sometimes well-defined gypsum 

development for a stratigraphic depositional boundary (see Figure 5-31 A). Gypsum 

development overprints depositional layers and displays a concave shape that indicates 

moisture penetrated the profile from the top at some point of the history of the cave. 

The field observation only identified gypsum nodules in SU11 to SU4, but microscopic 

observations reveal that gypsum is also present in the bottom layer (SU12), but that 

gypsum intergrowth nodule sizes decrease with depth until being microscopic (Figure 

5-12 and Figure 5-32).  

Microscopic observation of the large gypsum nodules reveals that they are composed of 

microcrystalline gypsum (crystal size 10 μm); the crystal shape is difficult to distinguish 

under a petrographic microscope, even at maximum magnification x500 (Figure 5-32 

A&B). SEM observations reveal the predominantly lenticular crystal habit (sometimes 

twinned) of the microcrystalline gypsum (Figure 5-33 C) and confirms the geochemical 

nature of gypsum (Figure 5-33 D). Other discrete evaporite salts were also detected 

within the gypsum nodules (for example Na, Figure 5-33 C&D) and bassanite (Figure 

5-34). This type of 'snowball' gypsum nodule (=microcrystalline intergrowths) is formed 

by quick dissolution/re-precipitation processes and is commonly found near surface 

horizons because of the higher evaporation potential (Buck and Van Hoesen 2002, Poch 

et al. 2010:201). Dissolution fissures were observed under SEM (Figure 5-33 C) and 
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indicate that chemical processes continued after the formation of the crystals but that 

moisture has not been important enough to dissolve completely the gypsum crystals 

that are highly soluble (Buck and Van Hoesen 2002, 2005). The displacive effect of the 

development of such large and numerous gypsum nodules in the void’s profile is 

something to consider in the assessment of the sequence integrity, along with the 

possible geochemical and physical effect on the archaeological material embedded in 

the sediment (Figure 5-35 B-D).  

Deeper in the sequence, where only smaller gypsum crystal intergrowths are found, the 

gypsum crystal size is generally bigger (up to 100‐200μm, Figure 5-32 C–H). The 

characteristic lenticular shape of gypsum crystals is observed under petrographic 

microscope, with a random crystal orientation occasionally forming a desert rose-like 

shape (Figure 5-32 C&D).  

Within the Riwi sequence there is an inverse relationship between gypsum nodule-size 

and crystal-size with depth (Figure 5-12). This phenomenon indicates variable water 

evaporation potential within the profile. Above the capillary fringe, the upper half of the 

sequence was probably affected by more repeated moisture/drying cycles, with two 

consequences: slow increase of gypsum concentration creating larger nodules but less 

time for gypsum crystals to grow bigger, hence the microcrystalline habit. Conversely, at 

the base of the sequence, moisture may have stayed longer and have allowed crystals 

to grow more slowly and bigger.  

The processes leading to gypsum formation in soils are driven by climatic conditions 

(alternation of humid and dry conditions allowing rapid evapo-transpiration processes, 

typical of semi-arid environments) and the availability of sulphate and calcium ions 

within the soils (Buck and Van Hoesen 2002).  
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Figure 5-31. Gypsum concentration in Riwi sequence. A: observed in square 4 southern 

section (photograph by D. Vannieuwenhuyse, 2016), B: Mesoscale view of 'snowball' 

gypsum nodules (scale in cms, photograph by India Dilkes-Hall, 2016). 

 

 
Figure 5-32. Microphotographs of different gypsum nodule types in the Riwi sequence. 

Note that the gypsum nodule size decreases towards the bottom of the sequence 

while crystal size increases. A&B: Large microcrystalline nodules (SU10, R513B, PPL & XPL, 

scale 1000 µm), C&D: small nodule composed of desert-rose like large crystals (bottom 

SU12, R501A, PPL & XPL, scale 500 µm). © D. Vannieuwenhuyse, 2016 

A B 
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The origin of the gypsum in the Riwi sequence is another issue. While calcium ions (Ca) 

are available from calcitic components in Riwi (limestone rocks, ash and bones), the 

availability of sulphur ions (S), necessary for the formation of gypsum is more difficult to 

determine. Gypsum nodules were observed in thin section in association with calcitic 

ash or growing around bones and rocks (Figure 5-35 A). The main sources of gypsum 

sulphur determined by previous studies (Chivas et al. 1991, see also references in 

review by Buck and Van Hoesen 2005) are: (1) in situ parent material chemical 

weathering, (2) deflation or fluvial reworking of evaporites in basins sediments, (3) 

marine aerosols. 

It is improbable that the Riwi area received marine water enriched precipitation in the 

recent past because of its distance to the coast (200 km at its closest point) but the 

Devonian limestone parent material of the cave was deposited in a marine environment 

and it is possible that the sulphur is partly derived from this. However, it is more 

probable that gypsum was introduced within the cave by aeolian processes, like other 

fine components of the sediment (quartz sand particles and phytoliths). Gypsum is an 

evaporite salt, typical of salt lakes/playas of the semi-arid and arid interior or Australia 

(Magee 2006). Lake Gregory is 200 km from the Riwi area and the closest current salt 

lake (Lake Betty) is less than 100 km to the south of Riwi. During the LGM, the arid zone 

extended further north (Hope et al. 2004) and sources of evaporite salts might have 

been more common in the vicinity of Riwi cave. Typically, deflated salt lake sediments 

display broken and abraded gypsum crystals like those observed in the Mungo lunette 

(Bowler and Price 1998). However, the gypsum crystals observed in Riwi sequence have 

a well-defined tabular shape, typical of in situ grown crystals. The gypsum crystals 

observed could be a product of dissolution and re-precipitation of gypsum first 

introduced in the deposit by aeolian processes and so it is not possible to observe the 

gypsum in a primary depositional state. For this reason, it is not possible to suggest with 

any certainty that the gypsum derives from these salt lakes. 
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Figure 5-33. Microcrystalline gypsum optical and geochemical characteristics from Riwi 

sequence. A&B: microphotographs of microcrystalline gypsum at maximum 

magnification under petrographic microscope (R505E, PPL & XPL, scale 100 µm), note 

that the crystal shape is difficult to distinguish, C: observation under SEM using BSE (back 

scattered energy) showing the lenticular shape of gypsum crystals but also their 

chemical alteration, note also the presence of salt crystals Na (arrow), the cross (+) 

indicates where geochemical measurements were made, D: geochemical signature of 

gypsum (CaSO4.2H2O) from Riwi sediments showing main elements composing gypsum 

mineral (calcium, sulphur and traces of others salts, Na). © D. Vannieuwenhuyse, 2016 

 

Other possible sources for the gypsum sulphur are guano (Shahack-Gross et al. 2004) 

and botanical remains such as ash and pollen, which both contain a small amount of 

sulphate ions. Guano is likely to have been a source of sulphur in Riwi Cave as bats are 

present in the second cave chamber. However, little evidence of the presence of guano 

is visible in the area excavated and only a very discrete presence of phosphatic nodules 

was detected in thin section. Ash in the Pleistocene layers are well-preserved in SU11 

and in SUs 8–5 but their preservation is variable in SU10, where the formation of 

gypsum is the most abundant and as such, could be associated with their dissolution. 

The large amount of calcitic ash in the Holocene layers could also have been a potential 

source of both calcium and sulphate ions but their excellent preservation indicates that 

moisture has not penetrated the profile and dissolved them during the Holocene. On 



156 

the contrary, everything (better preservation of macrobotanical and microbotanical 

remains, etc.) points to a relative dryness of the top of the deposit. 

If gypsum was introduced at the same time as the bulk of the geogenic aeolian sands, it 

is difficult to determine with precision the time of the neoformation of the gypsum 

intergrowths. However it can be estimated to have occurred after the last episode of 

aeolian deposition during the Pleistocene, that is, after 31 ka, or probably after 21 ka 

(marking the LGM), and before the mid Holocene, when sedimentation resumes again. 

The fact that gypsum development overprints the previously deposited sequence could 

reflect a period of more humid conditions somewhere between 21 ka and 7 ka. The 

absence of gypsum in the Holocene layers (displaying very dry and hydrophobic 

character) is an argument for the upper time limit. Other regional palaeoenvironmental 

reconstructions demonstrate more humid conditions around the Pleistocene-Holocene 

transition (15–8 ka, Reeves et al. 2013b) and gypsum formation in Riwi sequence could 

be related to this phase. 

 

 
Figure 5-34. Microphotographs of possible anhydrite crystals in Riwi sequence. A&B: 

developing in matrix voids (R504A, PPL & XPL, scale 100 µm), C&D: developing around 

phosphatic coprolite (R506A, PPL & XPL, scale 100 µm), E: close up of D (R506A, XPL, 

scale 100 µm). © D. Vannieuwenhuyse, 2016 
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While it is not possible to be precise about the timing of formation of the gypsum 

nodules, the presence of gypsum has two interesting palaeoenvironmental implications. 

First, if brought by aeolian processes, its deposition reflects the beginning of greater 

arid conditions and second, the time of its neotransformation reflects the return to 

more humid conditions. The analysis of the gypsum formation also provides insight into 

the geochemical environment of the archaeo-stratigraphic record and possible chemical 

transformation of some anthropogenic particles.  

 

 

 
Figure 5-35. Microphotographs showing physical and chemical disturbance by gypsum 

[gy] development in Riwi sequence. A: on bone (R504B, PPL, scale 100 µm), B: within 

vegetal tissue residues (R512AB, PPL, scale 1000 µm), C: dislocating a coprolite (R514A, 

PPL, scale 100 µm), D: dislocating a charcoal fragment (R506A PPL, scale 500 µm). © D. 

Vannieuwenhuyse, 2016 
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Physical turbation by animals 

Bioturbation of the deposit by animals was identified in several levels of the Riwi 

sequence. At the transition between SU12 and SU11, discrete passage features are 

present representing ancient bioturbation, concomitant to the sediment building 

(Figure 5-36). SU1 shows some characteristics of the accumulation of compacted leaves 

produced by macropods digging their hollows and trampling/lying over it (Figure 5-37 

C). This episode occurred during the last millennium. The most dramatic bioturbation is 

visible at the top of the sequence, where burrowing insects have dug galleries for 

nesting within the Holocene layers, sometimes reaching the Pleistocene layers, 

particularly in the eastern corner of square 3 and the northern wall of square 1 (Figure 

5-37 A&B). These residues of insect nesting were incorporated into the top loose 

sediments of the sequence by trampling. Examples of mud nest fragments and insect 

pods observed at microscale are given in Figure 5-38. 

 

 

 
Figure 5-36. R502 and R512 thin sections showing microscale bioturbation at the 

transition between SU12 and SU11. © D. Vannieuwenhuyse, 2016 
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Figure 5-37. Views of Riwi wall sections showing bioturbation in upper levels. A: recent 

large insect burrows cutting through Pleistocene upper levels, B: insect underground 

nesting, C: kangaroo hollows filled with leafy bedding. © D. Vannieuwenhuyse, 2016 

 

 
Figure 5-38. Microphotographs of insect mud nests and cocoons in Riwi sequence. A&B: 

broken mud nest wasp pods (R510C, both PPL, scale 1000 µm), C&D: insect cocoon 

(R507A, PPL & XPL, scale 500 µm). © D. Vannieuwenhuyse, 2016 
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Possible causes for Riwi Pleistocene/Holocene disconformity 

Sediments from the discontinuity level between Pleistocene and Holocene layers were 

sampled for micromorphology observation in the south section (Figure 5-40) and the 

east section (Figure 5-39) of the square 1 Riwi sequence. The superposition between 

the Pleistocene combustion feature (SU6) and the Holocene combustion feature (SU2) 

observed in the east section (Figure 5-40) shows a clear transition between the 

microfacies 508A and 508B, with less packed charcoal and a higher proportion of calcitic 

ash particles observed in 508B. In the south section (Figure 5-39), the sharp transition 

observed with the naked eye in the field (Figure 5-39) between SU2 and SU7 is less 

evident at the microscale (Figure 5-39 C&D) but changes are perceptible in the different 

sediment component proportions: absence of calcitic ash particles and rare vegetal 

organic matter in 511E and 511F (SU7, Figure 5-39 E&F), both abundant in 511G (SU2, 

Figure 5-39 A&B). Differences in mineral component characteristics are also noted with 

a higher proportion of coarse-size rounded sands (10–20%) in microfacies R511F (SU7, 

Figure 5-39 E&F) than in ashy level SU2 (Figure 5-39 A&B). The Holocene ashy layers all 

contain a similar mineral geogenic fraction to that of the Pleistocene layers but in lesser 

proportions. This higher proportion of coarser elements in SU7 probably indicates the 

presence of in situ decaying roof spall in this layer. 

While visually more difficult to distinguish at the microscale, the boundary between the 

Pleistocene and Holocene units is clear and very little mixing is observed between the 

two units. The sharpness of the boundary observed implies that erosion is the cause of 

the disconformity. The options of lag deposit or paraconformity are rejected as no 

material dating in between the two periods was found, and there is no evidence of 

mixing between the two levels, which indicates an absence of natural and 

archaeological record for the time interval missing. At the microscale, Pleistocene and 

Holocene microfacies are well-differentiated and only minimal mixing or disturbance is 

observed within the transitional microfacies.  

The causes of the erosion are more difficult to evaluate. No specific sediment 

organization (grading or channelling) was recognized under the microscope at the 

boundary between Pleistocene and Holocene layers in both thin sections observed. This 

is partly a result of the sandy nature of the Pleistocene sediment and the small amount 

of very fine particles in the deposit (silt-clay fraction generally <5%) that tend to get 
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compacted and can lose their primary organization with time. All that can be said is that 

a relatively high energy process is probably responsible for such sharp erosion, with 

water being the most likely agent. Other erosional processes, such as trampling or wind 

deflation, would have created transitional microfacies with much more mixing between 

sedimentary units and datable cultural material. For similar reasons, the timing of 

erosion is placed just before sediment accumulation resumed, corresponding to the 

maximum age rather than the minimal age of the chronological gap. In the case of Riwi, 

two episodes of sharp erosion have occurred: one just before 7 ka, and a second, just 

before 1 ka.  

Other simple parameters such as the cave morphology, its low elevation above the 

valley and the absence of boulders at the entrance might have also played an important 

role in the capacity to retain sediment in the cavity. Once the deposit reached a certain 

level of filling and the slope stabilized, erosion might have taken over deposition. 

Trampling by animals or humans occupying the cave might also have contributed to the 

levelling of the deposit, pushing sediment in the slope towards the entrance. Evidence 

of pits dug by people disturbing the deposit is visible in the upper levels around 35 ka 

and later around 7 ka (Figure 5-25 and Figure 5-26). However, the evidence suggests 

some high-energy erosion occurred before these pits were dug, truncating and 

removing the top of the Pleistocene layers and allowing new Holocene deposits to 

accumulate unconformably on top of the Pleistocene layers. 
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Figure 5-39. Pleistocene/Holocene disconformity in Riwi square 1 southern section 

observed at different scales. Top left: detailed view showing location of 

micromorphological sample R511. Top right: scan of thin section R511 with transition 

relatively unclear at mesoscale. A-F: Microphotographs from the transition level. A&B: 

microfacies R511-G (SU2, Holocene), note the calcitic crystallic fabric of the ashy 

microfacies (PPL and XPL views, scale 1000 µm), C&D: transition between R511-F (SU7, 

Pleistocene) and R511-G (SU2, Holocene), the differences between the two microfacies 

are more evident in XPL (PPL and XPL views, scale 1000 µm), E&F: microfacies R511-G 

with coarser sands (PPL and XPL views, scale 1000 µm). © D. Vannieuwenhuyse, 2016 
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Figure 5-40. Pleistocene/Holocene disconformity in Riwi square 1 eastern section 

observed at different scales. Top: detailed view showing the location of 

micromorphological sample R508. Middle: scan of thin section R508 showing the clear 

transition between the two units. A&B: Microphotographs showing sharp transition at 

microscale, note the calcitic crystallic fabric of ashy microfacies R508B (R508A/B, PPL & 

XPL, scale 1 cm). © D. Vannieuwenhuyse, 2016 

5.4 RIWI DEPOSIT FORMATION HISTORY AND SEQUENCE 
INTEGRITY ASSESSMENT 

The geoarchaeological analysis of Riwi cave sequence using micromorphology provides 

detailed insights into the different sedimentary processes that have contributed to the 

building of the deposit. Only the investigation of the site formation processes and a 

robust chronology can provide a good understanding of the record preserved from 

which the archaeological record integrity can be assessed. When the different phases 

identified are placed in a temporal perspective, the site formation history of Riwi cave is 

revealed (see summary in Table 5-4). 

The filling history of Riwi begins around 50 ka when sediments are dominated by 

endogenous geogenic inputs from the weathering of the bedrock and cave walls (SU12). 

The fact that the cave starts to fill around this time can also indicate changes in the 

immediate landscape dynamics and a shift in climate conditions that coincides with 
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other palaeoenvironmental records showing a climate shift beginning around 60 ka in 

Northern Australia (Bowler et al. 2001; Fitzsimmons et al. 2012; Pack et al. 2003). The 

dominance of geogenic sediment probably reflects more intense chemical weathering 

at the site as a result of more permanent humid conditions at this time. Such conditions 

are indicated by the presence of numerous water channels at the bottom of the 

sequence (bottom SU12), indicating that medium energy water was flowing through the 

cave reworking some previously deposited sediment. This evidence suggests a relatively 

humid regime between 55 ka and 47 ka. Water channelling is not visible upper in the 

sequence.  

Aeolian sedimentation within the cave becomes the main depositional agent sometime 

between 47 ka and 45 ka and through most of the Pleistocene (SU11–4). With aridity 

spreading over the Australian continent, the main arid zones would have extended and 

it is likely that desert dunes reached the Riwi area and must have constituted the 

primary source of sediment input into the cave. The installation of more arid conditions 

in Australia saw an increase in strength in aeolian transport and dune particle 

remobilisation (Hesse 2016; Hesse and McTainsh 2003). As climatic instability increased, 

deflation processes accelerated and various particles (quartz sands, gypsum crystals and 

botanical remains) ended up being trapped within the cave. Regardless of the climatic 

deterioration, people started to regularly occupy Riwi cave around 45 ka. The rapid 

aeolian sedimentation has allowed the burial and preservation of numerous combustion 

features spanning 14,000 years of seasonal occupation. The climatic deterioration 

towards more arid conditions was not linear however, as demonstrated by some short 

episodes of high energy flow deposition occurring around 38 ka (SU8) that might reflect 

a precipitation surge. Aeolian deposition continued to dominate during the remainder 

of the Pleistocene, represented in all squares of the Riwi sequence (38–31 ka, SU7 to 

SU5). It may well have continued beyond this time as attested by a pulse of geogenic 

sedimentation (SU5) visible on top of combustion features in square 3. However, 

around 34 ka, the cave seems to have reached its maximum capacity to retain sediment 

and from that time on the Riwi sequence has a very discontinuous record, with only a 

few pulses of sedimentation recorded. This suggests a shift in the depositional 

environment of the cave towards more erosional processes. Remnants of layers dated 

by radiocarbon to around 31 ka (SU4) and the LGM period (22–21 ka, SU3) attest to the 

probable human occupation of the cave during the onset of aridity, but preservation of 
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these levels is poor and reveals important differences in lateral deposition history or 

preservation of the deposit within the cave.  

Secondary formation of gypsum, indicating that some moisture has penetrated the 

sequence, is the main post-depositional process affecting the Pleistocene sequence. 

Gypsum accumulation in the profile and secondary crystallization seems to have 

affected the preservation of fragile elements such as calcitic ash particles, particularly in 

SU10, but otherwise does not seem to affect the integrity of the sequence much. 

Gypsum is only present in the Pleistocene layers and is interpreted as a relict 

pedofeature testifying a return to more humid conditions occurring at the time of the 

chronostratigraphic hiatus visible in the sequence between 31 ka and 7 ka.  

Apart from the top, there is only minimal bioturbation visible in the Pleistocene levels 

but it could explain the downward position of some charcoal radiocarbon dates out of 

sequence (S-ANU35910 in SU11, Figure 5-7 and Figure 5-10). The next disturbance 

visible in Riwi sequence dates to 34 ka and is anthropogenic in the form of dug hearths 

– a practice that is also visible in the Holocene sediments.  

While the Pleistocene sequence of Riwi is dominated by natural geogenic and botanical 

inputs with anthropogenic features interspersed within it, the Holocene sequence is 

dominated by anthropogenic inputs with some natural botanical and biogenic inputs. 

The Holocene is represented by two distinct occupation phases/layers: the first around 

7 ka and the last around 0.8–0.7 ka. The depositional dynamics during the two Holocene 

phases is dominated by anthropogenic inputs derived mainly from cooking activities: 

combustion feature residues, food processing waste (macrobotanical remains and 

bones). These residues demonstrate a shift in depositional dynamics and a more intense 

human presence in the cave. While the bottom of the Holocene layers (bottom SU2) is 

relatively well-preserved, the upper part of the deposit (top SU2 and SU1) is more 

disturbed, with the presence of numerous insect channels and kangaroo hollows, that 

could reflect recent abandonment of the cave. The palaeoenvironmental signal in the 

Holocene layers is more difficult to identify because of the highly anthropogenic 

character of these layers, but the time represented by these deposits corresponds to a 

period of climatic variability (Reeves et al. 2013b).  
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The Riwi sequence reveals the destabilisation of the environment towards more arid 

conditions from 50 ka to 34 ka in this part of Australia. The anthracological analysis at 

the site demonstrates similar shift towards arid conditions during the late OIS3 (Whitau 

et al. in press), a shift recorded as well in other regional palaeoclimate archives (Reeves 

et al. 2013b, see also Section 2.2.2 and references therein). Perhaps surprisingly, people 

arrived at a time when humid conditions were disappearing and a shift towards 

increasingly arid conditions is observed around 47–45 ka. Regardless of the climate 

deterioration, people seem to be regularly in the area at least until 31 ka in Riwi 

sequence.  

The disconformities observed in the stratigraphic sequence point to several episodes of 

erosion in the cave. The causes of erosion are not straightforward, as several processes 

may be intertwined, but the discontinuous character of the archaeo-stratigraphic 

record means that it is impossible to assess cultural changes during the missing intervals 

(chronological hiatus). The absence of a LGM record in the deposit has been 

traditionally linked to an absence of occupation during the onset of aridity. However, in 

Riwi, the presence of an LGM remnant layer indicates that LGM sedimentation can be 

preserved and thus the absence of LGM layers should be related first to 

geomorphological processes and be assessed with reference to the unique 

depositional/erosional equilibrium of each cave or rockshelter. The presence of this 

remnant also reveals that people might have stayed in the area regardless of the 

climate conditions. Climate changes would have probably occurred very slowly and 

people adapted progressively to these changes. The Riwi area must have contained 

sufficient resources for people to remain there. The macrobotanical and anthracological 

analyses reveal that people might have used resources from vine-forest pockets during 

the Pleistocene (Dilkes-Hall and Whitau, pers. comm. 2016). The sequence of Riwi is 

unique as it records some of the oldest evidence of combustion features lit by some of 

the first human settlers in this part of the world and reflects the antiquity and the highly 

adaptable skills of the first Australians. 
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Table 5-4. Summary of Riwi sequence sedimentary sources (geogenic and biogenic 

components of natural origin and various anthropogenic inputs), palaeoenvironmental 

significance and assessment of integrity for each stratigraphic unit. 
 S
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Depositional processes 
Dominant / (Minor) 

[Details] 

Post-depositional 

processes 
Dominant / (Minor) 

[Details] 

 Climatic 

conditions 

Integrity 

layer 
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E
 

1 <0.8 Biogenic. 

Anthropogenic 

Geogenic [breakdown, 

aeolian]. 

Physical [trampling 

and bioturbation] 
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 /
E
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Relatively dry 

but variable 

Medium 

2 6–7.5 Anthropogenic. 

Biogenic. Geogenic. 

Physical 

[bioturbation, 

trampling, digging] 

Relatively dry 

but variable 

Medium 

to good 

DISCONFORMITY   

P
LE
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TO
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E
 

3 LGM 

20–22 

Biogenic. Geogenic. 

(Anthropogenic). 

Physical 

[bioturbation] 

Dry Poor 

4 31 Anthropogenic. 

Biogenic. Geogenic. 

Physical 

[bioturbation] 

Dry Poor 

5 31–33 Geogenic. Biogenic. 

Anthropogenic. 

Physical 

[bioturbation] 

Dry Poor 

6 34 Anthropogenic. 

Biogenic. Geogenic. 

Physical [digging] 
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id
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e
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Good  

7 35–37 Geogenic [aeolian]. 

Biogenic. 

Anthropogenic. 

Physical 
 

Dry Good 

8 38 Geogenic. Biogenic. 

Anthropogenic. 

Chemical 

[gypsum] 

More humid 

conditions 

episode 

Medium 
 

9 38 Geogenic. Biogenic. 
 

Chemical 

[gypsum] 
 

More humid 

conditions 

episode 

Medium 
 

10 38–41 Geogenic [aeolian]. 

Biogenic. 

Anthropogenic. 

Chemical 

[gypsum] 
 

Dry 
 

Medium 
 

11 42–45 Geogenic [aeolian]. 

Biogenic. 

Anthropogenic. 

> First phase of 

occupation. 

Chemical 

[gypsum], Physical 

[bioturbation]. 
 

Dry 
 

Good 

12 45–50 Geogenic [breakdown 

than aeolian dominant 

at the top]. Biogenic. 

Archaeologically 

sterile. 

Physical [water 

channel]. 

Chemical. 
 

First still 

relatively 

humid then 

shift towards 

drier 

conditions 

Good 
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CHAPTER 6.  

CARPENTER'S GAP 1 

Nyirraji muway guruma Bunuba ngiyirrangi gurriy’girra 

That place is Bunuba country, we look after it. 

 

 

 

 

6.1 SITE CONTEXT AND SHELTER MORPHOLOGY 

Carpenter’s Gap 1 (CG1) is located on the northern side of the Napier Range, in 

Windjana Gorge National Park (Figure 6-1). The site is on an outcrop of the range, only a 

short walking distance from the Lennard River to the north and 3 km from Windjana 

Gorge (Figure 6-1). The landscape surrounding the site is composed of low hills 

overlooking large floodplains covered by tropical semi-arid savannah woodland, 

dominated by Eucalyptus spp. and boab trees (Adansonia gregorii) with spinifex and 

tussock grasses (Bureau of Meteorology 2015; McKenzie and May 2003; Payne and 

Schoknecht 2011). Geologically, the range in this area is composed of successive 

sedimentary beds grading from fine limestone, siltstone to sandstone and 

conglomeratic facies, the coarser facies being more easily eroded, resulting in the 

formation of numerous overhangs and caves (Playford et al. 2009:337). CG1 shelter 

formed at the sedimentary unconformity within a Pillara limestone platform facies (Dp, 

Figure 6-1). The geoarchaeological results presented in this chapter have been 

published in Vannieuwenhuyse et al. in press (attached as Appendix A-2). 
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Figure 6-1. Geological setting of CG1 shelter (map modified from Playford et al. 2009 

Plate 7). 

 

 

 

 

 

 
Figure 6-2. View of CG1 outcrop (Photograph by D. Vannieuwenhuyse, 2014). 
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Figure 6-3. View from CG1 looking north. Note the savannah woodland on the 

floodplains and the boab trees on the outcrop (Photograph by D. Vannieuwenhuyse, 

2014). 

 

CG1 faces north-east and overlooks the valley. Positioned 20–30 m above the floodplain 

and accessible by traversing a 30º talus slope (Figure 6-2, Figure 6-3 and Figure 6-4 A), 

the shelter has a floor surface of more than 50 m2 but has a low ceiling in some areas 

(less than 1 m at the rear of the shelter; Figure 6-4 B) making access relatively difficult 

to parts of the floor. Massive limestone boulders lie at the mouth of the shelter behind 

which sediment has accumulated (Figure 6-4 B). The shelter floor is relatively flat in the 

central area behind the boulders and slopes gently away both towards the rear and the 

entrance, where natural bedrock is exposed (Figure 6-4 B). The rear of the shelter and 

the central deposit are well-protected from the elements with the drip-line lying 

approximately 10 m away and no visible major water infiltration or dripping through the 

limestone affecting the inner part of the shelter. Rock art is prolific in this site with 

numerous engravings, cupules and paintings displaying a variety of motifs, including 

animal and spirit representations. CG1 is one of the oldest archaeological sites in 

tropical northern Australia with occupation and earliest evidence of ground-edge axe 

dating back to 44 – 49 ka cal. BP (Fifield et al. 2001; Hiscock et al. 2016; O'Connor 1995). 
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Figure 6-4. CG1 shelter section and plan. A: Topographic profile of CG1 shelter section 

and slope (topographic survey and CAD by D. Vannieuwenhuyse, 2016), B: CG1 plan (B 

modified from Wallis 2001). 

6.2 ARCHAEO-STRATIGRAPHIC SEQUENCE AND 
CHRONOLOGY 

The geometry and thickness of the deposit observed in the five 1 x 1 m squares 

excavated is variable. Only the western section of squares A and A1 and southern 

section of square A1 are presented here as micromorphological samples and 

stratigraphic observations (Figure 6-5) were taken from these profiles during the re-

opening of the excavation in 2014. Examination of the 1990s section drawings indicates 

similar patterns in deposition in most squares and reassures that the sequence analysed 

here is representative of the filling history of CG1. 

Eight stratigraphic units were identified in the field (description given in Figure 6-5, see 

also view of the profile in Figure 6-6). The sequence is divided in two major groups of 

stratigraphic units based on changes in sedimentary characteristics and chronology: the 

Pleistocene sequence (from bottom to approximately 30 cm below the surface, SU8 to 
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SU4) and the Holocene sequence (SU3 to SU1). The lower sequence represents an 

exceptional continuous record spanning from 42 to 15 ka, including the LGM (Table 6-1 

and Figure 6-7). The top three layers in these two squares are dated to the late 

Holocene (<3 ka) and lie unconformably on top of the Pleistocene layers. In some other 

excavation squares, some layers were dated in between this time interval, which 

indicates lateral differences in preservation of the deposit.  

The Pleistocene lower layers consist of a 1 m thick accumulation of orange-brown 

(10YR4/4) sandy sediment grading into dark greyish brown (10YR3/2) towards its upper 

part. As the deposit progressively darkens the charred components proportion 

increases. This thick layer is divided in four sub-units based mainly on colour changes. 

These layers are capped by a pinkish grey layer predominantly composed of ash (SU4) 

which is well-preserved in square A and gradually disappears on the south-west corner 

of square A1 (Figure 6-5).  

Texturally, SU8 to SU5 are moderately well-sorted. The particle size of the 2 mm 

fraction indicates a proportion of fine and very fine sands (63–250 µm) exceeding 50%, 

and 20–30% of silt and clay (Figure 6-9). A net increase in the silt-clayey fraction (40%) is 

visible in SU4, related to the higher proportion of ash in these levels. The Holocene 

sequence shows some lateral variation with well-defined layering dipping towards the 

entrance of the cave on the southern side (SU2B and sub-units, Figure 6-5). The western 

profile is more disturbed with several dug anthropogenic features and bioturbation 

(SU2). The Holocene layers have a more variable grain size distribution depending on 

the ratio of biogenic (ash/charcoal) and detritic components but are also dominated by 

very fine sand particles (35–45%, Figure 6-9). The surface of the deposit is loose (SU1). 

The sediments are more alkaline at the top of the sequence (pH 7.5 to 9) slowly 

decreasing below stratigraphic SU4 and stabilizing into a neutral environment (pH 7) 

towards the middle of the Pleistocene lower sequence (Figure 6-9). This trend reflects 

the composition of the detrital matrix derived from the surroundings calcium-

carbonated geological facies and the high proportion of ash in the upper levels. 
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Figure 6-5. CG1 square A1 and A stratigraphic sections with descriptions of stratigraphic 

units and the location of micromorphological and sediment samples (CAD by D. 

Vannieuwenhuyse, 2016). 
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Figure 6-6. CG1 stratigraphic sections views during micromorphological sampling. A: 

southern section of square A1, B: eastern section of square A. Numbers refer to 

stratigraphic units: SU 1-3 are Holocene and SU 4-7 are Pleistocene (Photographs by D. 

Vannieuwenhuyse, 2014). 
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Table 6-1. Radiocarbon dates from squares A and A1 at CG1. The charcoal samples 

dated come from sieve residue from excavations undertaken in 1993 and 1994 

(O'Connor 1995). Calibration was done using OxCal v. 4.2 (Ramsey and Lee 2013), with 

SHcal13 curve (Hogg et al. 2013) and follows the results given in Vannieuwenhuyse et 

al. (in press).  
Laboratory 

code 
SU XU 

Depth 

(cm) 

Radiocarbon age 

(BP) 

Calibrated date  

(95.4% probability) 

No 

Fig 

SQUARE A       

Wk-3075 1 2 3 650±90 Modern 1 

ANU-11295 1 5 5.5 830±80 Modern 2 

ANU-11297 2 7 13 3930±120 2853–1984 3 

ANU-11293 4 8 18.5 15020±210 16740–15785 4 

ANU-11168 4 10 20 17260±200 19415–18310 5 

Wk-3956 5 12 21.5 18220±130 20430–19751 6 

Wk-3076 6 17 30.5 20760±170 23485–22504 7 

Wk-3077 6 20 36 18940±170 21269–20460 8 

ANU-11167 6 23 38.5 21390±180 24033–23335 9 

ANU-11166 7 27 49.5 20210±240 23050–21733 10 

ANU-11165 7 32 60.5 26830±270 29336–28601 11 

ANU-11163 7 40 82 25390±370 28531–26736 12 

AMS-11777 8 45 92.5 30700±650 34109–31706 13 

ANUA-8130 8 45 92.5 33270±620 37037–34072 14 

ANUA-7617 8 48 108 40330±770 43380–40813 15 

Wk-3079 8 49 112 39220±870 42764–39997 16 

SQUARE A1       

ANU-10028 1 1 5 620±80 Modern 17 

ANU-10029 2 8 15 3110±60 1492–1127 18 

ANU-11296 4 11A 24 12090±150 12492–11540 19 

ANU-11423 4 10A 20 15020±360 17057–15417 20 

ANU-10027 5 13A 25 16050±150 17733–16976 21 

OZD 774 5 14 28 17800±100 19881–19208 22 

OZD169 7 29A 69.5 27600±330 30375–29001 23 

OZD160 8 39 80 30100±600 33418–31044 24 
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Figure 6-7. CG1 age-depth curve and lithic artefact density through the sequence of 

squares A1 and A (dates and data from Fifield et al. 2001; McConnell and O'Connor 

1997; O'Connor and Fankhauser 2001; Vannieuwenhuyse et al. in press; Wallis 2001). The 

archaeological data used in this diagram are presented in Appendix G-1. 

 

6.3 GEOARCHAEOLOGICAL ANALYSIS 

6.3.1 Sampling 

Twelve thin sections were obtained from monoliths sampled from the south and west 

profiles (Figure 6-5 and Figure 6-8). Samples were taken at the boundaries between 

major stratigraphic units and across both profiles to assess lateral variation in the 

deposit (Figure 6-6). Loose sediment samples were collected in column adjacent to the 

micromorphological blocks from the western section of Square A (small triangles in 

Figure 6-5 and Figure 6-9) and used for undertake pH measurements and grain size 

distribution.  

6.3.2 Results 

Detailed descriptions of each microfacies are given in Table 6-2. Figure 6-9 provides a 

visual summary of the main sedimentological and micromorphological characteristics 

observed in each stratigraphic unit (SU). Supplementary data are provided in Appendix 

G and include grain size distribution, semi-quantitative counting of each component 

from each, full size thin sections scans, and a catalogue of microphotographs.
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Figure 6-8. Scan of all thin sections (CG601 to CG612) from the CG1 sequence showing 

boundaries between microfacies (yellow dashed lines). Refer to Figure 6-5 for location 

of samples on section profile. The equivalent stratigraphic unit is shown on the left. See 

Appendix G-4 for full size thin section scans. © D. Vannieuwenhuyse, 2016 
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Table 6-2. CG1 micromorphological description by stratigraphic unit with associated 

microfacies. See Appendix G-3 for detailed semi-quantitative data. 

 
 

  Common characteristics to all microfacies: 

  S
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Crumb microstructure showing a calcitic crystallitic birefringence fabric due to the 
high content of limestone dust / calcium-carbonated ash particles, close packing 
porosity (10–20%), mostly single spaced fine enaulic coarse fine distribution. 
Moderately well-sorted. Minerals are mostly subangular quartz (90%), micas, 
feldspars from breakdown siltstones and sandstones. 

Holocene layers 

1 W 606 F Loose fabric dominated by detrital material mixed with microcharcoal, tissue 
residues, bones and malacofauna. Ash particles, if present, are hard to distinguish 
from the limestone calcitic dust.  

2B-5 S 612 E Microfacies massive charcoal chunks (CG610D, CG611A, CG611C and CG612A, 
CG612D, CG612E). This microfacies displays a double space fine enaulic 
distribution, with a fine ashy matrix associated with big pieces of charcoal (up to 2 
cm size) weakly fragmented. Burnt and non-burnt fragments of bones and wood 
are observed.  

2B-5 S 612 D 
2B-6 S 612 C 
2B-6 S 612 B 

2B-7 S 612 A Mixed facies (CG612B, CG613D, CG613E). These units contain more fragmented 
charred particles and lower proportion of ash particles and display a single spaced 
fine enaulic distribution. 

2B-7 S 611 C 

2B-8 S 611 B Microfacies pure ash (CG611B): open fine enaulic distribution due to the low 
content of detrital components, tissue residues and charcoal fragments other than 
ash particles. 

2B-9 S 611 A 
2B-10 S 610 D 
2B-10 W 613 E 

2B-10B W 613 D   

2up W 606 E Speckled orange brown colour under PPL. Superposition of well-sorted and 
moderately sorted subangular fine quartz sand and silt. High proportion of plant 
tissue residues. Presence of non-charred wood. High proportion of phytoliths 
visible. Small proportion of microcharcoal and calcitic ash. Small bones (<5mm) and 
phosphatic fragments. Gypsum weakly developed. 

 W 606 D 
 W 606 C 

2base W 606 B Speckled brown colour under PPL, open fine enaulic distribution of well-sorted 
subangular fine quartz sand and silt within an organo-mineral matrix. High 
proportion of plant tissue residues. Charcoals are more or less fragmented. 
Presence of non-charred wood. High proportion of phytoliths visible. Small 
proportion of microcharcoal and calcitic ash. Small bones (<5mm) and phosphatic 
fragments. Gypsum weakly developed. 

 W 606 A 

3 W 605 C Speckled brown colour under PPL, open fine enaulic distribution of well-sorted 
subangular fine quartz sand and silt within an organo-mineral matrix. High 
proportion of plant tissue residues. Charcoals are more or less fragmented. 
Presence of non-charred wood. High proportion of phytoliths visible. Small 
proportion of microcharcoal and calcitic ash. Small bones (<5mm) and phosphatic 
fragments. Gypsum weakly developed. 

Pleistocene layers 

4 W 605 B Ashy microfacies. Yellow-grey colour under PPL, open fine enaulic distribution of 
well-sorted subangular fine quartz sand and silt within a very high proportion of silt 
size ash particles. Very few microcharcoals and plant tissue residues. Phytoliths are 
well visible. Small bones (<5mm) some visibly burnt, eggshell (probably burnt) and 
coprolites. Gypsum strongly developed. 

 
W 605 A 

 
W 604 D 

 
W 604 C 

 
W 604 B 

 
W 613 C 

5 S 610 C Organic rich microfacies. Speckled brown black to dark brown colour under PPL, 
moderately well-sorted subangular fine sand and silt. Very high proportion of 
fragmented charcoal chunks and charred elongated or arched shape plant tissue 
residues, sometimes horizontally bedded in a rich evolved organo-mineral matrix. 
Phytoliths probably hidden by evolved organic matter. Few small bones (<5mm) 
and coprolites/phosphatic fragments. Gypsum weakly developed in porosity. 
Concentric Fe nodules in formation. 

 
W 613 B 

 
W 604 A 

 
W 603 E 

 
W 603 D 

 
W 603 C 

 
W 603 B 

6 S 610 B Organic rich microfacies. Speckled orange brown to brown colour under PPL, 
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S 610 A moderately sorted subangular fine sand and silt. High proportion of fragmented 

charcoal chunks and charred elongated or arched shape plant tissue residues, in a 
rich evolved organo-mineral matrix. Some phytoliths visible. Few small bones 
(<5mm) and coprolites/phosphatic fragments. Some shell (malacofauna) in 602. 
Gypsum generally weakly developed in porosity but present as small agregates in 
610-B. Insect galleries visible in 609-C. 

 
W 613 A 

 
W 603 A 

 
W 602 D 

 
W 602 C 

 
W 602 B 

 
W 602 A 

 
S 609 C 

7top S 609 B Speckled orange brown to orange colour under PPL, moderately to poorly sorted 
subangular fine sand and silt, 608-C being coarser with rounded grains. Few 
microcharcoals and plant tissue residues, in a rich evolved organo-mineral matrix. 
Some phytoliths visible. Few fragmented and weathered small bones (<5mm). 608-
B shows reddening due to heat and calcitic ash on top.  

 
S 609 A 

 
S 608 C 

 
S 608 B 

 
S 608 A 

7mid S 607 B Orange under PPL, moderately to poorly sorted subangular fine sand and silt, 607-
B being coarser with rounded grains. Few microcharcoals and plant tissue residues, 
in a rich evolved organo-mineral matrix. Some phytoliths visible. Few fragmented 
and weathered small bones (<5mm). Coprolites and Fe nodules. 

 
S 

607 A 

7base W 601 A Same as 7mid but more compact 
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Figure 6-9. Summary of CG1 sediment characteristics: particle size distribution, pH and 

micromorphological observations. The micromorphological table indicates the 

presence/absence of various particles and post-depositional features observed and 

their relative proportion/development intensity through the sequence. Data used to 

build this diagram are presented in Appendices G-2 and G-3). © D. Vannieuwenhuyse, 

2016 
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6.3.3 Geogenic components and sedimentary dynamics 

Both Pleistocene and Holocene deposits have similar mineral fractions with most 

differences between facies deriving from the variable proportion and nature of the 

organic inclusions (Figure 6-9). Most microfacies have a dense crumb microstructure 

indicating close packing of the sediment components. Porosity is 10–20% through the 

profile but decreases at the bottom of the sequence where the sediments are more 

compacted (porosity 5%). Under XPL, the groundmass displays a calcitic crystallitic 

birefringence fabric (Figure 6-10) resulting from the calcitic limestone dust detrital 

background and, in some levels, a high proportion of ash particles (Figure 6-12 A). 

Coarser particles are mixed within a fine groundmass showing a more or less open fine 

enaulic distribution. Petrographic identification of mineral and rocks indicates the 

presence of quartz sand (80%), limestone (calcite), micas (biotite and muscovite) and 

various feldspars. The clay fraction is small and probably derives from chemical 

weathering of feldspars into sericite and biotite into chlorite, with some evolved as a 

ferruginous organo-mineral complex composing most of the fine matrix. The larger 

fraction of the sediment is composed of gravel-sized and larger blocks of micaceous 

sandstone and siltstone fragments.  

The principal source of mineral in the CG1 deposit is the product of the chemical and 

physical breakdown of siltstone and sandstone bedrock and shelter walls. The particle 

size analysis show a moderately well-sorted sediment with 50–60% under the size of 

125 µm (Figure 6-9) which could be characteristic of aeolian creep transport (Cooke et 

al. 2006) but is also related to the large fraction of silty particles (including ash). Aeolian 

processes have probably contributed to a certain extent in CG1 site formation processes 

by remobilizing fine particles at the surface of the deposit within the shelter. Water-

related processes are not likely to have contributed to the building of the deposit, as no 

particular water-born microstructures were recognized in thin section, and there are no 

pedofeatures associated with long-term humidity within the sequence. Instead, the 

deposit displays dryness signs of a well-protected shelter. Other discrete components, 

including biogenic inputs such as coprolites, bone fragments and eggshell, can all be 

related to animal occupation of the shelter and/or cultural input (Figure 6-9). 
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6.3.4 Disentangling natural and anthropogenic formation processes 

Pleistocene sequence (SU8 to SU4) 

SU8 and SU7 are mainly composed of detrital sediment from the in situ disaggregation 

of sandstone visible in horizontal lenses of poorly sorted coarser material (CG608B, 

CG607B, CG603A, CG603B, CG603D, see CG608 thin section microfacies B in Figure 

6-10). There are low quantities of microcharcoal and some phytoliths in these levels 

(CG601A, CG607A-B, CG608A-C, CG609A-B, Figure 6-9). The proportion of charred 

material and botanical tissue residues increases dramatically towards the top of the 

level (SU6 and SU5, CG603B-E, CG613A-B) making phytoliths difficult to distinguish 

(Figure 6-9). Overall, the organic matter is highly fragmented (Figure 6-11 E&F). 

Biogenic remains, such as bone microfragments, are present throughout the 

Pleistocene levels, with coprolites and phosphatic fragments identified sporadically 

(CG601A, CG603D, CG607A, CG609C, CG610B, CG610C, Figure 6-9, Figure 6-12 C&D). 

Differentiating between phosphatic fragments and weathered bones was sometimes 

difficult as they display similar optical characteristics (Karkanas and Goldberg 2010:525). 

There are no anthropogenic features in the Pleistocene layers visible in section apart 

from in the southern wall (Figure 6-5), where a discrete reddish feature was identified 

and sampled for micromorphology (thin section CG608). Under the microscope, heated 

rubefied sediment (CG608B, Figure 6-10 C&D) is topped by a micritic, calcitic-rich mass, 

probably the remnants of ash (CG608B/C, Figure 6-10 A&B). This sequence is typical of 

hearths (Mentzer 2014:634), and was probably a small combustion feature lit directly 

on the ground. The association with a coarser fraction of the sediment also points to a 

stabilization of the floor surface showing in situ disaggregation of gravel roof spall. This 

feature is dated by extrapolation of the dates available below and above this level to 

around 24–25 ka.  
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Figure 6-10. Thin section CG608 scan from the CG1 sequence and associated 

microphotographs showing remnants of a Pleistocene combustion feature within SU7 

(square A1, southern section). Note the coarser fraction in microfacies B. A&B: top layer 

of recrystallized calcitic ash particles [ca] (PPL & XPL, scale 1000 µm), C&D: fragment of 

heated sediment containing charred organic matter [ch]. Note the gypsum [gy] 

growing around the fragment (PPL & XPL, scale 1000 µm). © D. Vannieuwenhuyse, 2016 

 

The transition between SU5 and SU4 (ashy layer) was observed principally in thin 

section CG604. While the boundary observed at the macroscale is relatively sharp, 

under the microscope a 1 cm thick zone of light mixing is observed at the interface 

(CG604A/B). SU4 is composed of 50–70% of ash particles (Figure 6-11 C, Brochier and 

Thinon 2003; Canti 2003b), giving the sediment a strong calcitic crystallitic birefringence 

fabric in XPL (Figure 6-12 A). The quasi absence of dark organic matter makes phytoliths 

more visible (Figure 6-11 D) and as such, their proportion is probably over-estimated in 

this level in comparison with the underlying levels (Figure 6-9). Ash particles are well-

preserved with various polygonal shapes observed, sometimes still in anatomic 

connection. Burnt bones and possibly burnt fragments of eggshell were also observed 

(Figure 6-9). Gypsum is strongly developed at the base of this unit (Figure 6-9, Figure 

6-12 A). 

Several hypotheses can be advanced about the formation process of SU6 to SU4. One 

hypothesis is that there is a continuum between the charcoal-rich layers (SU6-SU5) and 

the ashy layer (SU4) despite their visual difference. This hypothesis is based on several 

lines of evidence: there is no chronological gap separating them (Figure 6-5, Figure 6-7); 

there is no change in the botanical assemblages between the two stratigraphic contexts 
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(Wallis 2001); and articulated ash particles are likely to be the product of in situ burning 

(Mallol et al. 2007; Mentzer 2014). Radiocarbon dating shows a positive relationship 

between age and increasing depth (Figure 6-7), which supports the idea that botanical 

remains were incorporated into the sequence as the sediment built up. However, their 

carbonization could have occurred during a later phase as radiocarbon dating only gives 

a time for the death of the organic matter, not carbonization (Wood 2015). The 

uniformity in botanical species is also observed in thin section with similar shapes of 

botanical tissue residues visible both in SU5 and SU4 (Figure 6-11 C&F), the only 

difference being that in SU4, more complete combustion has freed the phytoliths 

making them more visible (Figure 6-11 C&D). Phytoliths are not destroyed by 

combustion as they have a high temperature melting point (Jones and Beavers 1963; 

Macphail and Goldberg 2010; Wattez 1992). During burning, most vegetal organic 

matter is carbonized between 400–450°C and turns to ash above this temperature 

(Scott 2010). Intense burning (600°C) on the floor surface of the shelter could have 

produced ash down to a level where oxygen is available (in this case SU4). Lower in the 

profile, reductive conditions and diminished heat radiance led to down-graded 

carbonization of the organic components (SU5 and SU6). Botanical assemblages in the 

site have both anthropogenic (with known ethnographic use, likely brought in by 

people) and natural origins (Frawley and O'Connor 2010; McConnell 1997, 1998; 

McConnell and O'Connor 1997; Wallis 2000, 2001). Wallis (2001:110), for example, 

identified the importance of the role of macropod faeces in the introduction of 

phytoliths and some organic components to the CG1 deposit. The micromorphological 

evidence suggests that layers SU6-SU4 result from the in situ high intensity burning of 

an organic rich deposit and that they share similarities with facies interpreted as of 

'burnt bedding' observed in South African caves and associated geoarchaeological 

experiments (Goldberg et al. 2009; Miller and Sievers 2012; Miller et al. 2013). This is 

probably anthropogenic in origin as such intense burning events are unlikely to result 

from natural fires because there is insufficient fuel load on the surface of protected 

shelters to generate the firing temperatures required to produce this type of feature 

(Ken Aplin pers. comm. 2015). The anthropogenic activity associated with this intense 

burning could have been generated by the need to clear the shelter or repeated and 

intense use of this part of the shelter. Repeated occupation can also create thick 

accumulations of ash, resulting from activities such as fire maintenance and cleaning 
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(sweeping, raking or ash dumping away from the fire areas) such as observed in Kebara 

Cave, Israel (Meignen et al. 2007) and Sibudu rockshelter, South Africa (Goldberg et al. 

2009). However, these activities typically produce specific layering and microfacies 

identifiable microscopically that were not observed in the Pleistocene ashy layer SU4. 

The Holocene layers SU2B (see section Figure 6-5) are more typical of this kind of 

accumulation. 

 

 

 
Figure 6-11. Thin section CG610 scan and microphotographs showing botanical 

components from the CG1 sequence. A: calcitic ash particles (SU2B, CG612C, PPL, 

scale 100 µm), B: ash particles in anatomic connection (SU2B, CG611, PPL, scale 100 

µm), C: microfacies rich in microbotanical remains: calcitic ash, phytoliths, partially 

carbonized organic matter and microcharcoal (SU4, CG605A, PPL, scale 100 µm), D: 

detail of phytoliths at high magnification (SU4, CG604A, PPL, scale 50 µm), E: sharp 

transition between charred organic rich layer SU5 and ash rich layer SU2B in south 

section (CG610C/D, PPL, scale 1000 µm), F: carbonized and partially carbonized 

organic matter particles and bones (SU5, CG603B, PPL, scale 500 µm). © D. 

Vannieuwenhuyse, 2016 
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Pleistocene/Holocene transition (SU3) 

Truncation of the deposit occurs between 15 ka and 3 ka, visible as a sharp erosional 

contact between the Pleistocene and Holocene layers (Figure 6-5). The causes of 

erosion are not clear but could result from one or a combination of factors. One 

explanation lies in the low ceiling height that makes circulation difficult (Figure 6-4). 

Periodic intense tropical rain could have also contributed to the slope-wash of the 

deposit as suggested by Watchman et al. (2001). Their study revealed micro-

unconformities in the sequence of oxalate crusts within the shelter that point to an 

intense erosion phase during the early Holocene. However, as no water-borne sediment 

organization was identified in the sequence and the shelter is well-protected from the 

elements, it seems unlikely that high energy water flow reached the inside area of the 

shelter where the excavation squares are. Trampling is most likely to be the main agent 

of erosion as the shelter reached equilibrium between its capacity to retain sediment 

and accessibility below the roof. This hypothesis is reinforced by the presence of a 

fragment of mud dauber wasp nest broken in situ (Figure 6-12B) and another half 

truncated found at the transition between SU5 and SU2 in the southern section 

(CG610B/C). 

SU3 shows the characteristics of a trampled and decomposed organic matter rich layer 

associated with small phosphatic fragments that could be associated with the formation 

of a vegetal mat of decomposing macropod faecal pellets and reflects a period of 

abandonment after 15 ka. However, the age of this layer is uncertain as no in situ 

radiocarbon samples are available in this level. 

Holocene layers - top sequence (SU2 and SU1) 

Erosion allowed space for an extra surge of sediment deposition around 3 ka, which is 

constituted principally of anthropogenic inputs. Some lateral differences were observed 

between the southern and western parts of the deposit (Figure 6-5) therefore both 

sections were sampled for micromorphology. In the southern corner of square A, SU2B 

displays a complex layering with an approximately 12° angle of slope (Figure 6-5) that 

probably reflects a dome accumulation resulting from the dumping of material from 

cleaning up combustion features in the central occupation zone (following typology by 

Mentzer 2014 and references therein). The composition and colour of each layer varies 
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according to their particular proportion of ash and charcoal particles. Under the 

microscope, three microfacies can be identified: pure ash (CG611B, CG612C, Figure 

6-11 A&B), massive charcoal fragments (CG610D, CG611A, CG611C and CG612A, 

CG612D, CG612E) and mixed facies (CG612B, CG613D, CG613E). In the western section 

of square A, SU2 (CG606) does not display well-defined layering, is more homogeneous 

in colour at the macroscale and is more turbated (Figure 6-5). However, in thin section a 

series of fine laminations are perceptible with the superposition of well-sorted fine 

sandy layers (CG606C and CG606E) and a coarser layer (CG606D) that indicate 

trampling and intrasite aeolian reworking of fine particles. 

Near the surface the Holocene deposit is partially eroded and flattened by more recent 

occupation of the shelter and the creation of numerous anthropogenic dug features 

that disturbed the top of the deposit. The surface (SU1) is highly disturbed by animal 

and human trampling over the dry sediment surface in the modern period. Sediment is 

not very cohesive and shows some local aeolian reworking that might indicate recent 

drier conditions.  

6.3.5 Post-depositional processes and taphonomic considerations 

Several chemical and physical post-depositional processes were identified in the CG1 

sequence. Gypsum is only weakly developed in the lower orange-brown Pleistocene 

sequence (Figure 6-9) but localised concentration of gypsum aggregates are present in 

SU7 (CG610B, CG609A) and correspond to whitish lenses visible in section at a 

macroscale (Figure 6-5). Gypsum is generally related to penetration of moisture from 

the top of the deposit followed by fast evaporation, a common process in arid and semi-

arid soils (Poch et al. 2009; Poch et al. 2010). Gypsum is probably more strongly 

developed in the ashy levels (SU4, Figure 6-12 A) because the calcitic ash particles 

provide an abundant source of calcium. However the source of the sulphur is less clear. 

In other geoarchaeological studies, the occurrence of gypsum has been mostly 

explained by context, such as burning of certain wood creating anhydrite-rich ash 

(Shahack-Gross and Finkelstein 2008) in association with organic sulphur from the 

decomposition of bodies (Bergadà et al. 2015) or degradation of guano (Shahack-Gross 

et al. 2004). At CG1 the gypsum is most likely related to oxidation of sulphur to sulphate 

originating from the parent material of the cave (Watchman et al. 2001). While only 
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weak percolation of water has been observed inside the shelter during the wet season, 

the air moisture concentration can be high and creates a warm and moist 

microenvironment. This process can enhance chemical reaction and crystal growth, as 

demonstrated by Watchman et al. (2001). However, the good preservation of ash 

particles, the presence of gypsum and the quasi absence of secondary carbonate 

formation (only weakly developed at the bottom of SU4), point to the relative dryness 

of the deposit through time.  

Faunal bioturbation was identified by the presence of mud dauber wasp nest fragments 

(Figure 6-12 B). These wasps usually build their nests on the ground surface, but can 

also do so underground. The mud used to build the nest creates a hard cap preserving 

underlying layers (McConnell 1997). As such, their presence points to stabilization of 

the surface in the more recent periods. 

Animal parts and products 

Both herbivore and carnivore faeces were identified in the sequence suggesting animal 

occupation of the shelter. The herbivores’ faecal pellets are porous and display a 

filamented fabric with some tissue fragments (Figure 6-12 D&F) resulting from the 

digestion of the grasses fibre, mainly spinifex (Wallis 2001). When observed at very high 

magnification, some calcareous spherulites can be identified by their typical cross of 

extinction under XPL (Figure 6-12 E). While starch grains display similar extinction cross 

under XPL, the particles observed here are more likely to originate from herbivores’ 

digestive system (Brochier 1983; Canti 1997, 1998, 1999) and are reported for the first 

time from an Australian archaeological context. At the base of SU7 (CG6010A), chemical 

alteration of the old spherulites is observed as calcitic needles (Figure 6-12 F) suggesting 

rapid dissolution-recrystallization and high moisture evaporation rates that could have 

reached these levels of the sequence. Faecal pellets were found sporadically down to 

the lowest level in the sequence (Figure 6-9) and their preservation reinforces the idea 

of an overall dryness of the deposit through time.  
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Figure 6-12. Thin section CG604 scan and microphotographs showing post-depositional 

processes and animal faeces in CG1 sequence. A: gypsum aggregates [gy] developed 

in ashy matrix in SU4, note the calcitic crystallitic birefringence fabric of the ashy matrix 

(CG604C, XPL, scale 1000 µm), B: insect channel broken in situ by trampling (top SU2, 

CG606D, PPL, scale 1000 µm), C: carnivore coprolite, with organic matter and bone 

[bo] (SU6, CG610B, PPL, scale 100 µm), D: macropod coprolite rich in evolved organic 

matter fibre (SU2B, CG612, PPL, scale 1000 µm), E: detail of the same macropod faecal 

pellet at high magnification showing the presence of spherulites, identified because of 

their typical cross of extinction (SU2B, CG612, XPL, scale 50 µm), F: secondary 

carbonate crystallization within a macropod faecal pellet at the bottom of the 

sequence, possibly recrystallized from spherulites (base of SU7, CG601A, XPL, scale 100 

µm). © D. Vannieuwenhuyse, 2016 

6.4 CG1 DEPOSIT FORMATION HISTORY AND SEQUENCE 
INTEGRITY ASSESSMENT 

The filling history of CG1 shelter starts around 49–44 ka, and encompasses some of the 

oldest occupation record for the northwest Australia region (Hiscock et al. 2016). The 

anthropogenic signal within the deposit is weak in the lower Pleistocene sequence, and 

is associated with a relative paucity of cultural materials that later increases towards the 

top of the sequence, both in the sediment and the archaeological material density 

(Figure 6-7, Figure 6-9, McConnell and O'Connor 1997). The Pleistocene sequence has a 

high geogenic component, with the proportion of botanical remains increasing towards 



190 

the top. Sedimentation was probably not continuous, as shown by the presence of in 

situ breakdown of gravel, incorporating horizontal coarser particles within the deposit, 

and the presence of malacofauna (Figure 6-9), generally associated with a lower rate of 

sedimentation. Occupation of a stable surface floor is visible from the evidence of a 

combustion feature interspersed between the natural deposits. The Pleistocene 

sequence probably reflects short-term human occupation occurring regardless of 

climate conditions deteriorating in the region. During the onset of the LGM (22–17 ka), 

changes in sedimentation dynamics are visible in a general slowdown of the sediment 

accumulation rate (Figure 6-7) which is associated with an increase of the botanical 

fraction composing the sediment (Figure 6-9). The botanical assemblages from these 

levels show the presence of dry species indicating the onset of aridity (Frawley and 

O'Connor 2010; McConnell 1997; Wallis 2001). The change in sedimentation dynamics 

visible during the LGM and the terminal Pleistocene probably result from a general 

decrease of the exfoliation rate of the cave’s walls due to the more arid conditions 

prevailing during the LGM (Reeves et al. 2013a; Reeves et al. 2013b) and probably from 

the fact that the shelter reached its maximum capacity to retain sediment during the 

Terminal Pleistocene. The angular unconformity visible between Pleistocene levels and 

Holocene layers indicates that deposition was overcome by erosion processes 

sometime between 15 and 3 ka. Occupation of the shelter by animals and/or humans 

may have enhanced the erosion processes by trampling over and pushing away 

sediment in the slope. As a result, only pockets of sediment dated between this time 

interval are preserved in other parts of the shelter, as shown by the chrono-stratigraphy 

of the other squares excavated (Hiscock et al. 2016; Watchman et al. 2005). However, 

the archaeostratigraphical hiatus makes it difficult to document human occupation 

patterns during this time interval. Sufficient erosion left enough room for deposition to 

resume after 3 ka, as visible by the late Holocene accumulation that mainly result from 

anthropogenic activities suggesting an intense period of occupation of the shelter 

during that time. This period appears to correspond with technological changes and 

innovations noted in northern Australian lithic industries and an hypothesized increase 

in population (Clarkson 2008; Maloney et al. 2014; Williams 2013; Williams et al. 2010). 
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Table 6-3. Summary of CG1 sequence sedimentary sources (geogenic and biogenic 

components of natural origin and various anthropogenic inputs), post-depositional 

processes and assessment of integrity for each stratigraphic unit. 

S
U

 

Ti
m

in
g

  

(k
a

) 

Depositional processes 
Dominant / (Minor) 

Post-depositional processes 
Dominant / (Minor) 

[Details] 

Integrity 

layer 

1 Modern 
Geogenic. Biogenic. 

Anthropogenic.  

Physical [trampling, 

bioturbation]. 
Medium 

2 3–1.5 
Anthropogenic. Biogenic. 

Geogenic.  

Physical [trampling, 

bioturbation]. 

Good to 

Bad 

3 3 
Biogenic. Geogenic. 

Anthropogenic. 
Physical [trampling] Medium 

 
15–3 

DISCONFORMITY (missing 

record) 
Physical erosion Bad 

4 16 
Biogenic. Anthropogenic. 

Geogenic.  

Chemical. Physical 

[bioturbation]. 
Good 

5 LGM 
Biogenic. Anthropogenic. 

Geogenic.  

Chemical. Physical 

[bioturbation]. 
Good 

6 LGM 
Geogenic. Biogenic. 

Anthropogenic. 

Chemical. Physical 

[bioturbation]. 
Good 

7 23–32 
Geogenic. Biogenic. 

(Anthropogenic). 
 Good 

8 42–32 
Geogenic. Biogenic. 

(Anthropogenic). 
 Good 
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CHAPTER 7.  

CARPENTER'S GAP 3 

 

 

 

7.1 SITE CONTEXT AND CAVE MORPHOLOGY 

Carpenter's Gap 3 (CG3) cave is located on the northern side of the Napier Range, less 

than one kilometre from the northern entrance of Windjana Gorge (Figure 7-1) and 3 

kms from Carpenter's Gap 1. The cave formed at a sedimentary unconformity within a 

Pillara limestone platform facies (Dp, Figure 7-1 and Figure 7-2 A). The entrance of the 

cave stands approximately 20 m above the valley (Figure 7-3 A) and includes an 

extensive overhang, two levels of terrace and a deep cave (Figure 7-3 B&C, Figure 7-2 

B). The overhang provides excellent shelter from the elements and the heat, and a 

panoramic view of the valley. A rich gallery of rock art on the main terrace indicates the 

cultural importance of this place. The karstic system is still active, being reactivated 

each year during the wet season, as indicated by the numerous speleothems and 

flowstones present inside and outside the cave. Access to the cave is beneath a hard 

limestone bridge that is part of the upper terrace (Figure 7-3 B&C). The main chamber 

of the cave is approximately 5 m by 15 m and 5 m high (Figure 7-3 C). The cave floor is 

sloped at the entrance, becoming subhorizontal in the main chamber. Dried shallow 

gullies were observed on both sides of the cave, running parallel to the walls (Figure 7-3 

C). The floor surface has some polygonal cracks indicating seasonal waterlogging inside 

the cave. A 2 m x 1 m excavation was undertaken where the floor is relatively flat 

(Figure 7-3 B&C). The enclosed character of the cave has worked as a natural trap and 

resulted in a thick accumulation of sediments (bedrock was reached at a depth of 240 

cm). The geoarchaeological results presented in this chapter have been published in 

Vannieuwenhuyse et al. in press (attached as Appendix A-2). 



 

193 

 

 

 
Figure 7-1. Geological setting of CG3 cave (map modified from Playford et al. 2009, 

Plate 7). 

 

 
Figure 7-2. CG3 cave. A: view of the outcrop, the blue tarpaulin is at the entrance of 

the cave on the main terrace, B: view inside the cave facing the entrance 

(Photographs by D. Vannieuwenhuyse, 2012).  

A B 



194 

 

 

 

 

 

 

 

 
Figure 7-3. CG3 sections and plan. A: Topographic profile of CG3 outcrop and valley 

with non-permanent water creek, B: detail of CG3 cave section, C: CG3 plan 

(topographic survey and CAD by D. Vannieuwenhuyse, published in O'Connor et al. 

2014, see also Appendix A-3). 
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7.2 ARCHAEO-STRATIGRAPHIC SEQUENCE AND 
CHRONOLOGY 

The CG3 sequence covers the Pleistocene and Holocene with evidence for the first 

occupation dated to around 33 ka (O'Connor et al. 2014:14, see also Figure 7-4, Figure 

7-6 and Table 7-1 and paper attached in Appendix A-3). A chronological gap from 

27,640–23,360 to 15,550–15,060 cal. BP (at 68.2% probability, O'Connor et al. 2014:14), 

was revealed by the Bayesian chronological model (referred to as the 'LGM 

paraconformity' in Figure 7-6) but no clear association with a specific stratigraphic 

boundary was made. More chronological data are discussed in the interpretation of the 

sequence below. The sequence is relatively homogenous in colour (Figure 7-4 and 

Figure 7-5), primarily brown (7.5YR5/4), but close inspection and photographs with flash 

reveals some subtle colour differences (see stratigraphic unit 'SU' descriptions in Figure 

7-4). Texturally, the sediment is poorly sorted and primarily composed of fine and very 

fine sand. Particle size of the 2 mm fraction shows an average distribution of 40–50% of 

fine and very fine sand (63-250um fraction), 30% of medium and coarse sand (250um–

2mm) and 20% of silt and clay throughout the profile (Figure 7-8). The sediment is 

coarser at the top and the bottom of the sequence and in SU12. This is generally related 

to a higher presence of coarser inclusions such as gravel and rocks in these levels. The 

sediments are uniformly alkaline (pH 8.5) throughout the sequence reflecting the 

general calcium-carbonated geological setting. Dissolution and precipitation of 

secondary calcium carbonates have taken place throughout the history of the cave and 

have differentially affected the deposit. This is particularly evident in the western side of 

the deposit (Figure 7-4). Bioturbation, in the form of insect channels and roots, is visible 

in the upper layers SU1-4. Thick roots have penetrated through the sediment into the 

deepest layers, where moisture seems to remain even during the dry season, giving the 

sediment a darker colour (Figure 7-4). 
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Figure 7-4. CG3 square A and B stratigraphic sections with descriptions of stratigraphic 

units and the location of micromorphological and sediment samples (CAD by D. 

Vannieuwenhuyse, published in O'Connor et al. 2014:12, see Appendix A-3). 
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Figure 7-5. CG3 squares A and B eastern stratigraphic sections views during 

micromorphological sampling. Note the very homogenous sequence and rocky layer 

9a (Photograph by D. Vannieuwenhuyse, 2012). 
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Table 7-1. Radiocarbon dates from square A at CG3. Calibration was done using OxCal 

v. 4.2 (Ramsey and Lee 2013), with SHcal13 curve (Hogg et al. 2013) and follows the 

results given in O'Connor et al. 2014 (for more details on the radiocarbon Bayesian 

model, see paper attached in Appendix A-3). All material dated derives from sieve 

residue. 

Laboratory 

code 
SU XU 

Depth 

(m) 
Material 

Radiocarbon 

age (BP) 

Calibrated 

date (95.4% 

probability) 

No 

Fig 

ANU-10606 1 1 0.04 Charcoal and sand 99.9±1.8 pMC Modern 1 

OZF-033 4-(5) 10 0.22 Charcoal 260±40 441–75 2 

OZF-325 5 10 0.22 Celtis Inorganic 4790±40 5589–5326 3 

SANU-30229 5 12 0.27 Celtis inorganic 5625±40 6436–6298 4 

SANU-29413 8 16 0.37 Celtis inorganic 9850±70 11590–10876 5 

OZD-163 8 18 0.42 Freshwater mussel 12650±190 15540–14140 6 

OZF-327 (8)–9b 24 0.55 Celtis inorganic 11520±50 13447–13201 7 

OZF-324 11 29 0.67 Celtis inorganic 13870±70 17014–16442 8 

ANU-10784 8 30 0.69 Freshwater mussel 10486±179 12715–11709 9 

SANU-29414 11 32 0.74 Celtis inorganic 13300±30 16101–15762 10 

SANU-30227 11 37 0.84 Celtis inorganic 14020±60 17208–16658 11 

SANU-29939 11 38 0.86 Celtis inorganic 14150 ±60 17429–16928 12 

OZD-166 11 39 0.88 Freshwater mussel 18550±280 23040–21729 13 

OZD-167 (11)-12 49 1.18 Freshwater mussel 21450±270 26202–25143 14 

OZD165 12-13 58 1.66 Freshwater mussel 24900±570 30372–27846 15 

SANU-35003 13 61 1.82 Freshwater mussel 27400±160 31467–31010 16 

SANU-35007 13 64 1.98 Freshwater mussel 29280±190 33992–33147 17 

SANU-35006 top 14 67 2.01 Freshwater mussel 29450±200 33847–32970 18 
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Figure 7-6. CG3 age depth curve and lithic artefact density through the sequence of 

square A (dates and data from O'Connor et al. 2014). Archaeological data used in this 

diagram are presented in Appendix H-1. 
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7.3 GEOARCHAEOLOGICAL ANALYSIS 

7.3.1 Sampling 

Seventeen thin sections covering the main stratigraphic units identified in the field were 

analysed (see Figure 7-4 for sample locations). Figure 7-8 provides a summary of the 

main sedimentological and micromorphological characteristics observed in each 

stratigraphic unit (SU).  

7.3.2 Results 

Figure 7-7 shows the microfacies identified in each thin section. Micromorphological 

descriptions are presented in Table 7-2 and detail common and specific sedimentary 

characteristics for each stratigraphic unit and related microfacies. These results are 

visually summarized in Figure 7-8. Supplementary data are provided in Appendices H-2 

to H-5 and include grain size distribution, semi-quantitative counting of each 

component from each, full size thin sections scans, and a catalogue of 

microphotographs. The micromorphological results are discussed in the following 

sections by categories including: sediment composition and sources (mineral, vegetal, 

biogenic), anthropogenic signals and post-depositional processes. Depositional 

dynamics are discussed for each type of particle and stratigraphic levels of particular 

interest are investigated in more detail. Some other results of sediment characterisation 

(grain size distribution, pH) are presented in the text and figures in this chapter. 
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Figure 7-7. Scan of all thin sections from CG3 sequence showing boundaries between 

microfacies (yellow dashed lines). Samples are presented in stratigraphic order from top 

left to bottom right (CG301 to CG317, refer to Figure 7-4 for location of samples on 

section profile). The equivalent stratigraphic unit is shown on the left. See Appendix H-4 

for full size thin section scans. © D. Vannieuwenhuyse, 2016 
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Table 7-2. CG3 micromorphological description by stratigraphic unit with microfacies 

associated. See Appendix H-3 for detailed semi-quantitative data. 
 S

U
 

Th
in

 s
ec

ti
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n
 

M
ic

ro
fa

ci
es

 

Common characteristics to all microfacies:  
Mineral components generally poorly sorted. Majority of subangular quartz, ranging from 
coarse sand to silt size, some feldspars, mixed with elongated micas (biotite and 
muscovite) and calcareous dust giving the groundmass a random speckled and calcitic 
crystallitic birefringence fabric under XPL. Coarse/fine distribution: double space fine 
enaulic to single spaced fine enaulic. Dense crumb microstructure, weak porosity (close 
packing, 10%) 

Holocene layers 

1   This unit was too loose to be sampled for micromorphology but shares some 
characteristics with SU2 at a macroscale. 

2 301 B Coarser fraction, few biogenic inclusions, apart for some malacofauna. Looser 
microstructure and increased porosity (10–20%) than lower levels. At the top of the thin 
section, the microstructure evolves from dense crumb to lenticular microstructure with 
dusty capping. Presence of a crust fragment at the top. 

3 301 A Coarser fraction, low proportion of biogenic inclusions, some concentric ferruginous 
nodules. 

4 302 B Increase in microcharcoal proportion and presence of ferruginous nodules.  

4/5 302 A High proportion of coarser inclusions (small gravel and coarse sand fraction), size of bones 
bigger than surroundings layers too. Probable lithic artefact identified. No chemical 
weathering visible from this level and up to the top of the sequence. 

303 B 

5 303 A Microcharcoal and microbones proportions start decreasing from this level to lower levels 
in the sequence, presence of eggshell and malacofauna remains. 

7 305 B High proportion of microcharcoal, some small gravel visible at the transition with SU8. 

Pleistocene layers 

8 305 A Medium proportion of charcoal and high proportion of microbones, weak development of 
secondary carbonates in the matrix.  

9 306  Secondary carbonates strongly developed, intense insect channelling. Proportion of 
microcharcoal and microbones decreases significantly from this level and lower. 
Preservation in this level is good with the presence of plant tissue, bigger bones and 
phosphatic fragments.  

11 307  From this level towards upper levels, there are more microbones and frequent presence 
of eggshell. The chemical weathering of biotite is also less pronounced. Development of 
secondary carbonates is variable. Numerous ferruginous concentric nodules were found 
in this unit. Bioturbation increases at the top. 

308  

12a 309  Coarser mineral fraction, few biogenic inclusions but their proportion increases towards 
the top with more bones, as well as the presence of an eggshell (CG310A) and some 
phosphatic fragments (CG309). Bioturbation at bottom and base. Secondary carbonates 
weakly developed and no ferruginous nodule.  

310 A 

311 C 

310 B Microfacies CG310B is a big chunk of strong orange sedimentary crust fragment mainly 
composed of very fine quartz sand in a rich silt and clay ferruginous matrix, with a double 
spaced porphyric coarse/fine distribution. Two parallel graded microlayers are 
distinguishable. The fragment contains bones and microcharcoal as well as a phosphatic 
fragment. 

12a 
/12b 

311 B Transition between SU12a and 12b with intense insect channelling especially below and at 
transition with unit 12a (microfacies CG311A, CG311B, CG311C).  

12b 311 A Few organic components, variable development of secondary carbonates in the matrix 
and around bones and discrete presence of concentric nodules (only in CG312).   312  

 313 C 

12b 
/13 

313 B Transition between SU12b and SU13: 2 cm thick layer rich in coarser mineral and biogenic 
inclusions such as microcharcoal, bones and teeth, eggshell and a probable lithic angular 
quartz artefact. On top, the groundmass is highly calcium-carbonate enriched with a 
vughy porosity and topped by a graded very fine to silty mica-rich microlayer. 

13 313 A Sedimentary crust micro- fragments present in variable quantity. Very few organic 
components; only few microcharcoals and microbones. Secondary carbonates weakly to 
strongly developed, depending on the thin sections. Concentric and normal ferruginous 
nodules present in low quantity in CG313A. Presence of numerous concentric ferruginous 

314  

315  
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nodules in medium part (CG314), one of them fragmented. Some concentric ferruginous 
nodules and sedimentary crust micro-fragments present in CG315. 

14 316  Numerous sedimentary crust micro-fragments. Only a few microbones. Secondary 
carbonates strongly developed in the matrix and around bones. Calcitic gravel and biotite 
fragments show advanced weathering patterns. Some insect channels.  

317   

 

 
Figure 7-8. Summary of CG3 sediment characteristics: particle size distribution and 

micromorphological observations. The micromorphological table indicates the 

presence/absence of various particles and post-depositional features and their relative 

proportion/development intensity through the sequence. The association of various 

criteria was interpreted in terms of more or less past humid environmental conditions. 

Data used to build this diagram are presented in Appendices H-2 and H-3. © D. 

Vannieuwenhuyse, 2016 



204 

7.3.3 Sediment components and sedimentary dynamics 

Geogenic components 

Field and micromorphological observations show a relative homogeneity of the mineral 

components and sediment organization throughout the CG3 sequence that indicates no 

substantial change in geogenic source. The mineral components are poorly sorted with 

a majority of subangular quartz, ranging from coarse sand to silt size (Figure 7-9 A&B), 

some feldspars, mixed with elongated micas (biotite and muscovite, Figure 7-9 C&E) 

and limestone dust giving the matrix a random speckled and calcitic crystallitic 

birefringence fabric under XPL (Figure 7-9 A&B). The proportion of clay is very low 

throughout the profile (<2%). The presence of clay seems to be the product of biotite in 

situ chemical weathering into vermiculite (Zauyah et al. 2010:51-53) with more 

advanced stages of weathering down the profile (Figure 7-8, Figure 7-12 C&D). The 

coarse/fine distribution ranges from double space fine enaulic to single spaced fine 

enaulic (Figure 7-9 A&B). When gravel or roof spalls are present, these are usually 

sandstone, limestone, dolomite or micaceous rock fragments (Figure 7-9 D-F). Gravel 

sized fragments of sandstone spall show typical weathering patterns of calcium-

carbonate dissolution on their external faces. This contributes to the release of quartz, 

mica and calcareous particles forming the bulk of the sediment (Figure 7-9 D). The 

mineral fraction has a similar lithology and sorting to that of the limestone, calcareous 

sandstone and conglomerate beds in which the cave was formed. Rock chemical 

weathering, activated by water dissolution of calcium carbonates on the cave walls, 

induces rock breakdown that releases fine particles and sometimes rock fall. The main 

source of sedimentation in CG3 is from local disaggregation and slow exfoliation of the 

cave walls. Bearing in mind that in situ weathering of rocks within the matrix releases 

grains that have not been exposed to sunlight, especially in an enclosed cave like CG3, 

there could be potential issues in dating these type of deposits using OSL (Roberts et al. 

2015). 

The dense crumb microstructure shows a weak porosity (10%) resulting from the close 

packing of the sedimentary components (Figure 7-9 A&B). The lack of microstructure 

development is related to the dominant proportion of sand and silty materials and the 

little clay and organic content, attesting to little pedogenic evolution of the deposit. 

Poor sorting is also characteristic of colluvial deposit/slope-wash and in situ weathered 
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material (Stoops et al. 2010a:17). Other inclusions were also identified in the sediment. 

At the bottom of the sequence, in SU14 and base of SU13, fragmented soil crusts were 

observed in thin section (CG317, CG316, CG315, Figure 7-8). These micro-fragments 

average 1 mm, have generally subangular boundaries and are composed of brown-

reddish micro-layered clay to silty material (Figure 7-10 D). These depositional crusts 

result originally from the low energy surface deposition of fine material by run-off water 

rich in suspended fine material on low slopes or drains after rainy events (Pagliai and 

Stoops 2010:429), later displaced. 

 

 
Figure 7-9. Macro- meso- and microscale of geogenic components from CG3 cave. 

CG305 thin section scan and microphotographs show matrix and various geogenic 

components in CG3 sequence. A&B: poorly sorted matrix with a majority of quartz [q] 

within a calcareous dust showing a random speckled and calcitic crystallitic 

birefringence fabric in XPL, double space fine enaulic to single spaced fine enaulic c/f 

distribution (CG305, PPL & XPL, scale 1000 µm), C: detail of matrix with elongated mica, 

note the high birefringence of the muscovite [m] (CG308, XPL, scale 100 µm), D: 

sandstone fragment showing chemical alteration on the top left and cracking. Note 

the different minerals composing the sandstone: quartz grains [q], muscovite [m] and 

calcite [ca] (CG305, XPL, scale 1000 µm), E: micaceous fragment composed of 

muscovite [m] and biotite [b] crystals (CG316, XPL, scale 1000 µm), F: dolomite 

carbonate rock fragment. Note the low order interference colours (CG314, XPL scale 

1000 µm), G: detail of cave wall showing conglomeratic facies from what most of the 

deposit derives. © D. Vannieuwenhuyse, 2016 
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 The dried crust gets fragmented by shrinking and can be further dismantled by 

mechanical processes such as trampling or deflation. Because of the dipping geometry 

of the deposit in this level (Figure 7-4), it is unlikely that these sedimentary crust 

fragments are a remnant of a soil crust formed within the cave itself. It more likely 

results from the translocation and input of allochthonous material within the cave 

through the main entrance of the cave or through cracks. A 3 cm fragment of surface 

sedimentary crust showing clear multilayering was also observed in SU12 (CG310B, 

Figure 7-10 C). This fragment contains a 1 cm bone fragment and some microcharcoal, 

although the surrounding sediment contains very little of such material. Its rounded 

shape and the association with an overall coarser surrounding fraction in this level 

might indicate higher transport energy. 

The presence of iron-manganese nodules was noted in several stratigraphic units. Two 

types of nodules were observed: typic nodules and concentric nodules, both with sharp 

boundaries (Figure 7-8, Figure 7-10 E&F). Concentric nodules were predominantly 

observed in SU13 and SU11, and some in SU12 and SU4 (CG315, CG314, CG313A, 

CG312, CG308, CG307, Figure 7-8). Typic nodules are less numerous and only observed 

at the top of SU13 and in SU4 (CG315, CG310B, CG301B, Figure 7-8). Iron-manganese 

nodules form and are common in water-saturated soils (Kovda and Mermut 2010:117). 

While the deposit of CG3 seems to retain some moisture even during the dry season, 

the formation of these nodules is not likely to have occurred in situ. Their 

allochthonous/disorthic nature as well as their antiquity is attested to by their sharp 

boundaries (Lindbo et al. 2010:141), the absence of other redoximorphic features 

within the surrounding groundmass and the fact that some are fragmented, which 

implies displacement. These particles are considered here as relict pedofeatures and 

their alternation in the profile could be interpreted as an indicator for changes in past 

climatic conditions with typic nodules reflecting more constant wet conditions, and 

concentric nodules repeated seasonal wet/dry cycles (Kovda and Mermut 2010:117).  

The results point to two major accumulation mechanisms responsible for the building of 

the sequence: gravity driven processes and colluvial discharge. Gravity driven processes 

include grain breakdown of cave walls or roof fall (often initialized by chemical 

weathering) and mass movement induced by the destabilization of the slope at the 

entrance of the cave (possibly accelerated by animal or human trampling). Seasonal 
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flooding of the cave by rain water percolating through the entrance and cave cracks 

brought exogenous inclusions into the cave. 

 

 

 

 
Figure 7-10. CG301 and CG310 thin sections scans and microphotographs showing 

details of sedimentary crusts and iron-manganese nodules found in CG3 sequence. A: 

lenticular microstructure with dusty capping at the top of the sequence (SU2), possibly 

resulting from seasonal wetting-drying cycle (CG301B, PPL, scale 1000 µm), B: recent 

fragmented sedimentary crust at the top of the sequence (CG301B, PPL, scale 1000 

µm), C: details of silty laminations within a sedimentary crust fragment including 

microcharcoal [ch] and bones [bo] in SU12a (CG310B, PPL, scale 1 cm), D: sedimentary 

crusts from the bottom of the sequence in SU14 (CG317, XPL, scale 500 µm), E: broken 

disorthic iron-manganese concentric nodule from SU13 (CG314, PPL, scale 500 µm), F: 

iron-manganese typic nodule from SU11 (CG308, PPL, scale 100 µm). © D. 

Vannieuwenhuyse, 2016 
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Biogenic and anthropogenic particles 

Anthropogenic elements in CG3 sequence at a microscopic scale are mainly represented 

by biogenic inclusions such as charcoal, microbones (most bones are 1mm long and no 

larger than 5 mm), eggshell and, more rarely, lithic artefacts (Figure 7-8, Figure 7-11). 

With the exception of the lithic artefact, the anthropogenic origin of these particles can 

be argued as they could also be the result of animal input, bird roosts or natural bush 

fires (Goldberg and MacPhail 2005c; Goldberg and Sherwood 2006). Apart from the 

bones, the overall density of the biogenic inclusions observed in thin sections correlate 

well with the frequency of lithic artefact discard found in the sequence, with a similar 

low frequency of archaeological material in the Pleistocene units followed by a peak in 

SU4 and 2, layers dated to the late Holocene (O'Connor et al. 2014, see also Figure 7-6 

and paper attached in Appendix A-3). No in situ combustion feature was recognized in 

thin section, although some were distinguished during the excavation in the top levels 

of the sequence.  

Observation of the transition between stratigraphic SU13 and SU12b under the 

microscope highlighted the presence of a 2 cm layer containing a high density of 

coarser biogenic inclusions (Figure 7-11, CG313B). The concentration of several 

different elements (microcharcoal, animal microbones and teeth, a lithic artefact and an 

eggshell fragment), deviates from the relatively low density of material in the 

surrounding layers. This layer is capped by a concentration of recrystallised carbonates 

and a thin crust of fine silt-clayey material, that might have contributed to its 

preservation (Figure 7-11A&B). The calcium carbonate-rich concentration is likely to 

have different origins: secondary recrystallization of calcium-carbonated rich 

groundmass, formation of rhizoliths or alternatively, it could be recrystallised calcitic 

ash. The thin silty capping was formed by slope-wash and the random distribution of 

coarser elements in this layer demonstrates that it has probably been reworked. 

Nevertheless, the components in this layer indicate a discrete, but more anthropogenic 

character. The age of this layer is approximately 31 ka, according to the closest 

radiocarbon dates available from the sequence.  
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Figure 7-11. CG313 thin section scan and microphotographs from the transition 

between SU13 and 12b in CG3 sequence showing concentration of biogenic and 

anthropogenic particles. A&B: calcitic concentration with a vesicular porosity topped 

by a fine layer of well-sorted silt indicating water standing (PPL & XPL, scale 1 cm), C: 

probable quartz [q] lithic artefact, note the bone [bo] underneath (PPL, scale 1000 µm), 

D: concentration of charred particles [ch] and bones [bo] (PPL, scale 1000 µm), E: 

eggshell fragment (PPL, scale 500 µm), F: animal tooth (XPL, scale 500 µm). © D. 

Vannieuwenhuyse, 2016 
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Post-depositional processes 

Post-depositional alteration of the deposit is visible through the different strengths of 

chemical weathering within the profile. For example, there is an increasing degree of 

alteration of biotite below SU5 with more and more of this mineral losing its original 

structure and being transformed into chlorite (Figure 7-8, Figure 7-12 C&D). 

Development of secondary calcium carbonates in the profile is related to impregnation 

of the deposit by calcium carbonate-rich waters percolating through cracks in the cave 

walls. The main source of calcium carbonates in the deposit comes from the weathering 

of the limestone/siltstone/sandstone bedding composing the cave’s geological setting. 

Biogenic inputs, such as bone and shell, are minor components and are generally well-

preserved in this alkaline environment. Field observations reveal that wall flowstone is 

present on the western wall of the cave and consequently, the cementation of the 

deposit underneath is more developed in the western side of the excavation. At a 

macroscale, several layers display a strong degree of carbonate cementation 

characteristic of floor flowstones or cave breccias (SU14, 10, 9, 6 and 3, Figure 7-4). 

Under the microscope, these facies show recrystallized micritic calcite developed within 

the groundmass but also as coatings in voids and around bones (Figure 7-12 A). SU9, in 

particular, shows a lateral change from a rocky heavily calcium carbonate impregnated 

facies in the western side to a rock fall layer on the east wall that probably indicates a 

phase of wetter conditions (Figure 7-4). Contrary to cave dynamics under temperate or 

cold climates, roof falls are more likely to have occurred during wetter periods under 

strong seasonal tropical environments as chemical weathering is more active during the 

wet season. Secondary carbonates impregnation of the sequence is typical in cave 

settings (Goldberg and MacPhail 2005c:177) and while their interpretation as 

palaeoclimatic indicators can be argued due to their possible diachronic formation 

within the sediment (Goldberg 1979), the distinction between less-cemented and highly 

cemented layers in CG3 sequence seems to point to an alternation of humid and less 

humid periods.  

While moisture seems to penetrate the profile, apart from the top of the sequence, no 

illuviation processes were observed in thin sections. The top of SU2 (CG301B) displays a 

higher proportion of clay and very fine particles, associated with a lenticular 

microstructure with dusty capping on aggregates, which was not observed anywhere 
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lower in the sequence (Figure 7-10 A). This type of soil organization is generally 

associated with freeze-thaw cycles (Vliet-Lanoë 2010) which is unlikely to have occurred 

in this tropical area in recent times. Similar platy microstructure may form in 

depressions, as a result of the lateral runoff and water pooling (Gerasimova and 

Lebedeva-Verba 2010:358). This micromorphological facies has more probably 

developed under a seasonal wetting-drying cycle and affects only a few centimetres 

below the surface. Associated with this microstructure is a micro-layered crust 

(microfacies CG301B, Figure 7-10 B) that can be associated with the soil polygon 

cracking visible on the modern surface floor of the cave. Its tilted position and sharp 

boundary suggests local fragmentation and dismantlement of the ground surface (most 

probably by animal trampling) during the dry season. All this evidence suggests that the 

top of the sequence may reflect the installation of strong annual seasonality climate 

pattern in the recent times. 

Bioturbation in the form of fauna galleries is present in several stratigraphic units 

(Figure 7-8, Figure 7-12 B). The channels have a regular diameter of 5 mm and show 

fine particle coatings on their wall, typical of consolidated faunal galleries in loose 

packed soil (Kooistra and Pulleman 2010:408). The channels are mostly filled with 

groundmass indicating some degree of fine fraction sediment mixing throughout the 

profile. The insect responsible for the galleries has not been identified, but could be 

wasps, as some were observed in the cave. Insect channels are only present below SU4 

(approximately 30 cm below the surface) and show variable intensity of development. 

The highest concentrations were observed at the transition between SU12a and 12b 

(Figure 7-8, CG311A and CG311B) and from SU11 to SU7 included (CG309 to CG304). 

Their presence in these layers can be associated with period of stabilization of the 

surface or lower sedimentation rates generally leading to more formation of syn- and 

post-depositional bioturbation processes. 
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Figure 7-12. Microphotographs of post-depositional processes found in CG3 sequence. 

A: secondary calcium carbonates developing around bone [bo] in SU9a (CG307, XPL, 

scale 1000 µm), B: insect channels with coated walls filled with matrix in SU14 (CG317, 

PPL, scale 1000 µm), C&D: weathered micaceous fragment from the bottom of the 

sequence (SU13), visible by the lower interference colours of the biotite [b] in XPL while 

muscovite [m] is more stable (CG316B, PPL & XPL, scale 500 µm. © D. Vannieuwenhuyse, 

2016 
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7.4 CG3 DEPOSIT FORMATION HISTORY AND SEQUENCE 
INTEGRITY ASSESSMENT 

The CG3 sequence is mainly composed of geogenic sediment, with only a weak 

anthropogenic signature, especially during the Pleistocene. The micromorphological 

analysis identified discrete signals that indicate subtle changes in deposition dynamics 

over time. These changes are interpreted as responses to changes in past climate 

patterns and variation between greater and lesser humid periods (Figure 7-8). While the 

Pleistocene units suggest increasing local aridity towards the LGM, this phenomenon 

seems not to be linear. The changes may be grouped into four phases, the first of which 

is the period from before 34 ka to about 23 ka. Before 34 ka, more intense humid 

conditions are indicated by the destruction and remobilization of soil crusts within the 

cave (SU14). Between about 34 ka to 30 ka the presence of concentric nodules suggests 

more inter-seasonal differences (SU13). A similar pattern is repeated several times 

between 30 and 23 ka, with a return to more humid conditions for short periods of time 

followed by periods with more seasonal variation (SU12b, SU12a, SU11 and SU10) 

indicating a non-linear shift in climate in the area. Similar variation has been also 

detected in a local speleothem record from Ball Gown Cave in the same range 

(Denniston et al. 2013a). During this first phase the anthropogenic signal is weak, which 

correlates with the low numbers of archaeological materials recovered during the 

excavation (Figure 7-6). The lowest artefact found is associated with a date around 33 

ka (Figure 7-6, O'Connor et al. 2014, Appendix A-3) and there is only one discrete 

anthropogenic layer detected in the micromorphological samples around 31 ka.  

The second phase is a chronological gap in the radiocarbon sequence between 23 ka 

and 17 ka which could indicate a slow down or cessation of deposition 

(paraconformity). The absence of sedimentary changes at this level of the sequence 

implies that sedimentary processes have remained constant before and after the 

discontinuity. The timing of this discontinuity corresponds to the onset of the LGM 

period of lower temperatures and reduced precipitation in tropical northern Australia 

(Reeves et al. 2013a; Reeves et al. 2013b). The slow down or cessation in accumulation 

of sediment in the cave is driven by a decline in water infiltration associated with the 

LGM climate conditions, which in turn induce fewer weathering processes and decrease 

the rate of exfoliation of the cave’s walls and thus sediment input within the cave. 
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Occupation seems to be very sporadic in the cave over the Glacial and LGM timing, 

probably also related to the level of infilling of the cave, still relatively low and difficult 

to access. Occupation is more likely to have happened on the terraces at the mouth of 

the cave. 

The third phase, beginning when sedimentation resumes after 17 ka, is marked by a 

very humid episode as indicated by the presence of roof spall and intense cementation 

of the sediment groundmass by secondary calcium-carbonates (SU9). This stratigraphic 

unit, bracketed by radiocarbon dates between 17 ka and 13 ka, probably reflects the 

return of the full monsoon regime in the north-western part of Australia during the 

Terminal Pleistocene and Early Holocene, as recorded in others palaeoenvironmental 

proxies in the region (Denniston et al. 2013b; Denniston et al. 2013c; Wyrwoll and 

Miller 2001).  

The terminal Pleistocene and Holocene layers (SU8-1) are characterised by an increase 

in anthropogenic signals in the sediment (Figure 7-8) and in artefact discard (Figure 

7-6), which corresponds to the global regional trend observed in many archaeological 

sequences from the region (Clarkson 2008; Maloney et al. 2014; Williams 2013; 

Williams et al. 2010). In the final phase, sediment organization and cracking of the top 

layers seem to reflect a stronger variability in seasonality during the Holocene (SU2-

SU1), which is in accordance with other palaeoenvironmental proxies from the region 

(Denniston et al. 2013b; McGowan et al. 2012). They reflect the establishment of the 

modern tropical regime in the region induced by intensification of both El Niño and 

Southern Oscillation phenomenon (Reeves et al. 2013b). 

The CG3 cave acted as a giant trap resulting in a thick and relatively continuous 

sequence allowing a good resolution of palaeoenvironmental reconstruction. More 

interestingly, the cultural signal increases slowly over time, regardless of the climate 

fluctuations recorded in the natural deposit of the cave. This suggests that occupation 

might have been largely independent of local climatic variation, probably reflecting the 

fact that the perennial Lennard River flowing close by (only 300 m from the site) must 

have provided sufficient resources and remained a favourable area to occupy at all 

times. For this reason the Kimberley is considered as an ecological refugia (Veth 1989; 

Williams et al. 2013; Williams et al. 2015c). 
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Table 7-3. Summary of CG3 sequence sedimentary sources (geogenic and biogenic 

components of natural origin and various anthropogenic inputs), post-depositional 

processes and assessment of integrity for each stratigraphic unit. 

S
U
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m
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g

  

Depositional processes 
Dominant / (Minor) 

Post-depositional processes 
Dominant / (Minor) 

 [details] 

Integrity 

layer 

1 
H

O
LO

C
E
N

E
 

Geogenic. Biogenic. 

Anthropogenic. 

Physical [bioturbation, trampling]. 

(Chemical). 

Good 

2 
Geogenic. Biogenic. 

Anthropogenic. 

Physical [bioturbation, trampling]. 

(Chemical). 

Good 

3 
Geogenic. Biogenic. 

Anthropogenic. 

Physical [bioturbation, trampling]. 

Chemical. 

Good 

4 
Geogenic. Biogenic. 

Anthropogenic. 

Physical [bioturbation, trampling]. 

(Chemical). 

Good 

5-6 
Geogenic. Biogenic. 

(Anthropogenic). 

Chemical. Physical [bioturbation]. Good 

7 
Geogenic. Biogenic. 

Anthropogenic. 

Chemical. Physical [bioturbation]. Good 

8 

P
LE

IS
TO

C
E
N

E
 3

3
–
1
2
 k

a
 

Geogenic. Biogenic. 

(Anthropogenic). 

Chemical. Physical [bioturbation]. Good 

9 
Geogenic. Biogenic. 

(Anthropogenic). 

Chemical. Physical [bioturbation]. Good 

10 
Geogenic. Biogenic. 

(Anthropogenic). 

Chemical. Physical [bioturbation]. Good 

11 
Geogenic. Biogenic. 

(Anthropogenic). 

Chemical. Physical [bioturbation]. Good 

12 
Geogenic. Biogenic. 

(Anthropogenic). 

Chemical. Physical [bioturbation]. Good 

13 
Geogenic. Biogenic. 

(Anthropogenic). 

Chemical. Physical [bioturbation]. Good 

14 Geogenic. (Biogenic). Chemical. Physical [bioturbation]. Good 
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