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Introduction
In the northeast Kimberley (Figure 1), palaeoenvironmental 
records indicate a tropical humid climate with an intense and pre-
dictable summer monsoon throughout the mid-Holocene until 
around 5 ka (Denniston et al., 2013: 162; Field et al., 2017: 13; 
Gagan et al., 2004: 134; McGowan et al., 2012: 3). An abrupt 
weakening of the monsoon and intensifying El Niño–Southern 
Oscillation (ENSO)—associated with drier conditions and 
increased aridity—occurred around 4.2 ka and was sustained until 
1.2 ka with a period of peak aridity between 1.5 and 1.2 ka (Den-
niston et al., 2013; Shulmeister, 1999; Shulmeister and Lees, 
1995). ENSO driven climate change during the late Holocene 
(defined here as 4.2 ka onwards after Walker et al., 2012), particu-
larly periods of increased aridity which reduced productivity and 
made environments less predictable, is argued to have increased 
foraging risk (Asmussen and McInnes, 2013), with risk, in 
archaeological terms, representing increased ‘probability of being 
unsuccessful in procuring resources, whatever they might be’ 
(Hiscock, 1994: 275).

The Australian archaeological record of the mid- to late Holo-
cene has largely been described as a period of intensification 
characterised by changes in lithic technologies and resource use, 
increases in population, site-use and discard of cultural materials 
and increased use of marginal landscapes, as well as socio-eco-
nomic changes (e.g. Beaton, 1977, 1982; Cosgrove et al., 2007; 

Lourandos, 1985; Veth et al., 2011, 2018; Williams et al., 2008, 
2010, 2015), although these changes are best understood at 
regional and local scales rather than representing a continent-
wide phenomenon (cf. Ulm, 2013). As a paradigm of analysis the 
risk reduction model proposes people equipped themselves with 
technologies that could provide greater economic return and 
reduce foraging risk—the probability and severity of failure in 
subsistence (Bamforth and Bleed, 1997: 112–113; Torrence, 
1989: 59; Winterhalder et al., 1999: 302). In northern Australia, 
archaeological evidence for these apparent changes is mainly 
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from lithic technologies and reduction strategies, which empha-
sise extendibility, multi-functionality, and transportability, associ-
ated with increasing aridity and inferred foraging risk, in the 
context of climatic variability and environmental factors associ-
ated with ENSO cyclicity (e.g. Clarkson, 2002, 2006, 2007; His-
cock, 1994, 2006, 2008, 2009, 2011; Maloney et al., 2015, 2017a; 
Veth et al., 2011).

While human responses to ENSO driven climate change in 
Australia have been observed in faunal (especially shellfish) and 
rock art sequences (e.g. Bourke et al., 2007; Brockwell et al., 
2013; Wesley et al., 2017; Veth et al., 2018) macrobotanical 
remains have been less well researched. Macrobotanical remains 
offer a powerful insight on the past, at the intersection between 
culture (e.g. human agency, traditional ecological knowledge, and 
landscape use and management) and the natural environment (e.g. 
environment, availability of resources, and climate). Well-pre-
served macrobotanical records provide an opportunity to investi-
gate plant-based subsistence practices, aspects of the environment 
directly associated to the site’s occupation, and responses to envi-
ronmental changes. For instance, studies on carbonised macrobo-
tanical assemblages in eastern Australia have linked the 
exploitation of toxic nuts (lower-ranked plant species in terms of 
energy provided per unit time of handling and processing) to 
increased subsistence risks and lower productivity associated with 
intensifying ENSO climatic conditions from around 5 ka (Asmus-
sen and McInnes, 2013; Cosgrove et al., 2007; Ferrier, 2015; 

Ferrier and Cosgrove, 2012). This paper discusses macrobotanical 
remains recovered from nine archaeological sites located across 
the Kimberley region in northwest Australia (Figure 1). Our aim is 
to assess whether human responses to ENSO driven climate 
change are observable in plant-based subsistence practices in north 
western Australian archaeological contexts and to test theoretical 
paradigms such as the risk reduction model against archaeoenvi-
ronmental evidence. Our interpretative approach is deliberately 
data-driven as we attempt to understand the macrobotanical record 
primarily in its direct archaeological, environmental (limited by 
the cultural nature of the remains), and most importantly Aborigi-
nal context, in an effort to distance our application of archaeobot-
any from predetermined models of interpretation that remain 
largely influenced by modern European frames of thought.

Study area and contemporary 
vegetation
The archaeological sites under examination here are distributed 
from the north east Kimberley coast to the south central interior, 
across four Native Title determined lands: Dambimangari 
(encompassing Worrora language group), Wilinggin (encompass-
ing Ngarinyin language group), Bunuba, and the southernmost 
Gooniyandi (Figure 1). This sample provides a transect across 
which there are pronounced differences in rainfall (Figure 1) and 

Figure 1. Location of the archaeological sites and other places mentioned in text (modified from Dilkes-Hall et al., 2019a). Native Title 
determined lands after Kimberley Land Council (2019). Rainfall isohyets after Bureau of Meteorology (1996).
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vegetation, which is divided into distinct botanical districts 
(Beard, 1979). In the north, the Gardner botanical district is char-
acterised by tropical high-grass savannah open woodlands, while 
the southernmost archaeological site, Riwi, borders the Fitzgerald 
and Hall botanical districts that are characterised by tall-grass 
savannah (Beard, 1979: 15–17). These botanical districts are 
overlapped by patches of monsoon rainforest that occur in coastal 
areas and persist further inland in fire protected gorges (McKen-
zie et al., 1991).

Monsoon rainforests are one of the most floristically rich 
ecoregions on the continent (Kenneally, 2018). Physiologically 
adapted to monsoonal climatic conditions they represent a spe-
cific type of so-called ‘wet/dry rainforest’ found throughout the 
world’s tropics (Gillison, 1987; Sunderland et al., 2015) and 
incorporate Indo-Malaysian/North Australian (Sahul) vegetation 
types (Beard, 1976; Golson, 1971). Monsoon rainforests in the 
Kimberley are typically composed of vines and a number of fruit-
ing trees and shrubs that rely on seasonal rainfall for fruit produc-
tion, such as Celtis strychnoides (hackberry), Diospyros spp. 
(ebony), Grewia spp. (currant fruit), Ficus spp. (fig), Flueggea 
spp. (white currant), Terminalia spp. (terminalia), and Vitex spp. 
(black plum), and are also a favourable habitat for edible roots 
and tubers (Kenneally, 2018: 171–174).

It is unlikely that modern day vegetation units and their cur-
rent biogeographical distribution accurately reflect past species 
distributions. In particular, biogeographic affinities and lack of 
endemism in plant, bird, and non-camaenid land snail populations 
found in monsoon rainforests across Australia’s north do not sug-
gest prolonged isolation (Kenneally, 2018: 168–169). Today’s 
monsoon rainforest patches are argued to be remnants of vegeta-
tion more widespread in the past, advancing during periods of 
active monsoons and predictable rainfall and receding during 
periods of prolonged aridity (Kenneally, 2018). Australian mon-
soon rainforests have been identified as potentially fundamental 
resource areas for human populations, possibly since Pleistocene 
settlement (e.g. Beck and Balme, 2003; Golson, 1971; Roberts, 
2019), though direct archaeobotanical evidence for this proposi-
tion has remained scarce until recently (Dilkes-Hall, 2019; Dil-
kes-Hall et al., 2019a, 2020; Whitau et al., 2017, 2018a, 2018b).

Previous macrobotanical research 
in the Kimberley
Macrobotanical remains from Widgingarri Shelters 1 and 2 were 
previously published by O’Connor (1999); however, only whole 
seeds were analysed. For this reason, these macrobotanical 
assemblages have been re-analysed to include fragmented macro-
botanical remains and the excavation methods, analysis methods, 
and results are presented below alongside unpublished archaeo-
logical sites Brooking Gorge 1, Djuru, and Wandjina rockshelter. 
Holocene macrobotanical assemblages from the remaining four 
sites under investigation (Carpenter’s Gap 1 [CG1], Moongga-
roonggoo, Mount Behn, and Riwi) have been previously pub-
lished and are summarised here. Documentation of plant remains 
presented in this section are derived from values calculated using 
number of individual specimens (NISP) unless stated otherwise. 
The use of the term ‘excavation unit’ (XU) refers to arbitrary, ver-
tically excavated units, according to Australian traditions of field-
work (Ward et al., 2016).

At CG1, overall, two taxa dominate the macrobotanical 
record: Terminalia spp. and Vitex cf. glabrata (Dilkes-Hall et al., 
2019a). Recent efforts to improve taxonomic identifications on 
macrobotanical material has seen the Terminalia spp. specimens 
refined to Terminalia cf. ferdinandiana (green plum) (Low, 1991). 
Excavation unit (XU) 5 is dated to the mid-Holocene, 6004–
5841 cal. yr BP (Maloney et al., 2018a: 213) and 99% of macro-
botanical remains recovered from XU5 comprise monsoon 

rainforest taxa (for this study, minimum number of individuals 
values are used for Adansonia gregorii [boab] nutshell to account 
for overrepresentation of heavily fragmented nutshell remains). 
Monsoon rainforest taxa is dominated by V. cf. glabrata which 
accounts for 90% of macrobotanical remains from this XU. These 
findings are supportive of other terrestrial records that indicate 
wetter climatic conditions for the mid-Holocene (e.g. Denniston 
et al., 2013; Field et al., 2017; Rowe et al., 2020) and monsoon 
rainforest taxa indicate the important role of this vegetation unit 
in diet, subsistence, and seasonal scheduling for Aboriginal 
groups occupying the site (Dilkes-Hall et al., 2019a).

CG1’s late Holocene macrobotanical sequence, XU2, 1530–
1405 cal. yr BP (Maloney et al., 2018a: 213), is similarly domi-
nated by monsoon rainforest taxa, albeit to a lesser extent, 72%. 
Diet reorganisation is indicated by a broadening of the monsoon 
rainforest category to include other monsoon rainforest food 
plants, such as Flueggea virosa. Increases in A. gregorii  nutshell 
in the late Holocene are interpreted as a broadening of diet by 
Aboriginal groups to include savannah plants, possibly as a 
response to ENSO (Dilkes-Hall et al., 2019a: 43).

Archaeological excavations at Moonggaroonggoo and Mount 
Behn rockshelters, where early occupation is dated to 2876–2756 
cal. yr BP and 2925–2756 cal. yr BP, respectively (Maloney et al., 
2017b; Whitau et al., 2018a), recovered late Holocene macrobo-
tanical materials. Macrobotanical analyses at both sites revealed 
high proportions of Celtis strychnoides endocarps (Dilkes-Hall, 
2019: 213; Whitau et al., 2018a: 28) preferentially preserved due 
to their aragonite-rich composition (Jahren et al., 1998). C. 
strychnoides trees grow in the immediate vicinity of these archae-
ological sites and scant reference to the use of fruits by the local 
Aboriginal groups (Bunuba and Gooniyandi) suggests C. strych-
noides represent natural accumulations (Dilkes-Hall, 2019; 
Whitau et al., 2018a). At Mount Behn, seven other taxa that are 
related to cultural use were also recovered (Whitau et al., 2018a).

As observed at CG1, Riwi’s mid- (7421–5905 cal. yr BP) and 
late (915 cal. yr BP to present) Holocene macrobotanical assem-
blages are dominated by monsoon rainforest taxa which make up 
83% and 82%, respectively (Dilkes-Hall et al., 2020). Monsoon 
rainforest taxa indicate people visited the site during wet periods 
coinciding with fruit availability, particularly V. cf. glabrata that 
makes up 51% of the mid-Holocene assemblage (Dilkes-Hall 
et al., 2020). Experimental studies of the different plant parts 
(whole fruits, whole and fragmented endocarps, and calyces) of V. 
cf. glabrata indicate fruit processing began at the site in the mid-
Holocene and the practice continued in the late Holocene (Dilkes-
Hall et al., 2019b). Expansion in the number of savannah and 
riparian taxa represented in the late Holocene macrobotanical 
assemblage indicates a broadening of diet argued to be linked to a 
possible reduction of monsoon rainforest patches due to the com-
bined effects of ENSO decreased precipitation and the site’s south-
erly location on the edge of the Great Sandy Desert, a semi-arid 
area today which likely received less precipitation during late 
Holocene peak aridity (Dilkes-Hall et al., 2020; Field et al., 2017).

At archaeological sites such as CG1 and Riwi, where macrobo-
tanical remains are mostly interpreted as anthropogenic, ecologi-
cally productive monsoon rainforest environments have been shown 
to have been heavily targeted for food gathering activities in the 
mid- and late Holocene, a practice that continues in contemporary 
times (Vigilante et al., 2017). To extend on these findings, by pro-
viding a larger sample and better resolution for the late Holocene, 
results of recent macrobotanical analyses conducted on assemblages 
from five additional Kimberley archaeological sites is presented 
here. The distribution of Brooking Gorge 1, Djuru, Wandjina rock-
shelter, and Widgingarri Shelters 1 and 2 provides an excellent 
opportunity to identify differences in plant use from the coast to the 
interior on a regional-scale and to assess localised responses to 
ENSO driven climate change. Late Holocene macrobotanical 
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records are compared to available mid-Holocene sequences from 
CG1 and Riwi to assess change through time.

Excavation methods
Details on the Brooking Gorge 1, Djuru, and Widgingarri Shelters 
1 and 2 excavation, stratigraphy, and radiocarbon chronology are 
provided in Maloney et al. (2016, 2018b) and O’Connor (1999), 
respectively. Brief details are given here. At Brooking Gorge 1, a 
single 1 m2 excavation was excavated in 2 cm XUs as stratigraphic 
units (SUs) were poorly defined. Excavated sediments were 
passed through 6 and 3 mm nested sieves in the field and dry 
sieved. Marine shell (Melo sp.) recovered from XU15 was dated 
to 1554–1270 cal. yr BP (Maloney et al., 2018b). No macrobo-
tanical material was recovered between XU25 and bedrock 
(XU28). At Brooking Gorge 1, macrobotanical remains were not 
recovered from XU8 and XU19 (Maloney et al., 2018b: 199) and 
only 3 mm material was available for analysis from XU16.

During 2012 excavations at Djuru, one 1 m2 was excavated in 
2 cm XUs. Stratigraphic changes and features were recorded dur-
ing excavation and all sediments dry sieved through 3 and 1.5 mm 
nested sieves. Charcoal recovered from XU15 was dated to 1296–
1185 cal. yr BP (Maloney et al., 2016: 82), with macrobotanical 
remains recovered from XUs 1 to 15 representing the late Holo-
cene. The lowest macrobotanical material (XU47) was associated 
with charcoal dated to the early Holocene (13,051–12,759 cal. yr 
BP) and no macrobotanical remains were recovered between 
XU47 and bedrock (XU52).

At Widgingarri Shelter 1, five 1 m2 were excavated (Squares 
A, B, C, D, and AA) in 3 to 10 cm XUs following stratigraphy and 
excavated sediments were dry sieved through 6 and 3 mm nested 
sieves in the field. Excavation was discontinued at a depth of ca. 
110 cm (XU20) below surface without reaching bedrock due to 
the quantity and size of roof fall (O’Connor, 1999: 53–57). Mac-
robotanical material was recovered only from the top four XUs. 
Marine shell recovered from XU7 returned a date of 1435–905 
cal. yr BP. Radiocarbon dates on marine shell from Widgingarri 
Shelters 1 and 2 (O’Connor, 1999: 59) were calibrated with 
OxCal v. 4.3 (Bronk Ramsey, 2009) using subregional average 
∆R values available in Ulm (2006). SUs and XUs correspond 
across adjacent excavation squares and results are combined in 
the following section.

Excavation at Widgingarri Shelter 2 was across two 1 m2 
(Squares B and C). As with Widgingarri Shelter 1, XUs followed 
the stratigraphy and varied from 3 to 10 cm in depth. Excavated 
sediments were dry sieved through 6 and 3 mm nested sieves and 
stratigraphic correspondence across the adjacent squares allowed 
results to be combined. Nineteen XUs were excavated to a depth 
of ca. 108 cm, at which level bedrock was reached (O’Connor, 
1999: 53–57). Macrobotanical material is preserved in the top 
three XUs and marine shell recovered from XU4 dates to 1218–
761 cal. yr BP.

In contrast to the four sites introduced above, Wandjina rock-
shelter excavation details are wholly unpublished and thus an 
unpublished honours thesis (Tuohy, 2008) is relied upon here for 
excavation information as the field notebook for this excavation 
has been misplaced (Cathy Stokes, personal communication, 
2017). As such, a floor plan of the rockshelter is not available. A 
single 1 m2 was excavated following stratigraphy where discern-
ible, using XUs that ranged between 1 and 4 cm depth where SUs 
could not be observed (Stokes, cited in Tuohy, 2008: 16). Twenty-
eight XUs were excavated and all material was passed through 6 
and 3 mm nested sieves with bulk sediment samples taken every 
5 cm throughout the profile (Stokes, cited in Tuohy, 2008: 16). 
Cultural materials recovered include stone artefacts, faunal 
remains, shell, ochre, charcoal, and macrobotanical remains 
(Tuohy, 2008: 17–18). In situ charcoal from XU15 was dated to 

the late Holocene (1181–956 cal. yr BP [1190 ± 50 Wk2956]) 
(Stokes, cited in Tuohy, 2008: 19). Macrobotanical material was 
only preserved in the late Holocene sediments and no macrobo-
tanical material was recovered between XU14 and bedrock 
(XU28). Only 3 mm material from Wandjina rockshelter was 
available for this study.

Analysis method
Brooking Gorge 1, Wandjina rockshelter, and Widgingarri Shel-
ters 1 and 2 macrobotanical remains were sorted by Dilkes-Hall at 
the University of Western Australia (UWA) laboratory under 10× 
magnification into quantifiable categories in accordance with 
observed morphological similarities. Djuru was sorted by the 
same method and researcher at the Western Australian Museum. 
All macrobotanical remains are quantified by NISP, minimum 
number of individuals (MNI), and mass (g). MNI is only adopted 
for A. gregorii nutshell recovered from CG1 to account for its 
heavy fragmentation (see Figure 3). No subsampling strategy was 
applied and all available macrobotanical remains recovered from 
the five archaeological sites were analysed for this study.

Following the University of Queensland’s Archaeobotany 
Reference Collection guidelines, morphological characteristics of 
macrobotanical remains such as shape, dimension, length, width, 
surface, and texture were recorded (https://uqarchaeologyrefer-
ence.metadata.net/archaeobotany/contribute). Other attributes 
such as carbonisation and gnaw marks were documented to aid in 
the assessment of anthropogenic and non-anthropogenic intro-
ductions. Taxonomic identifications were based on qualitative 
criteria using comparative material in a vouchered botanical col-
lection compiled by Dilkes-Hall housed at UWA. Taxonomic 
identifications have been verified by Kimberley botanical expert 
Matthew David Barrett who Dilkes-Hall liaised with over the 
course of this research.

Results
A total of 5571 macrobotanical remains recovered from Widgin-
garri Shelters 1 and 2, Wandjina rockshelter, Djuru, and Brooking 
Gorge 1 were analysed for this study and only a small proportion 
of remains could not be taxonomically identified (indeterminable, 
n = 44, 0.78%). Identified taxa, grouped by family association, 
and expressed in NISP (n), mass (g), and frequencies (F%) 
arranged by XU are provided (see Supplemental Tables S1–S5, 
available online). Figure 2a–e shows the distribution of macrobo-
tanical remains in relative percentages for each archaeological 
site across XUs with radiocarbon dates. Total number of macro-
botanical remains per XU are displayed on the far right of each 
graph.

At Widgingarri Shelter 1 (Figure 2a), a total of 739 macrobo-
tanical remains were recovered. This is double the amount of whole 
seeds (n = 358) originally analysed by O’Connor (1999: 82). Eleven 
taxa belonging to nine families were identified. Overall, Terminalia 
cf. ferdinandiana (59%), Canarium australianum (mango bark) 
(20%), and Persoonia falcata (wild pear) (12%) endocarps domi-
nate the assemblage. Macrobotanical materials are primarily pre-
served through desiccation although carbonised remains of C. 
australianum (SQB, XU1, n = 3 and XU2, n = 1, SQD, XU1, n = 1/
SQAA, XU1, n = 5, and XU3, n = 1), P. falcata (SQA, XU3, n = 1, 
SQC, XU2, n = 1, and SQAA, XU2, n = 1), Vitex cf. glabrata (SQC, 
XU1, n = 1) endocarps, and one indeterminate fruiting calyx (SQC, 
XU3) were recovered from Shelter 1 squares.

A total of 111 macrobotanical remains were recovered from 
Widgingarri Shelter 2 (Figure 2b), a substantially higher number 
than that represented by only whole seeds (n = 13) (O’Connor, 
1999: 82). Eight taxa from seven families were identified. The 
same suite of taxa as occurred at Widgingarri Shelter 1 were 
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Figure 2. Relative percentages of macrobotanical remains. (a) Widgingarri Shelter 1, (b) Widgingarri Shelter 2, (c) Wandjina rockshelter, (d) 
Djuru, and (e) Brooking Gorge 1. Where quantities of macrobotanical remains are low (<1%) presence is marked ‘x’. Archaeological sites are 
ordered north to south.

recovered, albeit in different proportions (T. cf. ferdinandiana 
51%, P. falcata 17%, and C. australianum 16%). Macrobotanical 
materials are primarily desiccated and carbonised remains are 
restricted to two taxa recovered from Square B, C. australianum 
(XU2, n = 1) and Mimusops elengi (Spanish cherry) (XU3, n = 1).

At Wandjina rockshelter (Figure 2c) a total 487 macrobotani-
cal remains were recovered. Fourteen taxa belonging to ten fami-
lies were identified. T. cf. ferdinandiana dominates the assemblage 
(59%), followed by C. australianum (20%) and P. falcata (12%). 
The assemblage is primarily desiccated although two taxa are car-
bonised: Premna acuminata (fire-stick tree) (XU1, n = 1) and V. 
cf. glabrata (XU1, n = 2) endocarps.

Ninety-six macrobotanical remains were recovered from 
Djuru (Figure 2d). Three taxa from three families were identified, 
comprising endocarps of Adansonia gregorii (boab), C. strych-
noides, and Melia azedarach (white cedar). Below XU2 the 
assemblage is entirely C. strychnoides. No macrobotanical mate-
rials are carbonised.

In total, 4138 macrobotanical remains were recovered from 
the Brooking Gorge 1 (Figure 2e). Thirteen taxa from eight fami-
lies were identified. Endocarps of T. cf. ferdinandiana (45%), C. 
strychnoides (29%), and V. cf. glabrata (21%) dominate the 
assemblage. At Brooking Gorge 1 carbonised remains make up 
4% (n = 171), largely restricted to T. cf. ferdinandiana (n = 82, 
48%), V. cf. glabrata (n = 46, 27%), and C. strychnoides (n = 40, 
24%). At around 1300 cal. yr BP decreasing C. strychnoides is 
coincident to increases in T. cf. ferdinandiana and V. cf. glabrata 
(Figure 2e).

Figure 3 displays overall relative percentages of macrobotani-
cal remains with identified taxa grouped into three broad ecologi-
cal associations: monsoon rainforest, savannah, and riparian. The 
most obvious feature of Figure 3 is that, generally, macrobotani-
cal remains representative of monsoon rainforest environments 
dominate late Holocene units. This pattern is also observed in 
CG1 and Riwi’s mid-Holocene units (Dilkes-Hall et al., 2019a, 
2020).

146



6 The Holocene 00(0)

Figure 3. Relative percentages (%) of the total number of identified specimens representative of the dominant ecological environments: 
monsoon rainforest, savannah, and riparian. Archaeological sites ordered geographically north to south from top to bottom. Bar axis 50% to 
100%. Note at CG1 minimum number of individuals (MNI) for Adansonia gregorii (nutshell) are used here to account for overrepresentation of 
heavily fragmented nutshell remains. Note at Riwi Abutilon cf. hannii and Poaceae macrobotanical remains are not indicative of food plants and 
have been excluded.

Taxonomically identified macrobotanical remains
Table 1 presents presence/absence of identified taxa, grouped 
by family association across the nine archaeological study sites. 
There is considerable correspondence between the types of 
plants recovered from spatially distant archaeological sites. At 
five sites—Brooking Gorge 1, CG1, Wandjina, and Widgingarri 
Shelters 1 and 2—T. cf. ferdinandiana is the dominant taxon 
recovered through the late Holocene. Overall, the most fre-
quently occurring taxa are T. cf. ferdinandiana and V. cf. gla-
brata, which are present in seven of the nine sites. T. cf. 
ferdinandiana and V. cf. glabrata are almost always represented 
by endocarps (Figure 4), the exception being Riwi where V. cf. 
glabrata is also represented by whole fruits and calyces (Dil-
kes-Hall et al., 2019b, 2020).

Discussion
Establishing the source of macrobotanical remains
Modern and prehistoric seed rain can contribute non-anthropogenic 
remains to macrobotanical assemblages (Minnis, 1981) and at some 
archaeological sites under investigation specific macrobotanical 
remains are considered natural introductions. For example, analyses 
of macrobotanical assemblages recovered from Moonggaroonggoo 
showed that Celtis strychnoides endocarps account for 97% of the 
total macrobotanical assemblage (Dilkes-Hall, 2019). A similar 
record is shown by the present study for Djuru, where C. strychnoi-
des accounts for 96% of the assemblage. At both sites C. strychnoi-
des trees grow in close proximity to the shelters and, combined with 
scant historical and ethnographic documentation recording use of C. 
strychnoides by Aboriginal people, we interpret the macrobotanical 
remains recovered from these sites as natural accumulations reflect-
ing the surrounding vegetation. Furthermore, at Brooking Gorge 1, 
while T. cf. ferdinandiana and V. cf. glabrata are attributed to human 
activity and can be matched to other patterns in material culture 
(Maloney et al., 2018b), the predominance of C. strychnoides below 
XU15 (Figure 2e) may similarly represent natural introductions as 
observed at Djuru, Moonggaroonggoo, and Mount Behn.

Plants can also be introduced to archaeological sites by ani-
mals, such as Kimberley native rock rats (Zyzomys argurus and Z. 
woodwardii), which habitually collect and store seeds on ledges 
under overhangs, in cracks and in small gaps between rocks 
(Begg and Dunlop, 1980: 64). Researching rock rat diet, Begg 
and Dunlop (1980: 64) found that of 7322 seeds collected from 
rock rat stores, 99.6% have clear evidence of gnawing. Gnaw 
marks have been observed on macrobotanical remains from five 
of the nine assemblages examined here (Table 2). Table 2 shows 
that the Widgingarri rockshelters have the highest proportion of 
gnawed remains for all sites. This is probably due to the coastal 
location of the archaeological sites matching the distribution of 
both species of rock rat (Atlas of Living Australia, 2019a).

Gnaw marks are primarily recorded on T. cf. ferdinandiana 
and C. australianum endocarps. While it remains ambiguous as to 
whether gnawed remains represent those plant remains that rock 
rats deposited directly or whether rock rats fed on remains left by 
humans occupying the sites (cf. O’Connor, 1999), what can be 
said is that gnawed remains in macrobotanical assemblages make 
up a relatively small proportion, overall less than 5% (Table 2). If 
rock rats were the primary contributors of macrobotanical remains 
preserved in the archaeological study sites much higher propor-
tions would be expected, >99%, as observed by Begg and Dun-
lop (1980).

Adherence of coprolitic material to macrobotanical remains is 
rare though noted occasionally at Riwi (Dilkes-Hall et al., 2020). 
The most common type of coprolites recovered from Kimberley 
archaeological sites belong to macropods. Macropod coprolites 
are largely made up of short grass fragments and coprolite testing 
undertaken at CG1 and Riwi demonstrate they are an unlikely 
source of macrobotanical remains (Dilkes-Hall et al., 2019a, 
2020) although a likely source of microbotanical material, such as 
phytoliths (Wallis, 2001).

A direct link between charred macrobotanical remains and 
anthropogenic origin is complex as hearths can be lit on top of 
macrobotanical remains that may or may not be linked to cultural 
activities. Carbonisation of macrobotanical remains does not 
appear to be site specific and at all except one archaeological site 147



Dilkes-Hall et al. 7

Table 1. Presence/absence of identified taxa, grouped by family association, shown across Kimberley archaeological sites. 

Family Taxon Association WIDG 1 WIDG 2 WAN DJU CG1 MB BG1 MOON RIWI

Anacardiaceae Buchanania cf. obovata MR X X X  
Araliaceae cf. Trachymene microcephala RIP X  
Apocynaceae Cynanchum sp. MR X X
 Marsdenia sp. MR X
Asteraceae Asteraceae SAV/RIP X
Boraginaceae Trichodesma zeylanicum SAV X
Burseraceae Canarium australianum MR X X X  
Cannabaceae Celtis strychnoides MR X X X X X X
Combretaceae Terminalia sp. Type A (cf. ferdinandiana) MR X X X X X X X
 Terminalia sp. Type B (cf. platyphylla) MR X
Cucurbitaceae cf. Cucumis SAV X
Cyperaceae Cyperaceae (stem) RIP X X
 Cyperus bulbosus (tunic) RIP X X
Euphorbiaceae Flueggea virosa MR X X
 Mallotus cf. dispersus MR X
 Mallotus nesophilus MR X X
Fabaceae Acacia sp. Type A (pod) SAV X
 Acacia sp. Type B (pod) SAV X
 Acacia sp. Type C (pod) SAV X
 Acacia sp. Type D (pod) SAV X  
 Acacia sp. Type E (cf. arida) (pod) SAV X  
 cf. Acacia sp. (seed) SAV X X
 Bauhinia cunninghamii (pod) SAV X  
 Senna sp. (pod) SAV X
Gloeophyllaceae Gloeophyllum aff. trabeum n/a X  
Lamiaceae Premna acuminata MR X X X X X
 Vitex cf. glabrata (whole fruits) MR X
 Vitex cf. glabrata (whole endocarps) MR X X X X X X X
 Vitex cf. glabrata (fragmented endocarps) MR X X X X X
 Vitex cf. glabrata (calyces) MR X X
Lecythidaceae cf. Planchonia careya MR X  
Malvaceae Abutilon cf. hannii SAV X X
 Adansonia gregorii (seed) SAV X X  
 Adansonia gregorii (nutshell) SAV X  
 cf. Corchorus aestuans SAV X  
 cf. Grewia breviflora MR X X X X
 Sida sp. SAV X
 Triumfetta sp. Type A (cf. incana) SAV X X X  
 Triumfetta sp. Type B (cf. cladara) SAV X X  
Meliaceae Melia azedarach MR X X X X  
Moraceae Ficus spp. (achenes) MR X
 Ficus spp. (fruit) MR X X
 Ficus sp. (stipule) MR X
Myrtaceae Eucalyptus-Corymbia (bloodwood gall) SAV X
 Eucalyptus-Corymbia (capsule no operculum) SAV X X X
 Eucalyptus-Corymbia (operculum) SAV X
 Eucalyptus-Corymbia (whole capsule) SAV X
Pandanaceae Pandanus sp. (phalange) RIP X  
Poaceae Enneapogon sp. SAV X X X
 cf. Heteropogon contortus (awns) SAV X  
 Oryza australiensis SAV/RIP X  
 cf. Phragmites karka RIP X  
 Poaceae SAV X  
 Poaceae (stems) SAV X  
 Triodia spp. (rootlets/leaves) SAV X X
 Triodia cf. pungens (spikelets) SAV X X X
 cf. Sorghum plumosum SAV X X  
Proteaceae Persoonia falcata MR X X X X  
 cf. Grevillea/Hakea SAV X  
Sapindaceae Atalaya hemiglauca SAV X  
 cf. Dodonaea polyzyga SAV X  
Sapotaceae Mimusops elengi MR X X  
 Planchonella arnhemica MR X X  

 (Continued)
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(CG1) desiccation is the primary mode of preservation. Aborigi-
nal cultural practice and customs around discard of material/
refuse into hearths may account for this. Working with Gooni-
yandi Traditional Owners Dilkes-Hall learned that Vitex glabrata 
calyces and endocarps were discarded by placing them in a pile 
next to the hearth rather than into the fire itself (Dilkes-Hall et al., 
2019b). Cultural aversion to burning particular taxa and specific 
plant parts in campfires is not uncommon and has been docu-
mented elsewhere in relation to plants used for fuel (Byrne et al., 
2013, 2019; Whitau et al., 2017) and bone disposal (Gould, 1967; 
Walters, 1988).

Oral traditions and historical documentation of Aboriginal 
use/s of species represented archaeologically assists interpreta-
tions of cultural use (e.g. Atchison et al., 2005; Dilkes-Hall et al., 
2019b, 2019c, 2020; Ferrier and Cosgrove, 2012). In this study, of 
the 57 plant taxa represented archaeologically (Table 1), 45 are 
recognised as economically important plants by Aboriginal 
groups in the Kimberley (e.g. Crawford, 1982; Davis et al., 2011; 

Doonday et al., 2013; Edgar et al., 1997; Karadada et al., 2011; 
Nuggett et al., 2011; Paddy et al., 1993; Scarlett, 1985; Smith and 
Kalotas, 1985; Wightman, 2003). This supportive evidence, cou-
pled with the spatial and temporal recurrence of economic spe-
cies, suggests anthropogenic origins for most of the macrobotanical 
remains recovered from the archaeological sites under examina-
tion here.

Monsoon rainforest
Monsoon rainforest taxa are consistently the primary macrobo-
tanical remains recovered from spatially distant archaeological 
sites and recur temporally at all sites analysed for this study. Cor-
respondence of monsoon rainforest taxa across vast geographical 
space indicates a shared cultural knowledge of food plants avail-
able in monsoon rainforest environments with partiality towards 
Indo-Malaysian botanical elements, such as Terminalia and Vitex 
species. This is in stark contrast to the dominant type of vegeta-
tion unit characteristic of the Kimberley region, high grass savan-
nah with open Eucalyptus-Corymbia woodlands (Beard, 1979). 
While Eucalyptus-Corymbia species have been identified as key 
botanical resources collected for fuel throughout the archaeologi-
cal chronology (Frawley and O’Connor, 2010; Whitau et al., 
2017, 2018a, 2018b) our study shows monsoon rainforest ecosys-
tems were the primary locations targeted for food plants during 
the late Holocene. This pattern is also discernible in the earliest 
cultural unit at CG1 dated to around 47,000 years ago (Dilkes-
Hall et al., 2019a).

Macrobotanical assemblages from CG1 and Riwi dated to the 
mid-Holocene are similarly dominated by monsoon rainforest 
taxa. This is interesting when put in relation to available pal-
aeoenvironmental records that show an active and predictable 
summer monsoon supporting higher biotic productivity for this 
time (e.g. Denniston et al., 2013: 162; Field et al., 2017: 13; 
McGowan et al., 2012: 3; Rowe et al., 2020: 10) in turn 

Table 2. Total number and proportions of gnawed macrobotanical 
remains for nine Kimberley archaeological sites.

Archaeological site Total no. macrobo-
tanical remains

No. gnawed % Gnawed

Widgingarri Shelter 1 739 190 25.71
Widgingarri Shelter 2 111 40 36.03
Wandjina rockshelter 487 9 1.84
Djuru 96 0 0
Carpenter’s Gap 1 7846 114 1.45
Mount Behn 203 0 0
Brooking Gorge 1 4138 652 15.75
Moonggaroonggoo 604 0 0
Riwi 7609 0 0
Total 21,833 1005 4.60

Figure 4. Examples of (a) Terminalia cf. ferdinandiana and (b) Vitex cf. glabrata endocarps from Brooking Gorge 1.

Family Taxon Association WIDG 1 WIDG 2 WAN DJU CG1 MB BG1 MOON RIWI

Solanaceae Solanum sp. (seed) SAV X  
 Solanum sp. (stem) SAV X
Vitaceae Ampelocissus acetosa MR X X
 cf. Cissus sp. (cf. adnata) MR X X
Zygophyllaceae Tribulus terrestris SAV X
Parenchyma Parenchyma n/a X  
 Total taxa (exc. parenchyma) 11 8 14 3 23 8 13 6 32

Archaeological sites ordered geographically north to south from left to right. WIDG Widgingarri, WAN Wandjina rockshelter, DJU Djuru, CG1 Car-
penter’s Gap 1, MB Mount Behn, BG1 Brooking Gorge 1, MOON Moonggaroonggoo, and RIWI Riwi. Ecological associations MR monsoon rainforest, 
SAV savannah, and RIP riparian (Kenneally, 2018; Kenneally et al., 1991). Note different plant parts of same taxon counted as one taxon.

Table 1. (Continued)
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encouraging the presence and availability of monsoon rainforests 
as important subsistence resources for Aboriginal groups occupy-
ing these sites. Counter to expectation, monsoon rainforest taxa 
are dominant in the late Holocene units of all archaeological sites 
analysed for this study even throughout the period of peak aridity 
(Figure 3). Overall, there is no evidence for substantial and/or 
specific changes in macrobotanical assemblages dated to the late 
Holocene when the regional environmental records show 
increased climatic variability and trends towards more arid envi-
ronmental conditions.

Today monsoon rainforest ecosystems remain a vital resource 
for Aboriginal groups who actively protect these forest areas from 
wildfires using traditional land management practices, particu-
larly controlled fire, to maintain boundaries between rainforest 
and savannah (Mangglamarra et al., 1991; Vigilante et al., 2017). 
Aboriginal land management—cultural practices that increase the 
reliability rate of return and/or rate of encounter of important 
resources—has been shown to protect and improve productivity 
of important botanical resources (e.g. Bird et al., 2018; Hallam, 
2002; O’Connell et al., 1983). In effect, these short term activi-
ties, such as fire management, have beneficial ecological conse-
quences and long term cumulative effects (Bowman, 1998, 2005). 
It is not beyond the realm of possibility that during the late Holo-
cene similar land management practices were in place to protect 
important food gathering areas as part of people’s responses to 
preserve tracts of monsoon rainforest.

In an Australian context, one way to assess past land manage-
ment practices is looking at translocation of plant species across 
geographical space as a form of intentional niche construction 
(Silcock, 2018). Genetic diversity and population structure 
research has shown human-mediated dispersal for Australian 
plant species Adansonia gregorii (Bell et al., 2014; Rangan et al., 
2015) and Castanospermum australe (black bean) (Rossetto 
et al., 2017). Transfer of cultural knowledge and genetic plant 
material across geographical space may explain the continued use 
of monsoon rainforest food plants from 47,000 years ago to the 
present day, including during periods of peak aridity such as the 
Last Glacial Maximum and the late Holocene, and the presence of 
vestigial monsoon rainforest elements in arid south central areas 
today. Gooniyandi Traditional Owner June Davis talked about old 
people actively planting seeds to encourage future returns of eco-
nomic botanical resources:

That what they (the old people) did, they took the seeds as they 
walked along, so if one particular plant had fruit on it they get 
the fruit ‘ah you know that place there got no fruit’ they plant 
it, they’ll plant it in the same route they take, you know, so 
next time they come that place ‘oh we go have a look there’ 
(June Davis, personal communication, 2016).

In this way, by virtue of exploiting locally available monsoon 
rainforest plants, people actively encouraged the presence of eco-
nomic resources around their occupation sites and along known 
travel/trade routes. According to Atlas of Living Australia’s 
(2019b) distribution records the closest recorded Vitex glabrata 
tree to Riwi is some 120 km distant, in disagreement with local 
knowledge held by Gooniyandi Traditional Owners who knew the 
location of a V. glabrata tree ~7 km from Riwi (Dilkes-Hall et al., 
2019b). This specimen may represent an isolated example grow-
ing with the help of human dispersal though may be equally rep-
resentative of the incomplete nature of botanical records available 
for this region.

As discussed above, anthropogenic origins of macrobotanical 
assemblages cannot be reliably established for some archaeo-
logical sites; however, evidence for Aboriginal occupation dur-
ing the late Holocene at these sites is indicated from material 

culture such as stone artefacts and faunal remains (Maloney 
et al., 2016, 2018a; Tuohy, 2008) and the very presence of mac-
robotanical remains, whether anthropogenic or not, reflects veg-
etal resources representative of available ecological units during 
site occupation.

Importantly, the recurrence of monsoon rainforest taxa across 
spatially distant archaeological sites implies a selection criteria by 
Aboriginal groups targeting locations that share broad ecological 
similarities. We suggest Aboriginal groups may have been 
attracted to rockshelters and caves with associations to important 
economic plants, specifically monsoon rainforest taxa. In addition 
to providing food plants, the limestone ranges where these types 
of resources are often found offer protection to Aboriginal groups 
from the physical elements and provide moisture and fire protec-
tion for monsoon rainforest vegetative communities.

In addition, we propose to see the resilience of subsistence 
practices focusing on the exploitation of monsoon rainforest plant 
taxa despite adverse climatic changes as a signal of long-term 
Aboriginal management of the environment. In this sense, risk 
reduction strategies, as envisaged by modern theoretical models, 
are not directly applicable to Australian Aboriginal macrobotani-
cal records if we only seek to discover change/s. It may be the 
contrary, that the transmission of precise traditional ecological 
knowledge and local ethnobotanical practices protecting the con-
tinuity of monsoon rainforests throughout large-scale environ-
mental changes is in itself a successful risk reduction strategy.

The whole story?
By examining primarily desiccated macrobotanical assem-
blages, where all plant parts can become preserved (Capparelli 
and Lema, 2011; Dilkes-Hall et al., 2019b; Ernst and Jacomet, 
2005; van der Veen, 2007), this research indicates that human 
responses are not observed in the same way as with carbonised 
assemblages (Asmussen and McInnes, 2013; Ferrier and Cos-
grove, 2012). A carbonised assemblage may not provide an 
accurate reflection of the entire range of dietary plant foods as 
(i) more fragile plant parts can fully combust leaving no macro-
botanical traces and (ii) sociocultural practices can prevent the 
deposition of plant remains in combustion features (Märkle and 
Rösch, 2008; Wright, 2003). This raises questions of how accu-
rately human response is represented in macrobotanical assem-
blages where the full suite of taxa may not be present as a result 
of preservational bias. This may be especially true of toxic plant 
processing sites which, rather than reflecting ‘risk management’ 
associated with ENSO driven climate change, might more accu-
rately be interpreted as sites dedicated to the specialised pro-
cessing of particular plant species in locations where these 
plants were known to grow in abundance.

Even in archaeological sites where desiccating conditions are 
favourable, specific plants and/or plant parts may not preserve in 
the macrobotanical record (Balme and Beck, 2002; Beck, 1989; 
Miksicek, 1987). For example, at CG1 palm phytoliths are pres-
ent in considerable abundance for the period of 40,000 to ca. 
30,000 BP, after which occurrence decreases before they disap-
pear altogether prior to the LGM (Wallis, 2001: 113). In contrast, 
no macrobotanical evidence of palms was recovered for this 
period although fragile cf. Triodia (spinifex) culms were pre-
served in the same deposits (Dilkes-Hall et al., 2019a). Con-
versely, abundant phytolith producer Oryza australiensis 
(Australian rice) was not observed in the phytolith record at CG1 
but was recovered in the macrobotanical remains (Dilkes-Hall 
et al., 2019a; Wallis, 2001) highlighting the need for coupled 
micro- and macrobotanical analyses to provide complementary 
datasets.

In the same vein, evidence of the use of underground storage 
organs such as yams (Dioscorea and Ipomoea species) is often 
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lacking in macrobotanical records despite these vegetal resources 
being recorded in Kimberley rock art (Veth et al., 2018) and 
being known from oral testimony as important food sources 
(Crawford, 1982). Only one archaeological site in this study con-
tains vegetative parenchymous remains. Parenchyma was recov-
ered from CG1, Phase 2, dating from 41,400 to 27,100 cal. yr BP, 
suggesting a long history of the use of underground storage 
organs at the site (Dilkes-Hall et al., 2019a). Although paren-
chyma was not recovered from other archaeological sites 
reported here it does not mean these resources were not eaten as 
there are a number of reasons why these types of remains may 
not appear in the macrobotanical record. Seasonal occupation of 
sites, and food collection, processing, and consumption practices 
may account for their scarcity.

To date, no starch analyses has been undertaken at any of the 
archaeological sites under investigation for this study and CG1 is 
the only site to have had systematic phytolith (Wallis, 2001) and 
pollen analysis (Rowe et al., 2020). Pollen analysis at CG1 has 
provided a clearer picture of local environmental conditions. Dur-
ing the mid-Holocene uniformly higher precipitation supported 
low closed monsoonal forest in the landscape and as the climate 
shifted to a more variable drier state in the late Holocene previ-
ously closed monsoonal forest transitioned to broken-canopied 
vine-thicket and monsoonal scrub (Rowe et al., 2020: 9–10). 
Importantly, pollen analysis has provided evidence of which eco-
nomically important genera were available in the landscape and 
confirms the identification and timing of monsoon rainforest 
plant food sources identified by Dilkes-Hall et al. (2019a).

While monsoon rainforests are evidently important locations 
for food plant collection the findings presented here also reflect 
the types of sites targeted by archaeologists, that is, caves and 
rockshelters. Caves and rockshelters were traditionally occupied 
only during wet seasons, coinciding with the availability of mon-
soon rainforest fruits, whereas during the dry months, when 
resources like yams and seeds are exploited, people would move 
to open campsites (Scarlett, 1985) for which archaeological 
records remain limited (but see, for an exception, Veth et al., 
2019). Open-site contexts might preserve evidence of the use of 
botanical resources collected during the drier months, show evi-
dence for seed grinding activities, and possibly demonstrate 
changes in plant use linked with ENSO driven climate change that 
are not observable in the cave and rockshelter macrobotanical 
sequences analysed here.

Conclusion
Focus on fruit collection from monsoon rainforest environments is 
recorded in the earliest known occupation of the Kimberley, around 
47,000 years ago at CG1, a time when these ecosystems would have 
been familiar to the first inhabitants of the continent from Indo-
Malaysia and the northern regions of Sahul. The use of monsoon 
rainforest plant foods continues in the mid-Holocene at CG1 and 
Riwi, in agreement with palaeoenvironmental reconstructions that 
record higher precipitation for this time. More surprisingly, during 
the late Holocene, this research demonstrates that, irrespective of 
climatic variability and environmental change associated with the 
onset of ENSO, no considerable botanical resource shifts are 
observed in macrobotanical assemblages from nine rockshelter 
archaeological sites across the Kimberley region. Our study found 
that people continued to target monsoon rainforest food plants dur-
ing a time when one might expect substantial reorganisation of diet 
and subsistence as a result of increased aridity in the late Holocene. 
These findings indicate a long history of shared traditional ecologi-
cal knowledge across a large geographical space and suggest human 
agency may have played an important role in the continued use and 
management of monsoon rainforest taxa in the region through a 
period of rapid climatic and environmental changes.

We acknowledge macrobotanical analyses alone do not pro-
vide the full picture of plant use in the past and the mode of pres-
ervation of macrobotanical materials is a factor that influences 
interpretation. Establishing the source of macrobotanical remains 
and assessing preservational bias within macrobotanical assem-
blages has been a crucial component of this research. Future 
directions include multiproxy analyses which may provide further 
insights into plant use in the past and local vegetation change. We 
suggest more open-site excavation/s are necessary to integrate 
these records with those recovered from cave/rockshelter sites 
and produce finer seasonal interpretations. Additionally, our 
research indicates that archaeobotanical analyses might be better 
understood if interpreted first in relation to local ethnobotanical 
information and direct archaeological contexts rather than global 
wide-ranging theoretical models.
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Chapter 10. Review and conclusion 

Previous archaeological research in Australia has tended to focus on lithic 

technologies and faunal remains creating an incomplete picture of Aboriginal lifeways 

on a continent where over half of daily dietary needs are met by plant foods gathered 

by women (e.g. Kaberry 1935; McArthur 1960; Meehan 1989; Meggitt 1964; O’Dea et 

al. 1991). In this thesis, macrobotanical remains from nine limestone cave and 

rockshelter sites in the Kimberley region of northwest Australia were analysed. By 

considering the possible non-anthropogenic sources that may deposit plant remains 

into archaeological sites, most macrobotanical materials, primarily preserved by 

desiccation, are concluded to be cultural remains of economic plants used by people 

in the past. Thus, through analyses of macrobotanical data, this research provides the 

first detailed history of Aboriginal ecological knowledge relating to plant use, prior to 

European colonisation, spanning 47,000 years of occupation in the Kimberley. The 

identification of food plants, subsistence strategies, and plant processing in 

macrobotanical records contributes significantly to knowledge and understanding of 

women’s activities and the economic, social, and technological roles that plants play 

in Aboriginal lifeways. In particular, this research highlights the importance of monsoon 

rainforest environments and limestone ranges and outcrops, which maintain these 

vegetative communities, in diet and subsistence organisation of people occupying the 

Kimberley region over 47,000 years.  

It has been hypothesised by others (e.g. Beck and Balme 2003; Golson 1971) that 

continental colonisation by early Aboriginal groups was made possible through 

interaction between water sources and familiarity with Indo-Malaysian plants found in 

monsoon rainforests across northern Australia. A key finding of this research has been 

that, consistently, one vegetation unit was primarily targeted for the collection of food 

plants, monsoon rainforest. Specifically, Indo-Malaysian botanical elements (e.g. 

Terminalia and Vitex species), that rely on seasonal rainfall for fruit development, 

provide evidence that monsoon rainforest environments played a fundamental role in 

Aboriginal foodways during wet season occupations of caves and rockshelters sites 

located in karst systems. Monsoon rainforest taxa recovered from the earliest cultural 

unit at Carpenter’s Gap 1, 51–39 ka (Chapter 3), suggest that early colonising groups 

in the Kimberley, who most likely encountered Terminalia and Vitex species 

throughout Sunda and Island South East Asia, entered Sahul equipped with ecological 
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knowledge of nutritious fruit-bearing trees of these genera and applied this taxonomy 

to tropical environments of northern Sahul as observed at Madjedbebe by 65–53 ka 

(Florin et al. 2020). Transmission of ecological knowledge onto new landscapes 

probably facilitated expedient identification of nutritious monsoon rainforest plants 

easing the process of having to adapt to otherwise totally unknown environments. 

Macrobotanical evidence produced by this research suggests monsoon rainforests 

represented secure and familiar environments to colonisers entering the Kimberley 

demonstrating the continued important role of these environments in Aboriginal 

foodways and subsistence systems. 

The macrobotanical evidence highlights a common botanical heritage shared by 

Indigenous people across the Indo-Pacific region and indicates interconnectedness of 

Australian Aboriginal plant use with other parts of the world. For example, Terminalia 

species have been recovered from archaeological sites in Papua New Guinea 

(Gorecki et al. 1991) and Timor (Oliveria 2008). Adansonia, Grewia, and Vitex species 

have been identified in African macrobotanical records (Kahlheber et al. 2009; 

Neumann et al. 1998; Sievers 2006; van den Heever 2015). Celtis species have been 

recovered from archaeological sites located in Africa (Kahlheber et al. 2009; Sievers 

2006), Georgia (Messager et al. 2010), Israel (Simchoni et al. 2011), New Ireland 

(Rosenfeld 1997), Papua New Guinea (Fredericksen et al. 1993), and Turkey 

(Fairbairn et al. 2002). While Canarium species are present in macrobotanical records 

from sites in Africa (Kahlheber et al. 2009), Borneo (Barton et al. 2016), the Philippines 

(Pawlik et al. 2014), and Sri Lanka (Perera et al. 2011; Wedage et al. 2020). Given the 

botanical connections between northern Sahul and other parts of the world an aspect 

of future inquiry should include the development of archaeobotanical programs using 

approaches to understand arboreal-based subsistence systems (Latinis 2001) within 

a global framework. Future research in this area will advance knowledge on the 

collective history of plant use and highlight the botanical heritage of taxonomies shared 

by non-agricultural societies. 

This research provided the opportunity to investigate questions around human 

responses to palaeoclimatic and palaeoenvironmental changes recorded for the 

Kimberley since human occupation. Specifically, periods of peak aridity that suggest 

structural changes in vegetation, such as the Last Glacial Maximum and late Holocene 

El Niño–Southern Oscillation driven climate change. Surprisingly, even during 
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sustained periods of aridity—when significant reorganisation of diet and subsistence 

in response to environmental change might be expected—we see continued use of 

monsoon rainforest taxa in the macrobotanical archives with little evidence of dramatic 

changes to diet and subsistence (Chapter 9). These findings are in contrast to changes 

associated with climate change produced from other archaeological materials from 

some of the same sites, such as lithic and faunal records at Carpenter’s Gap 1 

(Maloney et al. 2018) that provide evidence for adjustments coincident to climate and 

environmental changes. The findings here show changes in people’s subsistence 

strategies and responses to environmental change vary across different economic 

resources (e.g. stone, fauna, and flora) suggesting differences in women’s and men’s 

responses to climate change and/or that climate change affected the activities and 

roles of these gendered groups differently. Overall, this research has produced a more 

complete picture of Aboriginal lifeways than can be told from lithic, faunal, and 

environmental records alone and demonstrates that results from macrobotanical 

analysis, when integrated with other archaeological records, show people’s nuanced 

responses to climate change. 

Macrobotanical remains have provided evidence of the seasonal movements of 

Aboriginal groups because fruiting times of monsoon rainforest taxa (e.g. Grewia, 

Terminalia, and Vitex species) correspond to periods of rainfall. Past occupations of 

caves and rockshelters follow a similar pattern to that observed in recent history where 

the spatial location of Aboriginal campsites is intimately linked to the tempo of yearly 

climatic cycles of the monsoonal wet/dry tropics (Scarlett 1985). People’s movements 

to caves and rockshelters during northern Australia’s wet season are not as intimately 

linked with the ‘weather’ as they are with resource availability, with people moving to 

locations where economic resources are known to occur (Crawford 1982; Scarlett 

1985; Smith and Kalotas 1985). Seasonal movements of Aboriginal groups have been 

documented as being closely related to the fat content of major faunal resources 

(O’Dea et al. 1991:241). With this in mind, there exists a strong association between 

fauna and flora and, unsurprisingly, monsoon rainforest fruit production coincides with 

the collection of a number of important seasonal faunal resources (e.g. catfish, 

stingray, turtles, turtle eggs, and goanna) because they too are at their fattest and 

most nutritious during this time of year (Crawford 1982; Davis et al. 2011; Smith and 

Kalotas 1985; Wightman 2003). It is interesting to note here, that these faunal 
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resources are also often collected by women (Crawford 1982:18; O’Dea et al. 

1991:234). In this way, the macrobotanical data shows the intimate connections 

between plants, animals, women, seasonality, landscape use, and food traditions, 

which strongly influence the configuration of social identity and group membership in 

Australia by showing ‘that you belong to the country, that you are a product of the 

country’ (Blythe and Wightman 2003:69).  

On the whole, from the macrobotanical evidence, a broad picture for the Kimberley 

emerges, continuity. Continuity in plants targeted for food through time demonstrates 

the importance of resilience (in both monsoon rainforest vegetation and the 

subsistence systems that target these) while drawing archaeological attention to the 

significant role of women in Aboriginal economies. Continuity, in this regard, should 

not be taken to suggest a static continuum of botanical knowledge. Instead, I argue 

that the evidence presented here suggests that complex socio-economic strategies, 

such as seasonal scheduling and fruit processing technologies (Chapters 3–5, 8), and 

landscape management practices (e.g. fire regimes and translocation of economic 

botanical species) were likely to have been employed by Aboriginal groups to ensure 

the future availability of important botanical resources (fruit-bearing monsoon 

rainforest trees) across not only time—as evidenced in the macrobotanical archives 

by the continued use of these food plants—but also geographical space (Chapter 9). 

Further, collection of plant foods, carried out in groups (O’Dea et al. 1991), 

encompasses intangible aspects of social life such as reinforcing identity and group 

cohesion and fulfilling the vital role of passing on important ecological knowledge 

(Chapters 4 and 8). Since colonisation, ~65,000 years ago (Clarkson et al. 2017), 

persistent use of monsoon rainforest fruits through to recent times demonstrates 

botanical knowledge carried by early populations was successfully passed down 

intergenerationally. In the Kimberley, transmission of ecological knowledge over 

47,000 years, as demonstrated by this research, highlights the important role of 

Aboriginal oral traditions and the function that these perform in economy and society. 

This research draws attention to biases inherent in archaeological sampling. The 

biased nature of the archaeological record reflects the types of sites targeted by 

archaeologists in the Kimberley, namely caves and rockshelters, which provide the 

best possibility for locating stratified deposits with fine chronological resolution and 

well-preserved organic remains. However, caves and rockshelters are only a small 
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part of a much the wider pattern of landscape use and their occupation by Aboriginal 

groups is strongly associated with wet season (Scarlett 1985). Wet season 

occupations are indicated by the macrobotanical data, thus, the complete array of 

plants used throughout a yearly cycle are unlikely to be present in the macrobotanical 

archives recovered from caves and rockshelters. Instead this research documents one 

element of seasonal plant use, that relating to wet seasons. Aboriginal groups situated 

in open campsite locations during drier months of the year most likely produce 

archaeobotanical records very different from those analysed for this research, 

however, very few archaeological excavations in open-site contexts have been 

conducted in the Kimberley. Further archaeological research at open-sites is 

necessary to address this research bias and consider questions concerning the types 

of plants used by people in different environmental zones (e.g. floodplain, riparian, and 

savannah) and the types of plant processing activities that may occur in these 

locations. Knowledge on people’s plant use and movements in the wider landscape 

during the dry season is essential to examine how diet and subsistence observed from 

cave/rockshelter macrobotanical archives fits into overall subsistence organisation. 

It is probable that macrobotanical remains will not preserve in open-site contexts in 

the Kimberley—owing to exposure to physical elements and the wet/dry monsoonal 

regime—and plant use may only be identifiable through microbotanical analyses. As 

such, where preservation permits, coupled micro- and macrobotanical investigation is 

suggested to begin to develop a comprehensive picture of palaeoethnobotanical 

practices and, furthermore, to gain a better understanding of palaeoenvironment at a 

local scale. For this research, without coupled microbotanical analyses, it would have 

been erroneous to attempt to reconstruct the environment or to suggest human 

impacts on the environment as the majority of macrobotanical records reflect culturally 

biased sequences.  

Distinguishing anthropogenic and non-anthropogenic macrobotanical remains by 

considering source, seed dispersal mechanisms, rodent gnaw marks, site formation 

processes, and taphonomic factors is a core theme throughout this thesis (Chapters 

3–9), as has been my championing for the analysis of desiccated macrobotanical 

remains. My decision to analyse desiccated materials, which goes against conventions 

that discount desiccated materials as modern in origin (e.g. Keepax 1977; Minnis 

1981), proved extremely beneficial, by highlighting factors such as cultural aversion to 
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burning plant refuse and providing evidence for a long antiquity of fruit processing in 

the Kimberley, dating to 7,000 years ago (Chapter 5). In addition, Chapter 5 (see also 

Chapter 9 discussion) highlights the impact different modes of preservation (charred 

vs desiccated) have on what plant parts become preserved and how this, in turn, 

affects interpretation of archaeobotanical records. In the case of Riwi, the desiccated 

assemblage has meant that all diagnostic elements (whole fruits, whole and 

fragmented endocarps, and calyces) of Vitex cf. glabrata fruits are preserved making 

possible the identification of fruit processing in the archaeobotanical record from 

numerous fragile calyces that are unlikely to survive carbonisation. This research has 

also shown the importance of different modes of preservation in the calculation of 

minimum numbers of individuals (MNI) and although not explicitly stated in Chapter 5 

the preservation of V. glabrata calyces by desiccation is important, acting as an 

accurate diagnostic element with which to calculate the MNI of V. glabrata fruits, as 

each fruit has one calyx. 

The timing of fruit processing at Riwi, linked to higher levels of precipitation during the 

mid-Holocene, indicates a socio-economic technological change to incorporate, 

manage, and conserve seasonally abundant Vitex cf. glabrata fruits. Grindstone 

fragments recovered from the same cultural units suggest this stone technology may 

relate to fruit processing at the site. Fruit processing, food conservation, and 

associated storage techniques indicate innovative subsistence strategies were 

developed by Aboriginal people as a response to fruit abundance. While fruit 

processing is dated to the mid-Holocene at Riwi it is likely to have a much deeper 

antiquity. Archaeological evidence of plant collection and processing puts women’s 

activities in the spotlight and introduces women into a narrative they have largely been 

excluded from (e.g. Bowdler and Balme 2010; Hastorf 1998; Watson and Kennedy 

1991). Most importantly, this aspect of my research provides a cultural link between 

Aboriginal women today, who maintain the tradition of collection and processing 

activities, and their ancestors who performed similar tasks and societal roles several 

thousand years ago.  

It is hoped that findings from this research invigorate the Australian archaeological 

community to pursue more research questions that can only be answered through 

comprehensive archaeobotanical investigation. Macrobotanical remains are shown to 

preserve in different site types and environments across Australia (Table 1.1) and for 
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this reason archaeobotany should be high on the agenda of future archaeological 

investigations. While I strongly urge that systematic archaeobotanical investigation 

should be carried out in conjunction with all future archaeological projects in Australia, 

a priority of future research also worthy of consideration is the detailed re-examination 

and methodical analyses of legacy collections with known well-preserved 

macrobotanical remains (e.g. Ken’s Cave, QLD and Kongarati Cave, SA). Where 

macrobotanical material previously underwent only cursory investigation, producing 

very general observations, further analysis is important to identify anthropogenic from 

non-anthropogenic materials to establish the cultural use of plants, the types of plants 

and vegetative environments exploited, and to clarify if and/or how plant use may have 

changed over time. By working with previously excavated materials and revisiting 

macrobotanical assemblages (e.g. Carpenter’s Gap 1 and Widgingarri Shelters 1 and 

2) this research has shown beneficial research outcomes can be achieved. In 

particular, correcting underestimates of macrobotanical remains, assigning higher 

level taxonomic identifications, correcting taxonomic misidentifications, and improving 

interpretations on economic use, subsistence systems, and seasonal scheduling of 

botanical resources (Chapters 3 and 9). Furthermore, the identification of plant species 

selected for the manufacture of plant-based technologies has provided information on 

people’s wood selection criteria, landscape use, and resource management strategies 

(Langley et al. 2016, 2019; Whitau et al. 2016, Appendix B). 

Finally, to explore Aboriginal plant use using archaeological evidence we must engage 

closely with Traditional Owners—the local experts in both contemporary and traditional 

ecological knowledge. Collaboration and partnership with Aboriginal Traditional 

Owners is the only way the archaeological community can begin to understand plant 

use in the past. Chapters 5 and 8 highlight the mutual benefits that can be gained from 

learning about plant use with Traditional Owners and the reciprocal nature of 

information exchange by returning information pertaining to plant use in the past as 

shown archaeologically. From engagement with Aboriginal Traditional Owners, 

together, we can develop inclusive archaeological interpretations and narratives that 

greatly benefit our knowledge and understanding of plant use, plant resource 

management, women activities, landscape use, changing subsistence strategies, and 

responses to environmental change while teaching us how archaeobotanical records 
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might be better observed and interpreted in a way that has meaningful outcomes for 

local Aboriginal groups. 
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University of Western Australia Doctor of Philosophy Rules 

<https://handbooks.uwa.edu.au/course-rules#code-00810-00860-00870-01820-

01830-01840-01850> 

Content and format of a thesis 

39. A thesis must be in English unless the Board has approved otherwise. 

40.(1) Material that has been presented for a degree in this or another university must 

not be submitted as a student's thesis but, if clearly indicated, may be incorporated in 

it. 

(2) The sources from which a student's information is derived, the extent to which the 

work of others has been used and to which the assistance of individuals, associations 

or institutions has been obtained, must be acknowledged generally in a preface or 

introduction, specifically in notes, a bibliography or appendices, and must be, 

throughout the thesis, shown clearly and fully by appropriate references. 

(3) The portion of material presented for examination claimed as original must be 

indicated in the thesis. 

41.(1)(a) A thesis may be presented in the form of a typescript, a published book or a 

paper or series of papers which have been published in refereed journals. 

(b) A typescript may be structured in any of a range of ways, including, but not limited 

to: a monograph; a paper or series of papers suitable for publication in scholarly 

journals; or a combination of published and unpublished work. 

(c) Work that has been published may be presented in the format in which it was 

published or with the formatting adjusted for consistency with the rest of the typescript. 

(2) If any of the items submitted in terms of (1) have been jointly authored— 

(a) the work done by the student must be clearly indicated and certified as such by the 

co-authors; and 

(b) the co-authors must certify that they agree to the inclusion in the thesis of work of 

which they are joint authors. 
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(3) Work of which the student is sole or joint author may be submitted as an appendix

in support of the thesis, but, in the case of joint authorship, the work done by the

student must be clearly indicated.

(4) If a series of papers is presented, there must be a full explanatory introduction and

a review article at the end to link the separate papers and to place them in the context

of the established body of knowledge.

(5) If detailed data and descriptions of methods are not otherwise given, they must be

included as appendices.

(6) If, with the approval of the Board, the thesis is presented as a typescript in two

parts comprising respectively a piece of creative writing and exegesis, the two parts

must be strongly connected and the connection must be demonstrated clearly in the

exegesis.

42. A thesis must include a summary of approximately 250 words.

43.(1) If a thesis is in typescript it must be typed on A4 size paper (30cm x 21cm) with 

a margin of 4cm on the left-hand side of the page. 
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(3) No specific restrictions are placed on the size of drawings or maps accompanying

a thesis.

Word limits 

44.(1) A thesis for the degree of Doctor of Philosophy, including footnotes but 

excluding words in tables, maps, endnotes, bibliographies, appendices and other 
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Graduate Research Coordinator/head of school concerned judges that there are good 
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ABSTRACT

Aboriginal people occupied Riwi, a limestone cave in the south-central Kimberley region at the edge of the Great Sandy Desert of Western
Australia, from about 46000 years ago through to the historical period. The cultural materials recovered from the Riwi excavations provide
evidence of intermittent site use, especially in climatically wet periods. Changes in hunting patterns and in hearth-making practices about
34000 years ago appear to accompany a change to drought resistant vegetation in the site surrounds. Occupation during the Last Glacial
Maximum highlights variation in aridity trends in the broader environmental record. The most intensive use of the cave was during a wet
period in the early to middle Holocene, when people appear to have received marine shell beads from the coast through social networks.
While there is less evidence for late Holocene occupation, this probably reflects deposition processes rather than an absence of occupation.

Keywords: Kimberley archaeology, Pleistocene, Holocene, Last Glacial Maximum variation, intra-site variation

RÉSUMÉ

Les fouilles archéologiques de Riwi, une grotte karstique au sud du Kimberley (région située à la lisière nord du Great Sandy Désert en
Australie-Occidentale) ont permis de mettre en évidence des traces d’occupation aborigène datées entre 46000 ans jusqu’à la période
historique. Le matériel découvert et les analyses paléoenvironnementales démontrent une utilisation intermittente du site, avec une
préférence pour les périodes humides. Autour de 34000 ans, on observe un changement des pratiques liées à la chasse et la construction de
foyers associé à l’expansion d’une végétation xérophile (adaptée à la sécheresse). La présence de niveaux datés du dernier maximum
glaciaire démontre une fois de plus qu’il existe une grande variabilité au sein même des enregistrements environnementaux datés de cette
époque. La période d’occupation la plus intense se situe durant une période humide au début de l’Holocène moyen au cours de laquelle on
observe aussi des échanges culturels de longues distances mis en évidence par la présence de perles de coquillages marins provenant de
régions costales. L’occupation datant de l’Holocène tardif est discrète, probablement due à un changement de dynamique sédimentaire
dans la grotte.

Mots-clés: archéologie du Kimberley, Pléistocène, Holocène, Dernier Maximum Glaciaire variabilité, stratigraphique
intra-site
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INTRODUCTION

Riwi, a limestone cave situated on Gooniyandi traditional
lands in the south-central Kimberley region of Western
Australia (Figure 1), contains evidence for human
occupation from about 46.4–44.6 kya calBP to the present
(Wood et al. 2016). A single 1 m2 test excavated in 1999
(Balme 2000) was extended in 2013 as part of the
“Lifeways of the First Australians” project’ in order to test

whether the chronological sequence obtained from the 1999
test trench could be extended and to obtain a larger sample
of Pleistocene cultural materials. The site is important
because of its fine resolution dating spanning a long time
period, and the variety of archaeological materials that it
preserves, including scaphopod beads (Balme & Morse
2006; Balme & O’Connor 2017; Balme et al. 2018), wood
charcoal (Whitau et al. 2017), wooden artefacts (Langley
et al. 2016; Whitau et al. 2016) and macrobotanic remains
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36 Long-term occupation at Riwi Cave in the southern Kimberley

Figure 1. The Kimberley region of north-west Australia, showing the position of Riwi and other places mentioned in the
text.

(Dilkes-Hall 2014). Its location on the edge of the Great
Sandy Desert (Figure 1) provides an opportunity to examine
responses to environmental change. In particular, the effect
of Last Glacial Maximum (LGM) aridity on desert
populations has been a much debated topic in Australian
archaeology (Veth 2005; Veth et al. 2008, 2009, 2014,
2017a), with suggestions that discontinuities in cultural
evidence at lowland arid sites reflect population
reconfigurations in these areas. Given Riwi’s location on the
edge of the desert and the absence of permanent water in
the immediate region, it might be expected that during the
LGM aridity, there could have been a reduction in
frequency or intensity of occupation and changes in
economic resource use at Riwi. In this paper, we present the
archaeological evidence from Riwi in its environmental
context over time. The fine-resolution chronological
sequence, based on optically stimulated luminescence and
radiocarbon dating, has been published elsewhere (Wood
et al. 2016). Here, we focus our discussions on the
unpublished cultural remains recovered during 2013.

REGIONAL ENVIRONMENTAL RECORDS

The south-central Kimberley where Riwi lies is within the
500 mm isohyet of the Australian summer monsoon. At the
time that the site was first occupied by people, the climate
was more humid than today. The evidence for this humidity
derives from interpretation of sediments within the
monsoon influenced arid zone in the Gregory Basin to the
south-east (Fitzsimmons et al. 2013; Veth et al. 2009) and
pollen records from deep-sea core Fr10/95-GC17, collected
offshore from Cape Range peninsula (De Deckker et al.
2014; van der Kaars & De Deckker 2002; van der Kaars
et al. 2006).

Between about 40 and 30 kya, the climate is generally
characterised by humid conditions (Fitzsimmons et al.
2013), although from about 32 kya conditions appear to
have become cooler and drier, as indicated by a variety of
palaeoenvironmental records in northern Australia (Reeves
et al. 2013), intermittent dune building in the Gregory
Lakes area (Figure 1) (Fitzsimmons et al. 2013) and in the
pollen records from the offshore Cape Range peninsula core
(van der Kaars & De Deckker 2002).

The LGM from 22000 to 18000 BP (Ishiwa et al. 2015)
is generally considered to be the coolest and driest period of
human occupation with, for example, van der Kaars et al.
(2006) suggesting that the driest phase occurred between 33
and 20 kya – with virtually no summer rain – and
Fitzsimmons et al. (2013) suggesting that lakes and rivers
in the Gregory Lakes area experienced lower levels and
reduced flow respectively, as a result of an absence of the
monsoon in northern Australia. However, a stalagmite
record from Ball Gown Cave, about 175 km to the
north-west of Riwi (Figure 1), suggests an active monsoon
across the western Kimberley during the LGM between 24
and 20 kya (Denniston et al. 2013a).

From about 14 kya, evidence from the area suggests
greater moisture. This evidence includes higher than present
lacustrine deposits at Lake Paraku at �14 kya BP (Wyrwol
& Miller 2001), speleothem evidence from Ball Gown Cave
from 13 kya calBP (Denniston et al. 2013a), and pollen and
microcharcoal records from Black Springs (Field et al.
2017), a mound spring about 300 km to the north of Riwi.

The evidence from Black Springs shows a particularly
wet period between 8.5 and 7 kya (Field et al. 2017: 13).
Other evidence for a wet period at that time derives from
the KNI-51 speleothem record in the north-east Kimberley,
which indicates the greatest precipitation between �9 and
7 kya calBP (Denniston et al. 2013b). In addition, offshore
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Figure 2. Riwi in its environmental setting, from the
south-west.

pollen records also indicate a thermal maximum at 8 kya
calBP and peak precipitation between 7 and 6 kya calBP
(van der Kaars et al. 2006).

THE SITE AND EXCAVATIONS

Riwi is located on the west side of the South Lawford
Range, within a valley through which an ephemeral creek
flows during the wet season. Skeletal soils within the valley
support low scattered trees and spinifex (Figure 2). The
two-chambered cave is cut deep and high into the Devonian
limestone range. The floor of the cave covers about 146 m2

(Figure 3) and gently slopes towards the entrance. A small
washway on the north-west side of the first chamber
indicates water movement within the cave during the wet
season.

The 1999 trench (Square 1) was excavated by Balme
with Gooniyandi elders about 9 m inside the drip-line
(Figure 3) to a depth of 50 cm in three of its four 50 cm2

quadrants and to about 105 cm in the remaining quadrant,
where it reached bedrock. Radiocarbon age estimates
obtained on charcoal from that excavation demonstrated
that occupation spanned over 40000 years, but with a
discontinuity between 35 kya calBP and 7 kya calBP
(Balme 2000). In August 2012, we returned to Riwi with
Zenobia Jacobs to empty Square 1 and take samples for
OSL dating from its eastern section. Once sampling was
complete, the trench was refilled and in August of the
following year we again returned to the site to conduct
further excavations. Square 1 was emptied and the
excavation in the remaining three quadrants was continued
to bedrock. Three more 1 m2 trenches were excavated to
bedrock: Squares 3 and 4, adjoining Square 1, and Square
5, just inside the drip-line of the cave (Figure 3).

Figure 3. (a) A plan of the cave floor, showing the
positions of trenches excavated in 1999 and 2013. (b) A
section through the cave (after Vannieuwenhuyse 2016).
[Colour figure can be viewed at wileyonlinelibrary.com]

Excavation techniques
The 1999 and 2013 excavation techniques differed. In 1999,
excavation was carried out in 5–10 cm excavation units
(XUs) (except where guided by changes in stratigraphy). In
the upper part of the deposit, the XUs averaged �5 cm,
whereas in the lower deposits where little or no cultural
material was encountered, the XU thicknesses were greater.
All excavated deposit was dry sieved at the site using nested
6 mm and 2 mm sieves. In 2013, excavation was carried out
in 2 cm XUs (although the deepest four XUs in the sterile
part of the deposit were slightly thicker, at �5 cm) and a
5 mm and 1.5 mm sieve set was used for screening.
Because it was difficult to identify some stratigraphic
changes during excavation, especially in the upper part of
the deposit, the XUs were horizontal and this has resulted in
some XUs cross-cutting stratigraphic layers, particularly in
the Holocene part of the deposit and where a remnant area
of LGM deposits occurs in Square 3.

STRATIGRAPHY AND THE CHRONOLOGICAL
SEQUENCE

As Figure 4a,b shows, there are some stratigraphic changes
visible in the profiles of Squares 1, 3 and 4 and, on the basis
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Figure 4. Excavation sections (after Vannieuwenhuyse 2016) with the positions of 14C dates: (a) Square 1, east wall
and Square 4, south and east walls; (b) Square 3; and (c) Square 5.
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of these, 12 stratigraphic units (SUs) were identified
(Vannieuwenhuyse 2016; Wood et al. 2016). The sediments
of SUs 12–3 (120 cm to approximately 20 cm below the
surface) are dominated by brown sediments and
interspersed with hearths. SU 2 and SU 1 unconformably
overlie SU 3 and their grey appearance results from the
high proportion of ash (Vannieuwenhuyse 2016).

Square 5 is about 67 cm deep. Four SUs were identified
in this square on the basis of textural and colour changes
(Figure 4c).

The results of the radiocarbon and OSL dating of
Squares 1, 3 and 4 demonstrate an excellent agreement
between the two techniques (Wood et al. 2016). The
modelled dates for each of the stratigraphic units are
summarised in Table 1. In summary, deposition began about
50 kya, with the earliest clear evidence for first human
occupation being a hearth at the top of SU 12 with a
modelled date of 46.4–44.6 kya calBP (95.4% probability
range) (Wood et al. 2016: 17) (Figure 4a,b). Sedimentation
was rapid between the top of SUs 12–4, with around 0.5 m
of sediment deposited between 16.8–13.8 kya calBP (68.2%
probability). After this relatively continuous sedimentation,
three hiatuses interspersed with short, discrete pulses in
sedimentation occur at c.32 kya calBP (SU 4), c.25 kya
calBP (SU 3) and c.7 kya calBP (SU 2).

The causes of these hiatuses probably vary, but the slope
of the sediments and the presence of a water channel within
the cave today suggest that water run-off may be the major
cause of erosion. Higher precipitation between 24 and
20 kya, and especially between about 9 and 7 kya, most
probably accounts for sediment removal, producing the first
two hiatuses. The contact between the Pleistocene and
Holocene layers is particularly sharp, suggesting
high-energy erosion consistent with this interpretation.
Secondary formation of gypsum, particularly visible in the
upper Pleistocene deposits between SUs 10 and 4, suggests
that some moisture has penetrated the sequence and this
could have well occurred at the time of the erosion event
about 7 kya.

Vannieuwenhuyse (2016: 167) has suggested that the
reduced rate of deposition in the sequence from about
34 kya, after which only pulses of sediment are present
(such as at 31 kya and the remnant hearth feature dating to
the LGM within SU 3 in the south-east corner of Square 3)
might indicate that the cave has reached its maximum
potential to hold sediment unless erosion occurred. Once
the high-energy erosion event occurred before 7 kya, it was
possible for more sediments to accumulate, but this perhaps
reached its maximum capacity quickly. This might explain
the absence of sediments after that time, requiring further
erosion before the small amount of cultural deposit
representing the past 1000 years could accumulate.

Since the publication of Wood et al. (2016), we have
received radiocarbon results on charcoal from Square 5 that
provide confirmatory evidence of the occupation of the site
during the LGM (Figure 4c and Table 2). The charcoal for
four of these dates was removed in situ from hearth
deposits. The remaining date was on charcoal recovered

from XU 7 sieve residue. XU 7 is at the top of SU 4, and we
were hoping to be able to date the red sediments of SU 4,
where no charcoal was otherwise present. However, the
radiocarbon results suggest that the sieve sample may, in
fact, derive from SU 3. The colour and texture of SU 4 are
similar to those of the Pleistocene sediments in the other
squares. A sixth radiocarbon date from Square 5 (S-ANU
50032), obtained on a scaphopod bead, produced a date of
6898 ± 40 (7792–7600 calBP). This bead was recovered
from SU 1 and is not included in the discussion of the
square’s chronology as it may have been recycled from
older deposits elsewhere in the site or from sites elsewhere.

The radiocarbon dates on charcoal indicate a hiatus
between about 20 and 2.6 kya calBP in Square 5. The
difference between the sequence at the entrance of the cave
and those of the squares inside of the cave no doubt reflects
greater sediment loss near the entrance and closer to the
drip-line. It is also in the area of main access trampling by
people and other animals.

DEPOSITIONAL PROCESSES

Vannieuwenhuyse (2016) described and analysed the
sedimentary sequence including the sediment
micromorphology of the site. In summary, the bulk of the
sediment is dominated by geogenic sediment during the
Pleistocene and anthropogenic and biogenic inputs during
the Holocene.

The particle size distribution of the sediment suggests
two different sources of the sands: well-sorted very fine
(63–125 μm) subangular sands and coarser (250 μm –
2 mm), generally rounder sands. The coarser sands derive
from in situ chemical weathering and physical breakdown
of calcareous sandstone cave walls and bedrock. These
sands are particularly prevalent in the bottom of the
sequence, where they represent about 25% of the under
2 mm fraction in SU 12, 10–20% in strong brown reddish
layers (SUs 11, 10, 7 and 5), 30% in SU 8 and between 10%
and 15% of the Holocene layers (SUs 2 and 1).

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. This suggests medium-energy water
discharge through Riwi during the early phase of its
depositional history and is consistent with the regional
palaeoclimate evidence.

The bulk of the Pleistocene sediment is composed of
well-sorted very fine quartz sands (63–125 μm), with
proportions varying from 65% to 90% of the fraction <

2 mm, which is characteristic of aeolian deposits (Cooke
et al. 2006; Goldberg & MacPhail 2005: 120–30). The
subangular shape of these grains suggests that they have not
been transported over a long distance. In addition, most of
the grains are partially coated with a thin film of orange
haematitic clay, which is a very common characteristic of
Australian desert sands (Mabbutt 1988: 363). Thus aeolian
reworking of exogenous material from local dunes seems to
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Table 1. The stratigraphic unit boundaries and the time periods represented (95.4% probability range) as per the Bayesian
analysis of radiocarbon dates for SUs 1–11 and the OSL modelled dates for SU 12 (after Wood et al. 2016, S4 and S5).

Modelled boundary start date (calBP) Modelled boundary end date (calBP)

Stratigraphic unit From To From To

1 2530 700 660 –580
2 7685 7195 7155 5585
3 29140 20440 20570 16470
4 32800 30930 31390 24690
5 33710 31790 33330 31230
6 34920 33850 33970 32830
7 37670 35590 36040 34130
8 38430 36620 38130 36010
9 39590 37790 38600 37360

10 44060 40490 41530 38130
11 45420 43900 45080 42110
12 45860 44500
12 OSL 50860 46020 45250 42510

Table 2. Radiocarbon dates for Square 5. The radiocarbon dates have been calibrated against SHCal13 (Hogg et al.2013)
in OxCal v.4.3 (Bronk Ramsey 2009).

Stratigraphic unit Depth below surface (cm) Laboratory code Radiocarbon age Calibrated date (95% probability)

1 4 S-ANU 50127 2560 ± 30 2746–2486 (95%)
2476–2471 (0.4%)

2 15 S-ANU 50128 18513 ± 82 22539–22070
3 21 S-ANU 50129 17306 ± 74 21064–20585
3 27 WK-45947 20997 ± 101 24592–25012
3 30 WK-45948 16153 ± 62 19633–19225
3/4 29–32 WK-45949 21082 ± 104 25656–25119

be the main agent of deposition within Riwi during the
Pleistocene. There is no dune system in the direct vicinity
of the cave today, but its position on the edge of the Great
Sandy Desert and the presence of linear dunes less than
15 km to the south of the cave indicate probable sources of
the sediments.

EVIDENCE FOR HUMAN OCCUPATION

In addition to the rock art on the walls, evidence for human
occupation in Riwi includes artefacts of stone and organic
materials, fauna and plant remains, pigment and hearths.
The distribution of the most common types of evidence
(charcoal, stone artefacts, macrobotanical remains and
bone, as well as pigment), for Squares 3, 4 and 5 is shown
in Figure 5. These distributions vary but there are some
clear patterns visible. First, unsurprisingly, the Holocene
part of the deposit contains the greatest diversity and
quantities of archaeological evidence. Second, apart from
bone, the organic materials have a unimodal distribution
and are largely confined to the Holocene part of the deposit.
In addition to the organic materials shown in Figure 5, all of
the wood shavings, string and hair were recovered from the
top SUs in all squares. This no doubt reflects the greater
alkalinity and younger age of these units as the average pH

of SUs 1–8 is 9, while the SUs below SU 8 range from pH 8
to pH 7.5. Most of the remaining types of evidence have a
bimodal distribution with a large peak in the Holocene
sediments and a second, smaller peak towards the base of
the deposit between about SUs 9–11; that is, between about
38 and 46 kya. The distribution of hearths (Figure 4) is
more even, although the thick ashy layer across the deposit
in SU 2 probably represents several superimposed
combustion events (Whitau et al. 2017) and so might
suggest a Holocene peak in hearth making associated with
the peaks in other materials.

Stone artefacts
A total of 2710 flaked stone artefacts were recovered from
Squares 3, 4 and 5 (see Section S1 of the online Supporting
Information). Following Hiscock (2002), the artefact counts
presented in Section S1 of the online Supporting
Information include the minimum number of flakes, which
provides an additional measure of discard rates, free from
the bias created by artefact fragmentation. Figure 6
demonstrates that the minimum number of flakes for each
XU is consistent with the total number of artefacts
discarded throughout each square. The minimum number of
artefacts is particularly useful for the Riwi assemblage, as a
notable number of heat-shattered fragments (pieces with
varied degrees of crazing, crenulations and pot-lidding,
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Figure 5. The distribution of quantities of archaeological materials per cubic metre of sediment excavated from Squares 3, 4
and 5 at Riwi. Stone artefacts and pigment fragments are measured as frequency per cubic metre and other materials by mass.
The materials in each column are organised according to scale similarities.
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Figure 6. Artefact frequencies for Squares 3, 4 and 5,
including the total number of artefacts, minimum number
of flakes and artefacts per cubic metre. [Colour figure can
be viewed at wileyonlinelibrary.com]

which cannot be attributed to other artefact classes), are
present throughout each square (Square 3, n = 12, 5.6%;
Square 4, n = 43, 12%; Square 5, n = 165, 8%). Together
with the recovery of pot lids, the heat-shattered pieces
indicate that artefacts were affected by heat while within the
shelter. Flakes and cores also display consistent signs of
heat throughout the sequence in each square, with no
obvious change over time in the deeper squares (Square 3,
n = 25, 11%; Square 4, n = 58, 16%; Square 5, n = 209,
10%). This is no surprise given the number of hearth
features, although the distribution of heat signals across all
artefact categories probably rules out deliberate heat
treatment of the stone.

Despite the low numbers of artefacts per XU in Squares
3 and 4, the discard trends depicted in Figure 6 suggest a
bimodal peak. In Square 4, this trend is most pronounced
between XUs 38–29 and 9–5, with the former discard
occurring during the Pleistocene, and the latter deriving
from two distinct Holocene units towards the surface of the
deposit, around 7 kya calBP and 1 kya calBP (Figure 5).
Comparison between these two peaks reveals no change in
raw material procurement, as measured by the number of
raw material types (χ = 246.000, p = 0.381), or in flake
morphology, as measured by percussion length using a
Mann–Whitney test (Z = –0.745, p = 0.456), width (Z =
–0.136, p = 0.892) or mass (Z = –0.331, p = 0.741).
Adjusting artefact densities per unit of excavated sediment
volume in these squares, the lower-discard trend is slightly
less pronounced (Figure 6).

No morphological change was identified in the artefact
sequences of Squares 3 and 4 throughout the sequence,

suggesting a stable system of flake production with little
technological change. There are few retouched flakes (n =
8) in the Pleistocene units, although the presence of
concentrated step fractures �1 mm with pronounced
marginal rounding (Square 3, n = 10; Square 4, n = 13)
suggests that the margins of morphologically varied flakes
were frequently utilised. A single tula adze recovered from
Square 4 derives from XU 7 in SU 1, dated to between
c.2.5–0.6 kya calBP. Core reduction (n = 21) displays no
obvious change throughout the sequence, with
unidirectional, multidirectional and bipolar cores
throughout. Core morphology is varied, with between one
and four rotations, and 7–23 scars at discard.

Artefacts recovered in Square 5 suggest some
technological difference from the squares within the shelter.
First, the Square 5 assemblage contains proportionately
more retouched flakes (n = 17), retouched flake fragments
(n = 5) and utilised flakes (n = 76), suggesting greater
technological diversity towards the front of the shelter. Of
the retouched flakes, six tula adzes and five stone points
were recovered (Figure 7).

Tula adzes are recognised by their high width-to-length
ratio, a prominent bulb of percussion, a relatively wide
gull-wing platform and characteristically steep retouch
(Figure 7d-h) (Hiscock & Veth 1991: 333–4). A range of
retouch intensities are evident in the discarded tulas from
Square 5, with some rotated multiple times (Figure 7g), and
others retouched from the ventral surface until the bulb is
obliterated (Figure 7h), resembling what is often referred to
as a tula adze slug (Hiscock & Veth 1991: 339). Four of the
tulas were from units above charcoal dated to 2745–2470
calBP 95.4% (S-ANU50127). Two other tulas were
recovered from units associated with LGM dates (XUs 6
and 8). We attempted to directly date resin adhering to one
of these (Figure 7e) but were unsuccessful, as the samples
did not survive pre-treatment. We suggest that the shallow,
loosely compacted sediments in Square 5, coupled with
high treadage in this zone of the cave, most probably
resulted in vertical downward movement of these artefacts.
This proposition is supported by univariate, general linear
model tests (F = 0.961, df = 1, p = 0.614; rs = 0.034). A
single bifacial preform, a production stage of Kimberley
points (similar to Moore 2015: 926), was recovered from
XU 2 in this same square. The other reported points (n = 4)
were recovered in lower units and reduced from flakes, with
a diversity of unifacial and bifacial retouch. One of these
(Figure 7a) retains the steep-angled bipolar retouch,
identified by Maloney and O’Connor (2014) as backed
Kimberley points.

Comparison between the lithic assemblages of Square 5
and the inner two squares using a Mann–Whitney test,
reveals significant differences in percussion length (Square
5 vs. 4, Z = –1.892, p = 0.05; Square 5 vs. 3, Z = –3.270,
p = 0.001), further suggesting that flakes are typically
larger towards the front of the shelter. Other measures of
reduction such as flake cortex, measured as primary,
secondary and tertiary, display no significant change
throughout the sequence in the deepest squares (Square 3,
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Figure 7. Retouched flakes from Riwi. (a) A chert unifacial point, with a steep retouched edge angle �90° and some
crushing on the opposite dorsal ridge, similar to backed points described by Maloney and O’Connor (2014). (b) A quartzite
adze tula with unifacial retouch. (c) A red chert retouched flake with steep, tula-like retouch along the left ventral margin. (d)
A fine-grained sedimentary adze tula with very light retouch. (e) A chalcedony adze tula showing multiple rotations and
traces of hafting resin: attempts at dating the resin failed to survive pre-treatment. (f) A red chert retouched flake fragment,
showing crazing. (g) A chalcedony adze tula reducing close to the bulb. (h) A mottled brown chert adze tula reduced close to
the bulb. Scale bar 10 mm.

Z = –0.085, p = 0.932; Square 4, Z = –1.492, p = 0.163).
The ratio of flakes to cores is high throughout (see Section
S1 of the online Supporting Information), which may
indicate that cores were frequently transported away from
the site.

Chert and chalcedony are the main raw materials, with
little variation through time and across the squares. In the
immediate vicinity of the site, and at several locales within
3 km, there are multiple chert seam outcrops emerging from
skeletal soils. Macroscopically, these resemble the artefacts
recovered from within the shelter. Flakes made on volcanic
material are present in Square 3 (n = 2) and Square 4 (n =
17), including two from Pleistocene layers, although none
of these have evidence for ground-edge axe maintenance as
has been found at other early sites in the region (Hiscock
et al. 2016; O’Connor et al. 2014). The inclusion of small
amounts of silcrete, crystal quartz, agate and quartzite are
most notable in the artefact peaks of Square 3, yet across
the whole site make up less than 8% of exploited stone.

The flakes from the LGM units preserved in Square 3
(XUs 5, 4 and 3 in Quadrant D), display no morphological
difference with surrounding units in flake percussion length
(n = 22, χ2 = 112.000, df = 108, p = 0.377) or mass (n =
48, χ = 131.968, df = 138, p = 0.629), which suggests that
no significant technological change accompanied this

period. While there is a high probability of vertical
movement within the upper units of Square 5, markedly
fewer artefacts were recovered below XU 6 than in the
upper units in this square, suggesting that during the LGM,
artefacts were less frequently used or at least discarded,
than during the late Holocene occupation.

Organic artefacts
Organic artefacts recovered from Riwi include shell beads,
four wooden artefacts, wood shavings, twisted fibre
fragments, spinifex that has been used to encase edible
freshwater shell and bone artefacts. All of these derive from
Holocene deposits. Previous suggestions that the beads
recovered from Square 1 may be Pleistocene (Balme &
Morse 2006) were based on their stratigraphic position
within Pleistocene sediments. However, a direct date on one
of these was assayed at 7644–7459 calBP (Balme &
O’Connor 2017: 10; Balme et al. 2018: 263), suggesting
that it is likely that all of the Riwi beads date to the early
Holocene, and that the Square 1 beads may have been
moved downwards into the immediately underlying
Pleistocene sediments.

One of the wooden objects, dating to about 700 years
ago, has been interpreted as a fragment of boomerang
(Langley et al. 2016). A second wooden object is
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interpreted as the negative part of a fire drill (Whitau et al.
2016). The material from which the former object was
made was identified as Grevillea/Hakea sp., while the latter
object was made from Lamiaceae (Whitau et al. 2016). The
remaining two wooden objects are sticks from Square 5,
XUs 6 and 7. One end of each stick is burnt and flattened
slightly and the shafts have been decorated with white dots.
The shape and flattened end of these objects are similar to
several fire drills collected in the early twentieth century
and now held at the Western Australian Museum (e.g.
E9406 and A848) and so they have been tentatively
identified as fragments of fire drills. The abundant wood
shavings found in the Holocene deposits in all squares
indicate that wooden artefacts were made inside the cave.

Nine fragments of twisted fibre have been recovered
from the site – all from Holocene contexts. Two fragments
are made from human hair, one from Square 3, XU 3 and
one from Square 4, XU 6. The remaining seven fibre
fragments are two-ply and made from plant material. Five
of these come from the XUs 2 and 3 in Square 5, but at least
two separate twines appear to be represented, as two
fragments are much thicker than the other three. One of
these fragments has a knot joining two pieces. The
remaining two fibre fragments come from Square 4, XU 6
and Square 3, XU 4.

Spinifex and clay used to wrap freshwater shellfish
(Lortiella froggatti) found in the Holocene deposits of
Square 1 provide evidence of a use for spinifex not
previously recorded in archaeological contexts.

Pigment
Small amounts of orange and red ochre (total 108 g) are
consistently found throughout the deposit from XU 11
(Figure 5). Although no grinding surfaces were noted, its
distribution closely matches the distribution of other
archaeological materials from the site.

Animal bones
Variation in the distribution of quantities of animal bone
from all squares closely matches the distribution of other
archaeological material (Figure 5). Apart from the small
number of remains below XU 31 and the pronounced
concentration of remains in XUs 5–10 of Square 3, the
stratigraphic distribution of 5 mm bone in Squares 3 and 4
match reasonably well. Square 3 has a more strongly
differentiated stratigraphic pattern in bone quantities
(Figure 5), with a huge spike in 5 mm bone quantities
between XUs 5 and 10, where hearth features F2, F4, F5
and F8 have been identified (Whitau et al. 2017). Below
XU 10, there are three lesser peaks centred on XUs 16–18,
XUs 22–24 and XUs 27–30 that contain hearths and
correspond to a similar distribution of other archaeological
materials (Figure 5).

A preliminary analysis of the animal bones recovered
from the 5 mm sieve of Square 3 was undertaken by
inspecting each bone for taphonomic markers, such as chew
marks, analysing variations in the degree of burning as a
measure of preservation and taxonomic identification. The

bones and teeth are relatively well preserved throughout.
Some of the bone from the uppermost levels of the site
(XUs 2–6 of Square 3) has adhering faecal material, often
with embedded animal hairs and with rounded edges,
suggesting that these fragments have passed through a
carnivore’s gut (Gifford-Gonzales 2018: 237-8). The most
likely responsible carnivore is the dingo, either in direct
association with human visitors to the site, or as feral
animals visiting the site when it was not in human use.

Evidence of burning provides insights into the extent to
which post-depositional degradation has affected the faunal
assemblage and, where degradation is not supported by the
condition of bone fragments, variation in burning
composition can also provide insights into aspects of human
behaviour such as cooking and disposal practices (Aplin
et al. 2016). The bone from Square 3 were categorised by
burning condition using a three-stage system developed by
Aplin et al. (2016): unburnt – with no or little heat
modification; burnt – charred, carbonised and partially
calcined; calcined – most of the fragment fully calcined.
Remains from the lower levels of Riwi are darkly stained,
presumably by manganese oxide, and this sometimes blurs
the distinction between unburnt and burnt bone. In such
cases, only the most compelling examples were classified as
burnt.

The burning composition varies through the stratigraphic
profile (Figure 8). These variations do not appear to reflect
differential preservation of bone according to its state, as
none of the unburnt remains display the characteristic
surface alterations typical of microbial degradation (Aplin
et al. 2016: 702). Instead, the variation in burning
composition most probably reflects variation in human
behaviour through time or across the site, especially the
concentration of calcined bone in the upper part of the
deposit, where the most hearth evidence is found (Whitau
et al. 2017).

Every bone from Square 3 was then closely examined
for taxonomically assignable remains such as teeth,
fragments of cranium, pelvic and pectoral girdles, bones of
the hand and foot, and the articular ends of all limb
elements. Taxonomic identifications were made only at a
relatively coarse level, usually to family or genus in the case
of reptiles and mammals, with additional size categories
employed where appropriate. The taxonomic composition is
provisionally quantified by numbers of identified specimens
(NISPs). The “unidentified” fraction of each sample
consists primarily of bone fragments derived from medium-
to large-sized mammals, including small pieces of long
bone shaft, and fragments of vertebrae and ribs. It probably
also contains a smaller representation of highly fragmentary
reptile and bird bones.

The taxonomic identifications are provided as Section S2
of the online Supporting Information and are summarised
in Figure 9. Four main groups of vertebrates make up the
bulk of the Riwi assemblage. These are macropodids
(wallabies and kangaroos), other smaller mammals (such as
bandicoots, rat kangaroos, possums, rats and flying foxes),
reptiles of various kinds and birds. In terms of
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Figure 8. The burning composition of the 5 mm bone fraction through the stratigraphic profile in Square 3 of Riwi.

palaeoecological interpretation, it is clear that the fauna
contains a mix of taxa associated with three main habitats:
tropical savannah, sandy desert and rocky hillsides/gorges.
There is no evidence for the presence of extinct megafaunal
macropodids, such as species of Sthenurus or Protemnodon,
and none of the Macropus dental remains are obviously
outside of the ranges of contemporary populations.

The distribution of the macropodid remains is shown in
Figure 10, in which the remains have been provisionally
scored according to four size categories:

� small (e.g. species of Lagorchestes, Onychogalea or
Petrogale);

� medium (probably agile wallaby, Macropus agilis);
� medium to large (possibly some agile wallaby, some

wallaroo [M. robustus]);

� large (probably red kangaroo [M. rufus] and/or antilopine
kangaroo [M. antilopinus]).

The proportion of macropodid remains in each size
category shows several shifts and trends through the
stratigraphic profile (Figure 10). The major contrast
distinguishes XUs 2–10, covering the periods c.34–31 kya
calBP and c.7–0.6 kya calBP) from all lower spits – the
upper levels are dominated by large kangaroo remains,
whereas the lower levels have larger numbers of small
wallabies of various kinds, along with a significant
representation of a medium-sized wallaby (most likely the
tropical savannah inhabitant M. agilis). The lowermost part
of the sequence also features a higher proportional
representation of large macropodid remains, with small
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Figure 9. The broad taxonomic composition of the 5 mm bone fraction through the stratigraphic profile in Square 3 of Riwi.

macropodid remains gradually becoming more prevalent
and reaching peak levels in XUs 11–13.

Other medium-sized species identified include a burnt
lower molar of Sarcophilus from XU 9, Tachyglossus
(short-beaked echidna), Macrotis sp. (bilby), Trichosurus
sp. (brush-tailed possum), two Isoodon species (short-nosed
bandicoots) and a potoroid (probably a species of
Bettongia). The reptile remains include representatives of
the families Agamidae (dragons), Scincidae (several kinds
of large skinks), Varanidae (monitors), Pythonidae

(pythons), Colubroidea (fanged snakes) and Typhlopidae
(blind snakes) (see Section S2 of the online Supporting
Information). Most of the reptile bone is from
medium-sized to large individuals and most are likely to be
human prey remains. The exception is material from SU 1,
which appears to be derived mainly from dog scats.

Bone artefacts
The bone artefacts from Riwi are the subjects of a separate
study, but they include points made from macropod fibulae
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Figure 10. A representation of the four macropodid size categories through the stratigraphic profile in Square 3 of Riwi.

and fragments of long bones that have been highly polished.
They occur throughout the sequence. Several of the more
obviously modified artefacts derive from the earliest
contexts; for example, SU 12 in Square 3, XU 33 contains a
modified and utilised small wallaby fibula fragment and,
from an almost identical stratigraphic position, a modified
fibula of a medium-to-large macropodid was recovered
from Square 1. There are also a small number of pieces with
clearly defined cut marks. A more thorough examination of
each fragment will no doubt result in the recognition of
many other examples and kinds of modification.

Shellfish
Freshwater mussel fragments were identified as Lortiella
froggatti (Iredale 1934), the only species found in the
Kimberley. Its primarily Holocene distribution within the
site may be an effect of preservational differences.

Eggshell
Only six fragments of emu egg shell were recovered – all
from Pleistocene deposits. Four of these were recovered
from the interface of SUs 11 and 12 (three from Square 1
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and two from Square 4) and one from the LGM deposits in
Square 5.

Macrobotanical remains
Charcoal fragments are present throughout the occupation
sequence but are not found in the archaeologically sterile
XUs at the base of the sequence. The analysis by Whitau
et al. (2017) of the charcoal primarily representing fuel
wood from Squares 3 and 4 shows it to be dominated by
Myrtaceae species. A dramatic change occurs within this
family in the Pleistocene sediments at SU 7, dated to
c.38–35 kya, where Corymbia sp. increases and Eucalyptus
sp. decreases in abundance and diversity (Whitau et al.
2017). This has been interpreted to indicate a change in
species composition of the woody component of the
savanna/steppe vegetation, from mixed Eucalyptus sp. with
subdominant Corymbia sp., to the modern composition of
Corymbia with subdominant Eucalyptus. At the same time,
there is an increase in Erythrophleum sp. and Vachellia sp.,
suggesting a co-current increase in shrub cover. Although
Eucalyptus and Corymbia species within the northern
savanna regions are adapted to tolerate the dry season of the
Australian summer monsoon, Corymbia sp. are more likely
to survive extended drought periods.

The results of detailed analyses of other macrobotanical
remains (seeds, fruits, nuts and other floristic elements) are
currently being prepared for a separate paper by
Dilkes-Hall, but some of her findings are available in
Dilkes-Hall (2014). Macrobotanical remains are primarily
preserved by desiccation and carbonisation in Pleistocene
hearths. The oldest macroplant remains derive from two
hearths, F5-B and F4-B, dated to 34–33 kya calBP. Thus,
the macroplant remains are preserved in contexts dating
from the time at which changes in fuel wood charcoal
indicate a change to more drought-resistant vegetation.
Despite this, macroplant remains suggest that plants
identified as food resources primarily represent monsoon
rainforest taxa that are now only present in small pockets in
the region (Whitau et al. 2017). Vitex glabrata (black plum)
is by far the most frequent of the fruit and seed remains
represented, followed by Cynanchum sp. (bush banana) and
Ficus sp. (fig). All of these plants fruit during the wet
season (Kenneally et al. 1996; Wheeler et al. 1992),
suggesting that occupation of the site was linked to the
availability of seasonal economic botanical resources.

Hearths
Whitau et al. (2017) and Vannieuwenhuyse (2016)
described three types of hearths at Riwi, all of which are
clearly visible in section (Figure 4). Type A hearths are flat
and were lit directly onto the deposit surface; they are only
type found in deposits older than 34 kya. Type B hearths
were dug into the surface and occur from about 34 kya.
Type C features are only present in the Holocene deposits
and are accumulations mainly composed of by-products of
combustion (predominantly ash and charcoal), along with a
mix of non-burnt vegetal parts and a minor proportion of
sediment.

DISCUSSION

Sediment began accumulating in Riwi from about 50 kya.
Although 26 stone artefacts have been recovered from
otherwise sterile SU 12 deposits, all but two of these are
within 10 cm of the interface between SUs 12 and 11,
suggesting that they probably derive from above SU 12. The
oldest clear evidence for occupation is a hearth on the
surface of SU 12, dated to 46.4–44.6 kya calBP. The
records from the squares inside the cave indicate that the
lower part of SU 11 to the surface of SU 12, from �46–41
kya, is the smaller of two distinct more intensive periods of
occupation coinciding with a time when conditions were
more humid than today.

More humid conditions may have continued until about
37 kya, as indicated by the lake high conditions at Gregory
Lakes until that time (Veth et al. 2009) and by
macrobotanical remains from Carpenter’s Gap 1 (Figure 1),
to the west of Riwi (McConnell and O’Connor 1997; Wallis
2001). From about 34 kya, several changes appear to have
occurred at Riwi. The numbers of artefacts discarded
increased, the surrounding environment changed from
eucalypt open woodland to shrubland dominated by
Corymbia sp., dug hearths appear in the record and larger
macropods became more frequently hunted than medium-
and smaller-sized macropods. This corresponds to a time of
humid conditions but with intermittent dune activity in the
Gregory Lakes Basin (Figure 1) (Fitzsimmons et al. 2012:
475–6). The Riwi vegetation record suggests that the area
may have endured longer drought, but the change in hunting
and cooking practices at the site is difficult to explain. All
of the recorded macropod species are present in the area
today, but red kangaroos generally inhabit arid desert
environments. If the kangaroos from these deposits are red
kangaroos, this may indicate a more arid environment, but it
does not explain why the pattern of hunting large kangaroos
continued into the Holocene. As the overall proportion of
macropods in the faunal assemblage does not change
dramatically (Figure 9), the trend towards larger macropods
suggests either a change in the species available or a
cultural decision to focus on larger macropods that
presumably must have been no more difficult to hunt than
smaller macropods. The use of oven hearths and of larger
hunted animals could indicate use of the site by larger
groups of people. These changes were not accompanied by
a change in stone tool technology – although, of course,
there may have been changes in organic technology.

Apart from a remnant hearth feature near the cave wall
in Square 3, LGM deposits in the cave were probably gutted
by water in the early Holocene. However, evidence for
LGM occupation is represented in Square 5, outside the
cave entrance. While the samples are small, the numbers of
artefacts per XU (Figures 5 and 6) are higher than for the
pre-34 kya layers inside the cave. The LGM occupation
dates may well be tied to the dramatic increases in
precipitation in the area between 24 and 20 kya suggested
from nearby speleothem records (Denniston et al. 2013a).
The abundant freshwater shell remains recovered from
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these deposits support this interpretation. A similar increase
in stone artefact numbers and a focus on the use of
resources associated with fresh water, such as fish and
mussel shell, has been noted to occur in the LGM unit at
Carpenter’s Gap 1 to the west of Riwi, but also in the
southern Kimberley (Maloney et al. 2018).

Discontinuities in the desert lowland archaeological
record during the LGM have been frequently recorded in
the Australian archaeological record, where they have been
usually interpreted as site abandonment as a result of people
moving to more productive areas during the associated
aridity (e.g. Morse 1988; O’Connor et al. 1999; Przywolnik
2005; Vannieuwenhuyse 2016; Veth et al. 2014, 2017b).
Smith (2013: 130-2) and Veth et al. (2017a) discussed the
problem of interpreting discontinuities as cultural absences.
Veth et al. (2017a) conclude that the LGM discontinuities
in arid Pilbara lowlands were a result of people moving to
more productive areas such as the Pleistocene coastline and
the Pilbara uplands. In the case of Riwi, the LGM to early
Holocene discontinuity speculated by Balme (2000) to be
possibly the result of site abandonment has been found to
be the result of erosion and deposit removal. The LGM
deposits identified in the 2013 excavations suggest
relatively greater use of the cave than in the period between
first occupation and 30 kya.

Other Australian sites in marginal areas that contain an
LGM record, such as Carpenters Gap 1 (Frawley &
O’Connor 2010; Maloney et al. 2018; Wallis 2001) and
those in the Pilbara uplands, including Milly’s Cave
(Marwick 2002), Yirra (Veitch et al. 2005), Juukan 2 (Slack
et al. 2009) and Yurlu Kankala (Reynen et al. 2018), have
been argued to be LGM refuges because of their location
near water, making them more productive than lowland
areas. It seems that at Riwi there were also times when
sufficient water was available for it to be occupied during an
otherwise arid phase.

The terms “cryptic refugia” – or “microrefugia” – are
used to refer to pockets of favourable microclimates in
areas otherwise regarded as uninhabitable (Bennett &
Provan 2008). Originally used in European studies to refer
to regional climates during the LGM (e.g. Ashcroft 2010;
Rull 2009), the terms have wider use (e.g. Byrne 2008) for
Australia. These terms have been used to ascribe some
areas with evidence for human occupation during the LGM
in the arid zone (Smith 2013: 116) and elsewhere (Williams
et al. 2014). If the suggestion by Denniston et al. (2013a)
that the intertropical convergence zone moved southwards
during periods of high northern latitude cooling, producing
an active Indo-Australian summer monsoon during the
LGM, then the southern Kimberley may have sometimes
been a “microrefuge”. However, the variable nature of this
monsoon activity, and the position of Riwi on the edge of
the desert, means that these southern Kimberley sites
cannot be considered to be within an LGM refuge as in the
concept as discussed in the biogeographical literature, or in
the sense that Veth (1989) originally suggested. Instead, the
southern Kimberley was, at times during the LGM, an area
that people could expand into, from the more humid north,

to exploit the desert edges, but at other times it was
probably too arid to sustain occupation.

In Riwi’s early Holocene layers, the numbers of artefacts
are higher than at any other occupation time and this
especially high occupation corresponds to a period of
intense monsoon activity. The excellent preservation of
organics within these layers shows that people made and
used stone artefacts to produce wooden objects, used fibre
technology and were involved in social networks that
reached as far as the Kimberley coast. They continued to
concentrate on larger macropods rather than the small- and
medium-sized species hunted in the early part of the
sequence. It is possible that the greater numbers of artefacts
and other materials represent an acceleration in population
increase, as Williams et al. (2015: 97) have suggested
occurred in the tropics from about 8000 years ago, based on
time-series modelling of radiocarbon dates from
archaeological sites.

Within the shelter, the lack of deposition between about
6 and 1 kya calBP may be because the cave had filled to its
capacity and required a further erosion event before more
sediment could be retained (Vannieuwenhuyse 2016: 167).
In these squares, the rates of artefacts discarded and the
quantities of faunal remains gradually reduce in SU 1,
dating to the past 1000 years. However, in Square 5 there is
evidence of occupation dating to about 2000 years ago and,
although there is a reduction in the rate of discard in these
upper units (Figure 5), for the first time there is evidence of
change in the stone technology, indicated by the appearance
of hafted adzes and points. McGowan et al. (2012: 2)
reported very dry conditions indicated by the pollen
sequence at Black Springs between 2.75 and 1.3 kya. If the
Riwi region was similarly affected, it represents an
occupation pattern not seen previously – cave use during a
dry phase.

The decrease in the number of artefacts over the past
1000 years (Figure 5) in all squares suggests a reduction in
visitation during a time in which McGowan et al. (2012: 2)
recorded a return to wetter conditions at Black Springs.
This reduction in artefact numbers is unlike almost all other
northern Australian sites, including Carpenter’s Gap 1
(Maloney et al. 2018) and Carpenter’s Gap 3 (O’Connor
et al. 2014). At Riwi, the reduction in artefact discard is
coupled with a change in the fauna to an emphasis on
reptiles. However, these probably derive from the abundant
dingo coprolites and may therefore indicate the greater use
of the cave by dingoes during the late Holocene, either
accompanying or without humans. We do know that Riwi
was used by Aboriginal people in early European pastoral
times, as the site was originally shown to Balme in 1999 by
a Traditional Owner who related that his father had camped
at this and other cave and rock-shelter sites in the region.

CONCLUSION

Riwi and its environment have provided shelter and
resources for Aboriginal people for 46000 years. However,
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the lack of permanent water in the immediate area makes it
unlikely that it was occupied during the monsoonal dry
season (May to October) in conditions such as those that
prevail today. The distribution of archaeological materials
within the site closely tracks humid periods in the past,
including monsoon activity during the LGM when water
was available in the valley-floor creek and pockets of dry
rainforest expanded. Riwi’s position on the edge of the
desert may well have provided a retreat when resources
were depleted in the south and an opportunity to expand
when during wet pulses of arid periods. The Riwi sequence
is also heavily shaped by depositional and erosional
processes resulting in cave filling and gutting, which are
largely independent of human use of the site. As a
consequence, little can be said about occupation and
abandonment or population fluctuations over time. In this
respect, the results of the 2013 excavation are salutary in
demonstrating the utility of sampling different parts of cave
deposits.

The limestone belt of the southern Kimberley has
produced one of the most diverse and rich cultural records
including hearths, stone and organic artefacts, botanical and
faunal remains as well as symbolic materials representing
about 50000 years available for the Australian continent.
Riwi provides further evidence of the variation within
Australia’s terminal Pleistocene and Holocene climate and
the need for finer regional investigation of both
archaeological and palaeoenvironmental archives.
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S1: Artefact frequency represented as the total number of
artefacts (TNA) and minimum number of flakes (MNF) for
each excavation unit of squares 3, 4 and 5.
S2: Faunal identifications from Square 3, Riwi.
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ABSTRACT
A small fragment of a carefully shaped wooden artefact was recovered from Riwi Cave (south
central Kimberley, Western Australia) during 2013 excavations. Directly dated to 670 ± 20 BP,
analysis of the artefact’s wood taxon, morphology, manufacturing traces, use wear, and resi-
dues, in addition to comparison with ethnographic examples of wooden technology from the
Kimberley region, allowed for the identification of the tool from which it originated: a boom-
erang. In particular, this artefact most closely resembles the trailing tip of a hooked boomer-
ang, providing rare insights into the presence of these iconic fighting and ceremonial items
in the Kimberley some 600 years ago.
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Introduction

Wooden implements constituted a major component
of past hunter-gatherer-fisher toolkits around the
globe. Unfortunately, the vast majority of these items
have not survived the rigours of the archaeological
record, resulting in researchers having to rely heavily
on use-wear and residue analyses of more enduring
material culture items, such as lithics, bone, antler,
tooth, and shell to identify the presence of wooden
material culture in ancient contexts (e.g. Anderson
1980; Beyriès 1987; Hardy and Garufi 1998; Hardy
and Moncel 2011; Keeley 1977, 1980; Lombard 2005;
Shea 1980; Sussman 1988). Having said this, seg-
ments of wooden utensils have been recovered from
contexts dating back to the Acheulean: examples
include numerous small fragments of pine (Pinus
sp.) wood exhibiting traces of work at Torralba,
Spain (Biberson 1964; Howell 1962), a section of a
pointed yew wood (Taxus baccata) staff measuring
38 cm long from Clacton-on-Sea, United Kingdom
(Oakley et al. 1977), the 400,000-year-old
Sch€oningen spears (Thieme 1997), and pointed
sticks, clubs, game stakes, and bark trays from
marshy Acheulean deposits at Kalambo Falls in
southern Africa (Clark 1982). From Mousterian and
Middle Stone Age contexts, three portions of a
pointed shaft more than 2 m long made from yew at
Lehringen, Germany (Perlès 1977), several trays or
bowls (or similar such domestic items) dated to
between 45,000 and 49,000 BP at Abri Romani, Spain
(Carbonell and Castro-Curel 1992), a possible throw-
ing stick from Middle Stone Age deposits of

Florisbad in southern Africa (Kuman and Clarke
1986), and several worked wooden fragments includ-
ing a directly dated digging stick (40,986–38,986 cal.
BP), and a possible poison applicator (also directly
dated: 24,564–23,941 cal. BP) from Border Cave,
southern Africa (d’Errico et al. 2012) have been
recovered.

Wooden artefacts dating to Later Stone Age Africa
have been reported from several southern African
sites, and include digging sticks, link shafts, arrow
points, clubs, and throwing sticks (see, for example,
Deacon and Deacon 1999; Fagan and Van Noten
1971), while in Europe the earliest known fragments
of bows and arrows (made from pine heartwood)
were found in a peat bog at Stellmoor, an
Ahrensburgian site dated to the final Palaeolithic
(Beckhoff 1968). Similarly, several bows made from
elm dated to around 8,000 BP have been recovered at
Holmegaard, Denmark (Beckhoff 1968; Cattelain
1997). From around this time, the survival rate of
various wooden domestic and hunting implements in
Africa, Europe, Asia, and the Americas increases
exponentially making a comprehensive description of
such artefacts herein impossible.

In Australia, in contrast, the recovery of wooden
artefacts from archaeological contexts is exceedingly
rare owing to the higher rate of plant decomposition
on this continent (as compared with countries closer
to the poles) resulting from higher rainfall, higher
soil moisture content, and consequently, a multitude
of destructive fungi and termites (Beck 1989; Nugent
2015; Swift et al. 1979). To date, less than 100 pieces
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of wooden technology have been identified in
Australian archaeological contexts (see Table 1).

The oldest examples consist of the 25 artefacts
recovered from Wyrie Swamp in South Australia,
and include boomerangs, one-piece spears (including
one barbed example), two types of digging sticks,
and pointed stakes. The peat context from which the
Wyrie swamp artefacts were recovered was dated to
between 12,398–11,270 cal. BP (10,200 ± 150 BP;
ANU 1292) and 10,375–9.628 cal. BP (8990 ± 120 BP;
ANU 1293) (Luebbers 1975, 1978). A direct date was
also obtained on one of the boomerang fragments:
9,430 ± 150 BP (ANU 1490) (Luebbers 1978:127).

All remaining archaeologically recovered wooden
artefacts are significantly younger than the Wyrie
Swamp collection. The next oldest example consists
of a wooden bipoint dated by association to
2,151–1,894 cal. BP (Beta 28188) from Nara Inlet 1,
Hook Island, North Queensland (Barker 1989, 1996,
2004), and a digging stick from a stratigraphic unit
dated to 940 ± 60 cal. BP (Beta 46317) from Mordor
Cave, Cape York Peninsula (David 1992). A boomer-
ang discovered during dredging of the Clarence
River, along with another found in conjunction with
a spear point (this latter possibly constituting part of
a multi-pronged fishing spear) were found during
excavation of Trial Bay Creek, New South Wales.
While the boomerang from Trial Bay Creek was dir-
ectly dated to 480 ± 70 BP (ANU 1628), that from
Clarence River was dated to only 281–157 cal. BP
(140 ± 70 BP; GaK 1299) (McBryde 1977).

In the north, Schrire (1982:63–65) recovered 11
wooden implements including points, a message
stick, a link shaft, and firesticks from the top level of
the Paribari Midden, Arnhem Land. Also in western
Arnhem land, a hafted adze made from ironwood
(Erythrophleum chlorostachys) was recovered from
Argaluk Hill, Site 2, Oenpelli (now Gunbalanya)
(Attenbrow 2008; Setzler and McCarthy 1950). No
date – associated or otherwise – is available for this
last artefact.

Surface finds include a digging stick found at the
base of an overhang in Namadgi National park in
the Australian Capital Territory (Argue et al. 2001).
This specimen was identified as having been manu-
factured from Acacia sp. and was directly dated to
224 ± 50 BP (NZA 10301) (Argue 1995; Argue et al.
2001), while another digging stick was similarly
found on the surface in the Diamantina National
Park, Queensland (Simmons cited in Nugent 2015).
Also discovered in a rockshelter was a hafted stone
axe in Wollemi National Park in the Blue Mountains
(Kelleher 2009), along with a firestick which was left
in-situ at the discovery site (Taçon cited in Nugent
2015). A boomerang found in 1813–1814 during sur-
vey and construction work, along with a club found
more recently, also hail from the Blue Mountains,

New South Wales (Attenbrow 2009). Finally, 54
wooden artefacts associated with the processing of
possum and kangaroo skins (bark slabs and wooden
pegs) were collected from three rockshelters located
on the crest of the Victoria Range, Gariwerd
(Grampian Ranges), Victoria (Gunn 2009). Gunn
(2009:29) reports observing metal chopping marks
on these artefacts indicating that they date to the
contact period. Finally, Kelly (1968) reports observ-
ing numerous boomerangs (including hooked boo-
merangs), a throwing stick, a hafted adze, a club, a
digging stick, and a tjurunga sitting on the surface in
the area located between Sylvester Creek and the
Mulligan River in southwest Queensland. In
Australia then, most of the wooden artefacts recov-
ered from archaeological contexts are weapons
(unbarbed and barbed single-piece spears, bipoints,
boomerangs, clubs), reflecting the ethnographically
recognised use of hardwood for the manufacture of
projectile technology on this continent (e.g.,
Davidson 1934; Gould 1970; Thomson nd. fieldnotes
1280-2, 1290-2, 1306-8; Warner 1937).

In this paper, we describe a worked fragment of a
boomerang extremity recovered from Riwi Cave
located in the south central Kimberley, Western
Australia. This artefact constitutes the oldest directly
dated boomerang piece recovered from a north
Australian context, returning a result of 651–557 cal.
BP (670 ± 20 BP; S-ANU 43337). The piece displays
distinct signs of working at its proximal extremity
indicating that an individual intentionally removed it
from a larger artefact either during the course of ini-
tial manufacture, or at a time after it was created.
Manufacturing traces, use wear, and residues were
also observed, and together, allow us to reconstruct
an event which occurred at Riwi Cave some 600
years ago. Needless to say, such an insight into the
use life of an organic artefact of this antiquity in
Australia is unique.

Context: Riwi Cave

Riwi is a southwest facing cave located in the Mimbi
area of Gooniyandi country, south central Kimberley,
Western Australia (Figure 1). Situated at the bottom
of the Lawford Range (a Devonian limestone reef),
and the edge of the Great Sandy Desert, Riwi is
within the southern limits of the Australian summer
monsoon, receiving 500 mm of rainfall per annum,
most of which falls within the wet season between
November and April (Bureau of Meterology
1996:44). Broad scale mapping of the region shows
that the dominant vegetation type within the Mimbi
area is sclerophyll, and grades between woodland
savanna, steppe, and grassland (Beard 1979).

Archaeological work in the southern Kimberley
region by Balme and O’Connor (see Balme 2000) has
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been undertaken for over 20 years with both the sup-
port and participation of Aboriginal Traditional
Owners across the area. Support for excavations at
Riwi was received from Gooniyandi people following
long periods of consultation both informally (with
members of various communities associated with the
Mimbi region) and, for the most recent excavations,
formally (following discussions at Gooniyandi Native
Title Group meetings). Members of the Gooniyandi
community participated in all of the excavations and
have contributed to the interpretation of materials
recovered. In 1999, a 1 m2 test pit (Square 1) was
excavated (Balme 2000), and in 2013, three add-
itional test pits (Squares 3, 4 and 5) were added, cre-
ating a 2� 1 m trench in the centre of the shelter
along with two additional 1 m squares (Figure 1).
Each of the squares was excavated within 500 mm
horizontal quadrants, using arbitrary units of 20 mm
until bedrock was reached. Features were removed
separately when encountered. All excavated materials
from the 2013 excavations were dry sieved through
nested 1.5 mm and 5 mm mesh screens, and bulk
sediment samples were collected from each excava-
tion unit. Cultural materials recovered from both

excavation seasons include lithics, faunal remains,
charcoal, freshwater shellfish, emu eggshell, ochre,
string, scaphopod beads, and uncharred macrobotan-
ical remains. Exceptional botanical preservation at
Riwi is the product of the dry, anaerobic, and alka-
line sediments of the limestone cave.

Methods

The analysis of the cultural materials recovered from
this site were undertaken with the consent and
involvement of the Mimbi (Gooniyandi) community.
The wooden artefact described below was first photo-
graphed at high resolution with a Canon EOS 400D
digital camera, before being examined with a Zeiss
2000-C stereo microscope fitted with a AxioCam
MRc5 camera, along with a Dino-Lite Pro
AM413ZTAS digital microscope for traces of
anthropogenic modification. The identification of
both taphonomic and anthropogenic traces was based
on criteria defined in the archaeological use wear
literature (Chauvière and Rigaud 2005; d’Errico 1991,
1993; d’Errico et al. 2012; Fisher 1995; Kamminga

Table 1. Wooden technology recovered from Australian contexts to date.
Age Artefact/s Wood taxon Site

No date available/surface find Digging stick n/a Diamantina National Park,
Queensland

No date available/surface find Numerous boomerangs (including
hooked), a throwing stick, hafted
adze, a club, a digging stick, a
tjurunga.

n/a Mulligan River, Queensland

No date available/surface find Hafted adze n/a Wollemi National Park, Blue
Mountains, New South Wales

No date available/surface Find Firestick n/a Wollemi National Park, Blue
Mountains, New South Wales

No date available/surface find Boomerang and club n/a Blue Mountains, New South Wales
No date/contact period 54 wooden artefacts associated with

processing skins - bark slabs and
wooden pegs

n/a Victoria Rang, Gariwerd, Victoria

No date available/surface find >38 wooden artefacts including
wood shavings barbed and
unbarbed points, fire sticks

n/a Anbangbang I, Northern Territory

No date available Hafted adze Erythrophleum chlorostachys Argaluk Hill, Site 2, Northern Territory
No date/contact period 11 wooden implements including

points, a message stick, a link
shaft, and fire sticks, along with
numerous wooden shavings

Callitris intratropica;
Eucalyptus tetradonta?;
phonenicea?; Owenia?;
Phyllanthus?; Polyalthina
holtzeana; Phragmites
australis; Bambusa
arnhemica

Parbari Midden, Arnhem, Northern
Territory

224 ± 50 BP (NZA 10301) Digging stick Acacia sp. Namadgi National Park, Australian
Capital Territory

281–157 cal. BP (140 ± 70 BP; GaK
1299)

Boomerang n/a Clarence River, New South Wales

Direct date: 480 ± 70 BP Boomerang and spear point –
possibly from a multi-pronged
fishing spear

n/a Trial Bay Creek, New South Wales

Associated date: 940 ± 60 cal. BP Digging stick n/a Mordor Cave, Cape York Peninsula,
Queensland

Associated date: 2,151–1,894 cal. BP
(Beta 28188)

Bipoint n/a Nara Inlet 1, Hook Island, Queensland

Associated date: 12,398–11,270 cal.
BP (10,200 ± 150 BP; ANU 1292)
and 10,375–9.628 cal. BP
(8990 ± 120 BP; ANU 1293); Direct
date: 9,430 ± 150 BP (ANU 1490)

25 pieces of wooden technology,
including boomerangs, one-piece
spears, barbed spear, digging
sticks, pointed stakes.

1 piece identified as:
Allocasuarina verticillata

Wyrie Swamp, South Australia
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1988; Rigaud 2006), as well as comparison with ethno-
graphic wooden implements collected in the
Kimberley area and curated by the Western Australian
Museum (WAM). Selection of ethnographic imple-
ments for comparison was based on an initial survey
of the Kimberley collection for any artefact types
which exhibited an extremity of similar size and shape
to the Riwi artefact. This process resulted in the selec-
tion of symmetrical and hooked boomerangs, spear-
throwers, digging sticks, and an axe handle. Each of
these items was then examined using a Dino-Lite Pro

AM413ZTAS digital microscope for manufacture and
use traces, and their metrics recorded before their
extremities were photographed with a Canon EOS
400D digital camera. The Riwi artefact was on hand
throughout this process for direct comparison with
the ethnographic material. As little ethnographic
information is available for material culture of the
Gooniyandi people, literature pertaining to the manu-
facture and use of wooden technology from surround-
ing Aboriginal groups is included here, and where
present and available, Gooniyandi references are cited.

Figure 1. Location of Riwi Cave, view of the site, and site plan.

AUSTRALIAN ARCHAEOLOGY 109

205



The Riwi Artefact

The Riwi wooden artefact was recovered from Square
3c, excavation unit 8 in the 2013 excavation season.

Dating

As the artefact was recovered from an excavation
unit which is a mixture of stratigraphic units 1 and
2, it was decided that permission from the Mimbi
community should be sought to directly date the
piece. After obtaining this permission, the
fragment was shaved with a scalpel on the proximal
extremity to obtain a sample (10.4 mg) for analysis.
Radiocarbon analysis was undertaken by the
Australian National University’s (ANU) radiocarbon
laboratory using the single stage accelerator mass
spectrometry (AMS) method. The resulting calibrated
age range was 651–557 cal. BP (670 ± 20 BP; S-ANU
43337) at 95.4% probability calculated with the
SHCal13 curve (Hogg et al. 2013) in OxCal version
4.2 (Bronk Ramsey 2009).

Wood Taxon

Whitau et al. (2016) used X-ray computed microto-
mography (lCT) to identify the wood taxon from
which the artefact was made. A non-invasive and
expeditious method, lCT utilises radiographic pro-
jections in conjunction with specialist software to
reconstruct a sequence of 2D and 3D views ad infini-
tum. The piece was identified as originating from
the Proteaceae family, and more particularly, the
Grevillea and Hakea genera. Distinguishing between
the two genera is difficult owing to a number of
shared anatomical traits.

As reported by Whitau et al. (2016), there are cur-
rently 42 identified species and subspecies of
Grevillea, and four species of Hakea in the
Kimberley region (http://florabase.dpaw.wa.gov.au/).
During the 2013 vegetation survey, four species of
Grevillea were collected by Whitau within 50 km of
Riwi Cave: G. pyramidalis, G. refracta, G. wickhamii,
and an unknown Grevillea sp. While no Hakea spe-
cies were collected, the survey was by no means
exhaustive, and thus, it is cautioned that Hakea
should not be ruled out. The wood artefact fragment
is therefore identified as having been made from
Grevillea/Hakea sp.

Manufacturing traces, use wear, and residue

The Riwi artefact measures 23.4 mm
(width)� 23.9 mm (length)� 10.1 mm (depth) at its
maximum dimensions, weighs 2.44 g, and is semi-cir-
cular in section at its mid-line (Figure 2). Numerous
traces of manufacture are visible over the artefact’s

surface, with a single continuous scrape mark con-
sistent with a lithic cutting edge (a set of multiple,
closely spaced, and parallel striations that are elong-
ate, linear, and relatively narrow; Fisher 1995) on the
left side of the ventral surface being the most prom-
inent (Figure 3(B)). The majority of these scrape
marks are oriented along the length of the artefact.
Evidence that the artefact underwent fire hardening
is also present, with signs of charring visible at low
magnification (Figure 3(A) and (D)). Traces of a red
residue consistent with a colourant were also
observed on the ventral surface (Figure 3(D)). Both
this residue and the traces of burning can be
explained by the ethnographically recorded practice
of firing wood during tool shaping, followed by the
rendering of the item with a mixture of fat and red
ochre which acted as a preservative (Gould 1970:37;
Jones 2004).

The distal edge draws back in a fairly even curve
and exhibits pronounced crushing, abrasion of the
wood surface, and polish along this extremity (Figure
3(E) and (F)), while the opposing extremity (prox-
imal) terminates in an irregular fracture. Unlike
post-depositional fractures which present a flat plane
(see for example, the Wyrie Swamp boomerang frag-
ment pictured in Luebbers 1975:39, Figure 1), this
break is characterised by chop marks and chattering
on all four surfaces below a snap fracture. Fractures
exhibiting these characteristics on Palaeolithic osse-
ous technologies are commonly known as worked
fractures or ‘d�echets de sectionnement par raclage et
flexion’ (Chauvière and Rigaud 2005; Rigaud 2006),
and are known to be produced during the manufac-
ture of projectile points, during repair or recycling,
or their recovery in the hunting field when stuck fast
in a carcass (e.g., Chauvière in press; Chauvière and
Rigaud 2005; Langley 2015; P�etillon 2006). These
fractures can be worked from one or more surfaces
(including all four surfaces – dorsal, ventral, left, and
right – as is the case here), and involve the removal
of material by cutting or scraping in order to thin an
area allowing the implement to be snapped by flex-
ion. On the Riwi artefact, chop and chattermarks
begin 15.7 mm below the proximal edge on the ven-
tral surface and are clustered towards the left side.
Marks are also seen 5.6 mm from the proximal edge
on the dorsal surface, with a single large mark evi-
dent on the right side (Figure 3(G) and (H)). These
traces indicate that the artefact was intentionally
thinned before being snapped in order to remove it
from a larger implement.

Careful examination of the dorsal (curved) surface
reveals remnants of fluting �5 mm in width and
worn down through handling, use, and/or tapho-
nomic processes (Figure 3(C)). No other signs of
decoration were observed if one accepts that the red
residue relates to the implements rendering with a
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protective balm, rather than reflecting painting of the
finished implement. It should be noted, however,
that numerous ethnographies of Australian wooden
technologies note that many of these implements
were decorated with red, white, yellow (and other)
paints (e.g., Jones 2004; Spencer and Gillen 1904,
1927).

Comparison with Kimberley ethnographic
implements

In total, eight spearthrowers, 13 adult boomerangs,
two children’s or toy boomerangs, three digging
sticks, and an axe handle were examined at the
Western Australian Museum for comparison with
the Riwi artefact. The axe handle was immediately
ruled out as a suitable match for the Riwi artefact as
these components are made of a single piece of bark
folded back on itself, and thus neither the raw mater-
ial nor the depth of the butt end of this tool matched
the recovered artefact.

The proximal extremity (handle) of the spear-
throwers display largely similar manufacturing and
use traces to the artefact, in particular, crushing and
abrasion along the curved edge (Figure 4(A–C)).
Several of these implements also exhibit traces of a
red colourant over their surfaces. These extremities,
however, are significantly larger in both width and
depth at 0.5 mm from the proximal edge than the
Riwi piece, averaging 36.4 mm in width � 9.3 mm in
depth against the Riwi artefacts 14.8 mm (w) by
5.8 mm (d) at this same point from the tip. They
also exhibit a flattened oval section as opposed to the

semi-circular section of the Riwi artefact. As a number
of the curated spearthrowers had lost their wooden
peg and/or lashing at the distal extremity, it was also
possible to examine this section for similarities to the
Riwi artefact. While this extremity is much closer in
terms of size (averaging 11 mm in width and 6.9 mm
in depth at 0.5 mm from the tip), the traces of manu-
facture and use differ significantly. Finishing of the
extremity ranges between rough shaping (Figure
4(D)) and more precise rendering (Figure 4(E)), with
cross-sections ranging between oval and circular. All
feature a perforation that ranges in diameter and loca-
tion (4–16 mm) down from the distal extremity.
Those spearthrowers on which the lashing has either
partially (such as that shown in Figure 4(F)) or com-
pletely (Figure 4(D) and (E)) disappeared display
remnants of the resin used to fix the peg to the spear-
thrower body (see example in Figure 4(E)).

Incidentally, one of these spearthrowers (E3022)
displays a worked fracture similar to that found on
the Riwi artefact but it constitutes the extremity of
the spearthrower. Having observed this evidence, it
was considered whether the Riwi artefact could rep-
resent a distal extremity of a spearthrower removed
during manufacture or repair but this possibility was
dismissed on the basis of the following factors. First,
the Riwi piece exhibits no evidence for a perforation
or any other sign (such as residue) of a peg having
been attached. Second, if the section had been
removed prior to the construction of a perforation, it
would not have accrued the amount of use wear evi-
dent on the Riwi artefact. Finally, while a section of
a spearthrower may be removed as part of repairs,

Figure 2. The Riwi artefact. Outlined locations refer to Figure 3.
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no sign of the longitudinal (along the grain of the
wood) fracturing which might prompt this kind of
work (an example is shown in Figure 4 F) is evident
on the Riwi artefact.

Furthermore, in the Kimberley region, the soft
lightweight wood of Erythrina verspertilio is cited as

being used to create light, long, and slender spear-
throwers (Akerman 2006:329, 333; Scarlett 1985:23).
Blundell’s (1975:422) research with Worora and
Ngarinjin also documents corkwood, a common
name for E. verspertilio, as a primary type of wood
used in the manufacture of spearthrowers (Atlas of

Figure 3. Details of manufacture and use traces found on the Riwi artefact: (A) View of surface showing evidence for heating
(200�); (B) View of a longitudinal scrape mark made with a lithic edge (65�); (C) Remnants of fluting (outlined in red) on the
dorsal surface; (D) Red colourant residue indicated by red arrows. Ash is also visible in the top portion of this image (200�); (E)
Distal edge showing crushing and polish (50�); (F) Polish at distal edge (100�); (G) Chattering and chop marks on Left side
(50�); (H) Chop marks on right side (50�).
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Living Australia 2015), while Scarlett (1985:23)
records the use of E. verspertilio to make spear-
throwers when working with the Kija in east
Kimberley. Common to north Western Australia, the
leaf or paddle shape spearthrower, has a plano-
convex cross-section, gum knob handle for grip, and
is incised with parallel or zig zagging grooves for
decoration (Davidson 1936b:465–467). The end of
the spearthrower that holds the spear is fitted with a
peg made from hardwood which is then lashed with
animal sinew and reinforced with resin (Akerman
2006:333). These lightweight wood types documented
for the manufacture of Kimberley spearthrowers is

distinctly different from that used in the manufacture
of the wooden artefact recovered from Riwi.
Consequently, we do not believe that the Riwi arte-
fact originated from a spearthrower.

The three Kimberley digging sticks examined
range in total length between 149.5 mm and 126 mm.
One example (E6344; Figure 5, 3) is decorated with
red and white paint, while the other two display evi-
dence for having been kept and preserved by
Europeans after collection from their original owners
(E5176 has a drilled hole through one extremity to
facilitate hanging and both this specimen and A5550
exhibit traces of a substance visually consistent with

Figure 4. Examples of Kimberley spearthrower extremities. (A) Proximal extremity of spearthrower A290; (B) Proximal extremity
of spearthrower E3022; (C) Proximal extremity of spearthrower E6332; (D) Distal extremity of spearthrower E3022; (E) Distal
extremity of spearthrower A14111; (F) Distal extremity of spearthrower A22644.
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a beeswax based resin - commonly used by
Europeans for maintaining wooden items: Figure
5(B) and (D)). Despite these setbacks, manufacturing
and use traces remain easily identifiable at low mag-
nification. Both extremities display scars from the
whittling of the bevelled ends (Figure 5(A)), along
with crushing, chipping, and mushrooming of the
extremity accrued through repeated impact with the
ground (Figure 5, 1–3). Polish was also found on
these extremities (Figure 5(C)). These use traces are
more pronounced than those observed on both the
spearthrower extremities described above, as well as
the Riwi artefact. As found for the spearthrowers,
both the morphology (bevelled) and metrics (average
width 15.3 mm width � 7.4 mm depth at 0.5 mm
from the tip) differ significantly from the Riwi arte-
fact, therefore ruling out these implements as the ori-
gin tool type.

Having dismissed axe handles, spearthrowers, and
digging sticks as likely origins for the Riwi artefact,
boomerangs provided a final tool category for com-
parison. Both extremities of seven hooked (fighting)
boomerangs, six symmetrical (returning and non-
returning) boomerangs, and two children’s or toy
boomerangs were examined. While variation in finish
(whittled, abraded, fluted, painted) and extremity
morphology exists in the studied dataset (Figure 6),
all boomerangs exhibit the same use-wear. As can be
seen in both Figures 6 and 7, boomerangs display a

consistent suite of damage to their extremities: chip-
ping, crushing, rounding, polish of raised areas, and
short, fine striations which are situated at a 90� angle
to the wing axis. This wear pattern appears unique
to the throwing weapons and was found on all 15
boomerangs (including the children’s versions) exam-
ined for this study. A brief viewing of the larger col-
lection of Kimberley boomerangs curated at the
Western Australian Museum suggests that this pat-
tern would be found on all utilised implements, and
consequently, may be used to help identify fragments
of boomerang extremities in the future. Armed with
this knowledge, the use wear visible on the Riwi frag-
ment was reviewed and the boomerang damage suite
was identified on the artefact (Compare Figure 7
with Figure 2 and 3).

Metrically, boomerang extremities are much closer
to that of the Riwi artefact than those found on
spearthrowers and digging sticks (Table 2).
Symmetrical boomerang extremities ranged between
7.8 mm and 26.4 mm in width with triangular section
morphologies slimmer at 5 mm from the tip than
those of a more oval section (Compare Figure 6(A)
and (B)–(D)), however, the smaller tip of the trailing
wing on hooked boomerangs (Figure 6(E)–(H)) were
found to be most similar to the Riwi artefact’s
dimensions (ranging between 11.38 mm and 20 mm
in width and 2–7.5 mm in depth at 5 mm from
the tip; Riwi: 14.8 mm [w] � 5.8 mm [d]). The

Figure 5. Examples of Kimberley digging stick extremities: (1) Digging stick E5176; (2) Digging stick A5550; (3) Digging stick
E6344. (A) Whittling mark 50�; (B) Beeswax? and possible white pigment residue 175�; (C) Crushing and polish 20�; (D)
Beeswax? residue 50�; (E) Crushing 20�; (F) Pigment residues and polish 50�.
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semi-circular section and roughly straight sides of
the hooked boomerang tip also fits more closely to
the morphology of the Riwi artefact, than those of
the symmetrical boomerang. This comparison is best
demonstrated in Figure 8, which pictures the Riwi
artefacts next to the trailing wing tip of a Kimberley
hooked boomerang (A10624). As can be seen in
these images, the similarities in size, shape, finish
(fluting on the Kimberley boomerang and remnant
fluting on the Riwi artefact), and wear pattern are
striking.

In summary, based on size, cross-section morph-
ology, manufacturing trace, and use wear, it appears
that the Riwi artefact originated from a boomerang
extremity. While we cannot rule out that it came
from a children’s boomerang (these toys being
smaller in their overall dimensions), we argue that it
more likely originated from the tip of the trailing
wing of a hooked boomerang. Further support for
this conclusion is presented in the following section.

Discussion

While identification of the Riwi artefact as a boomer-
ang extremity was primarily based on the compari-
son of the piece with Kimberley material,
information contained within Australian ethnogra-
phies provides further support for this conclusion.

Boomerangs, along with throwing-sticks and
spearthrowers, are an important class of wooden tool
and are recorded in the ethnographic literature of
Aboriginal groups located throughout the Kimberley
region, including for the Bardi, Bunuba, Gooniyandi,
Jaru, Kija, Ngarrinjin, Walmajarri, and Wunambel
(Blundell 1975; Davidson 1936a, 1936b; Lowe
2005:92; Scarlett 1985; Sculthorpe 2015; Smith and
Kalotas 1985; Wightman 2003). An illustration pro-
duced by Davidson (1936a:89) mapping returning,

non-returning, and hooked boomerang distribution
in the Kimberley region notes that boomerangs are
‘lacking’ in the northern Kimberley coastal country.
Blundell’s (1975:419–420) research supports this
finding and records that both Worora and Ngarinjin
Aboriginal groups did not traditionally produce boo-
merangs but instead received these items from sur-
rounding groups via trade and exchange networks.
Similarly, McCarthy (1939:81–82) reports that fluted
and hooked boomerangs were manufactured in
regions to the southeast and northeast of the
Kimberley, and traded into this latter region (also see
Davidson 1936a; Davidson and McCarthy 1957; Roth
1897). Berndt and Berndt (1988:128) note that
exchange networks that criss-cross the Kimberley
were important for trading goods, specifically citing
boomerangs as an item moved along these pathways.
In fact, the Lungaa of the east Kimberley ‘say they
cannot make boomerangs properly: they prefer to
import them from the east, west, or southwest’
(Berndt and Berndt 1988:128). Indeed, McCarthy
(1939) reports that an Ungarinyin man at Walcott
Inlet, Northern Kimberley, was witnessed as having
in his possession a hooked boomerang. This item he
believed to be ‘magical. . . no doubt, because of its
strangeness; no boomerangs of any sort were made
or used by this tribe’ at this time (McCarthy
1939:82).

Despite the apparent preference for importing
boomerangs, peoples located in the Kimberley (as
elsewhere), cited Acacia as commonly selected for
the production of boomerangs (see Jones 2004:19;
Spencer and Gillen 1927), although it was not exclu-
sively used, and other wood types with similar mech-
anical properties were also often chosen. Grevillea
and Hakea, of the Proteaceae family, produce strong
hard wood and are often cited for the manufacture
of boomerangs (e.g., Lowe 2005:92; Smith and

Figure 6. Detail of symmetrical (A–D) and hooked (E–H) boomerang extremities showing common morphologies and damage
(A–E at 30�; F at 20�; G at 25�; H at 50�).
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Kalotas 1985:344; Wightman 2003:56–58).
Unfortunately, no documentation for boomerang
manufacture is available for the Gooniyandi, so we
turn to documentation of surrounding groups. In the

west Kimberley, Bardi are recorded as sourcing two
species of Hakea, H. aborescens and H. macrocarpa
for boomerang production (Smith and Kalotas
1985:334, 344). In the east, Kija use three species of

Figure 7. Common damage types observed on Kimberley boomerang extremities: (A and B) short, fine striations at a 90� angle
to wing axis; (C and D) chipping and rounding of the tip edge; (E and F) polish on raised areas of the wing extremity;
(F) Example of common repair method, here seen on a symmetrical Kimberley boomerang (A10657).
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Grevillea: G. pyramidalis, G. pteridifolia, and G. striata,
along with the same two species of Hakea used by
Bardi (Wightman 2003:56–58). To the southeast, Jaru
use two taxa specifically selected for the manufacture
of boomerangs G. striata and H. aborscens (Wightman
2003:113–114). Finally, to the south of Gooniyandi,
Lowe (2005:92) documents two genera of plants
chosen by the Walmajarri to produce boomerangs as
Grevillea and Hakea. Hence, the available ethno-
graphic information regarding wood selection for
boomerang manufacture is consistent with the Riwi
artefact’s taxonomic identification.

Returning and non-returning boomerangs are
fashioned from curved tree trunks or branches while

the hooked or fighting boomerang (wirlki) – which
we believe this artefact to originate from – is created
from the junction of a tree trunk and root. This sec-
tion creates a more pronounced angle and ensures
that the maximum strength of the wood is located at
the hooked section which takes the force of impact
when thrown (Akerman 1998:13; Jones 2004:18).
Wood is worked fresh when it is easier to carve
while it still retains moisture. Wood rapidly loses
water resulting in warp and/or brittleness
(Kamminga 1988:28). Stone adzes are used to achieve
the rough shape of the boomerang with hand held
scrapers employed to finalise the shape (Kamminga
1988:28). The careful use of fire (producing dry or
moist heat) to aid the manufacture of wooden tools
is also well documented, with this process resulting
in the wood becoming supple, and it is in this state
that defects are manipulated out and the required
shape achieved (Akerman 1998:10; Kamminga
1988:28; Roth and Etheridge 1897:102, 142). The
final product is rendered on multiple occasions over
time with a mixture of animal fat and ochre to retain
moisture equilibrium, combating warping and split-
ting (Jones 2004; Kamminga 1988:28).

While the manufacturing processes are similar for
all three boomerang types (returning, non-returning,
and hooked), balance, flight, and function differ sub-
stantially (see Cotterell and Kamminga (1990) chap-
ter 7 for a detailed discussion on boomerang
aerodynamism and the motion of projectiles). The
hooked boomerang is reported as being particularly
effective for interpersonal conflict as it catches on the
shield (or other item) which is held up to protect the
person at whom it was thrown, and instead of simply
being warded off as in the case of more symmetrical
boomerangs, it swings round on the beak, striking
the individual about the neck (Spencer and Gillen
1927). Although the boomerang is most commonly
associated with hunting and warfare, it is well docu-
mented as a multipurpose tool and its many func-
tions include the creation of and tending to fire, as
musical instruments, in ceremonial dance, and as a
substitute for a digging stick for procuring plant
foods and numerous burrowing animals (Berndt and
Berndt 1988:23; Jones 2004:17; McCarthy 1961:348;
Spencer and Gillen 1927).

Many stunning examples of decorated boomer-
angs, engraved, painted, and burnt, exist and often
decoration is documented as playing a crucial func-
tion for ceremonial activities and land rights (Jones
2004:16–17; MacKenzie 2011:1). Having said this,
while respectfully acknowledging the ceremonial
aspect of boomerang decoration, Jones (2004:32) sug-
gests that fluted longitudinal carvings often observed
on hunting (non-returning) boomerangs may play
more of a technological function by reducing air
drag and surface tension. In flight, fluting on a

Figure 8. Comparison of the Riwi artefact to the leading
wing tip of a Kimberley hooked boomerang (A10624).

118 M. C. LANGLEY ET AL.

214



boomerang causes turbulence in the laminar bound-
ary of air creating a smaller vortex behind the object,
and thus, minimising drag, much like dimples on a
golf-ball improve the accuracy of flight path (Mehta
1985:186). Consequently, the fluting observed on the
Riwi artefact may have had both a decorative and
functional role in the use life of the implement from
which it came.

Details of the maintenance of wooden technology
found in the ethnographic literature further support
our conclusion that the Riwi piece is consistent with
having originated from a boomerang. This deduction
was based on the following observations. First, dig-
ging stick and projectile point extremities were care-
fully maintained through the systematic cutting or
grinding away of material using a series of finer and
finer grindstones (Gould 1970; Mountford 1941;
Thomson 1964; Worsnop 1897). For both of these
pieces of equipment, a sharp edge (digging stick) or
point (projectile point) was essential to the continued
efficiency of the tool, and neither were commonly
allowed to accrue the intensity of wear observed on
the distal extremity of the Riwi artefact. Second, the
sectioning of a portion of a tool extremity almost
25 mm in length is not only inconsistent with the
available ethnographic descriptions of tool repair for
these particular implements (e.g., Thomson 1964),
but would also result in the reduction of the tools far
more quickly than necessary. That is, rather than the
least amount of material being ground away to pro-
duce a renewed edge, far more material than
required was removed in a single event, significantly
shortening the use life of the implement.

Thus, with digging sticks and projectile points
ruled out, we are left with three forms of weaponry
in which weight, balance, and appearance – as the
most likely reasons for the removal of portion the
size of the Riwi artefact – are extremely important:
boomerangs, throwing-sticks, and spearthrowers. As
was shown above, both the morphology and the
wood taxon of the Riwi artefact do not match the
characteristics of either a throwing-stick or a spear-
thrower, however, it does match that of a boomer-
ang. Given that we have such a small piece of this
artefact, it is difficult to identify if it originally consti-
tuted the trailing or leading wing of a boomerang,
though its overall morphology (including surface
angle from proximal edge, surface contour, and edge
curvature) suggests that it was most likely a tip of
the trailing wing of a hooked boomerang – as argued
above. This distinction is important as hooked boo-
merangs are often cited as having been used in cere-
mony (see Jones 2004 for example), and
consequently, it might be assumed that their appear-
ance and performance was especially important.
While a boomerang extremity may be altered during
manufacture, the repair of these weapons did not

involve removal of material; for example, Worsnop
(1897:129) reports that, ‘‘in the process of manufac-
ture they are scraped, chipped, and smoothed as
experimental testing suggests, and the weapon is not
considered finally completed until the experiments
are successful and it has come back in the manner
desired by the maker’’. Instead, boomerangs broken
in use were repaired through the drilling of holes on
either side of the split section, through which sinew
was threaded in order to tie the section together
(Jones 2004; see example of such a repair in
Figure 7: G). Having said this, Spencer and Gillen
(1927:533–534) report that they observed the trim-
ming of hooked boomerangs broken in use within
the Arunta territory. In this instance, however, the
whole shoulder (beak) of the weapon was removed
rather than a small portion of the extremity, trans-
forming the implement into a functional throwing
stick.

Alternatively, the implement from which the Riwi
artefact originated may also have been altered if/
when it moved from being a purely functional tool
to having a ceremonial aspect, as is known to occur
for such boomerangs (Jones 2004). In such a scen-
ario, the removal of a portion of the trailing wing,
the section which was heavily decorated and central
to its performance in the ceremonial arena, is then
explained in terms of an implement whose appear-
ance/performance was not exactly as originally
desired by its owner. Along these same lines and
given that the boomerang from which the artefact
came was most likely traded into the region, it might
have been the case that the person/s who received
the weapon held aesthetic values slightly different to
those who manufactured the tool (differing commun-
ities of practice). In this case, the latter person/s may
have trimmed the extremity so that its appearance
conformed to their idea of suitable weapon form.
Given that the repair of boomerangs is undertaken
in an entirely different manner, as described above,
either of these last two scenarios seems the most
likely option at this time.

Importantly, as ethnographers report that fluted
and hooked boomerangs while observed in the
Kimberley, were traded into the area from other
regions to the southeast or northeast, the Riwi arte-
fact also provides tentative evidence that these trade
routes, witnessed by Europeans within the last 200
years, were in similar use several hundred years
previous.

Conclusion

In this paper, we have described a unique find – a
boomerang extremity deliberately removed from a
weapon tip and discarded at Riwi Cave some 600
years ago. While it cannot be ruled out that this
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artefact originated from a children’s boomerang, the
evidence (morphology, decoration, use wear, ethno-
graphic comparison) strongly supports its origin as a
hooked fighting boomerang. Such identification not
only provides insight into the wooden technological
repertoire of those who visited Riwi Cave, but also
information of a type rarely found in the Australian
archaeological record. That this artefact is also the
oldest directly dated wooden weapon found in the
northern regions of Australia is an additional aspect
of its importance to Australian archaeology.
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ABSTRACT
Despite the dominance of wood-based technologies in Australian Aboriginal techno-com-
plexes, recovery of archaeological examples is exceedingly rare in the north of the continent
where environmental conditions are most harsh for such archaeologically fragile items. Here
we report the discovery of a 210 year old spearthrower butt made from bat-wing coral tree
(Erythrina vespertilio) from the Worrorra site of Widgingarri 9 (western Kimberley).

ARTICLE HISTORY
Received 1 November 2018
Accepted 14 March 2019

KEYWORDS
Wooden technology;
projectile technology; X-ray
lCT; traceology

Introduction

The wooden artefact described herein was recovered
from the surface of Widgingarri Shelter 9, in the
coastal west Kimberley (Figure 1). This site is one of
14 shelters recorded during a survey by O’Connor
and Worrorra Traditional Owners in 1985, which
culminated in the excavation of the better known
Widgingarri 1 and 2 shelters (O’Connor 1999). As
wooden artefacts are exceedingly rare in the
Australian tropics owing to the high rate of plant
decomposition in seasonally wet and humid envi-
ronments and the presence of termites (Nugent
2015), this finding is a valuable addition to the arch-
aeological literature. The artefact corroborates the
ethnobotanical literature for the area, extends the
historical record, and adds support to the ethno-
graphic literature regarding the use of plant taxa for
the manufacture of spearthrowers.

Technological description

The artefact measures 15.5 cm (l)� 5.5 cm
(w)� 1.1 cm (d) and was directly dated to 210±32BP
(S-ANU49406). While the artefact has suffered from
exposure, resulting in the degradation of the surface,
it remains evident that the piece was shaped into a
flat-paddle form with a rounded extremity opposed

by a neck some 2.6 cm in width (Figure 2). A cut
mark is present on the left side of the neck, originat-
ing from initial construction, while the extremity ter-
minates in a splinter fracture consistent with use
damage – which could reflect breakage during hunt-
ing, warfare, or conflict resolution. On the small sec-
tions of near original surface which remain, fatty
tissue residues are clearly visible under low-powered
microscopy (Figure 2(A–C)). Given that it is widely
cited that Australian wooden tools was coated with
mixtures of animal fat (e.g. kangaroo, emu, turkey)
and ochre in order to preserve and maintain the
implement (Gould 1970:37; Jones 2004), this observa-
tion should be of no surprise.

Based on these morphological attributes and
comparison with Kimberley provenanced ethno-
graphic wooden implements in the Western
Australian Museum, this artefact can be comfortably
identified as a spearthrower butt, in particular, one
originating from a ‘north Australian lath-like’ spear-
thrower (Type 2) so termed by Davidson (1936:463;
also see Cundy 1980). These spearthrowers com-
monly range between 75 and 110 cm in absolute
length and have a hardwood peg attached to one
end using sinew and resin (see Davidson 1936).
This form of spearthrower is said to be a local type,
and was traded both east into Queensland and south
into Central Australia (Davidson 1936).
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Methods for the identification of the
spearthrower wood

A sample of the spearthrower was scanned at the X-
ray Computer Tomography laboratory, operated by
the Department of Applied Maths at the Australian
National University (ANU) (Latham et al. 2008;
Myers et al. 2011). The X-ray detector is a 16-bit,
scintillator-coupled 3040� 3040 pixel CCD camera
mounted on a linear rail. While the entire spear-
thrower fragment fitted within the X-ray lCT
chamber, the dimensions of the artefact prevented
the X-ray detector from obtaining the required level
of resolution. For this reason, an irregularly shaped
piece of wood, roughly 4 mm3, was removed using
a razor blade. The sample was rested on a silicon
plug within a glass tube and mounted on the preci-
sion rotation stage. A range of parameters were
explored to find the optimal scanning conditions
(80 keV and 40 lA). The 3D volume was collected
using a double helix trajectory, comprising 3600
scans. The radiographic data were translated with
the ANU Supercomputer facility and rendered with
Drishti software (Limaye 2012).

Taxonomic identification was conducted by com-
paring the anatomy of the unknown spearthrower
wood with the anatomy of reference materials in the
Bunuba-Gooniyandi wood charcoal reference

collection housed in the Archaeology and Natural
History Department, ANU (Whitau 2018). The
woods closest in anatomy to the spearthrower from
the Bunuba-Gooniyandi reference collection were
Brachychiton sp, Erythrina sp., and Sesbania sp.
Ethnographic evidence (Akerman 2006; Blundell
1975; Scarlett 1985) indicated that Erythrina vesper-
tilio was commonly used in the manufacture of
spearthrowers, alongside certain Acacia sp.,
Gyrocarpus americanus, Sesbania grandifolia, and
Verticordia cunninghamii. Based on the anatomy of
the spearthrower wood, Acacia sp., G. americanus,
and V. cunninghamii could be ruled out, and so the
three remaining genera: Brachychiton sp., Erythrina
sp., and Sesbania sp. were targeted for collection
and comparison with the archaeological artefact.
Dilkes-Hall collected these taxa in July 2018 in the
Drysdale River catchment during a Kimberley
Visions field season. They were identified and
vouchered in the field by botanist Matthew Barrett
(WA Department of Biodiversity, Conservation and
Attractions). The following woods were collected
for comparison: Brachychiton fitzgeraldianus,
B. tridentatus, Erythrina vespertilio, and Sesbania
formosa. Each of these woods were charred at the
ANU following Pearsall (1989:128–133), observed
using an Olympus BH-2 reflected lightfield/darkfield
microscope, and imaged using a JEOL JCM-6000

Figure 1. Location of Widgingarri Shelter 9.
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Neoscope Scanning Electron Microscope (SEM)
housed in the ANH department, ANU. Wood iden-
tification keys including Hope (1998) and Ilic
(1991), and two online databases, Inside Wood
(http://insidewood.lib.ncsu.edu/) and the University
of Queensland Online Archaeology Collection
(http://uqarchaeologyreference.metadata.net/archaeo-
botany/list), were also used to aid identification.
Wood anatomy is described following the
International Association of Wood Anatomist’s
(IAWA) nomenclature and characteristics (Wheeler
et al. 1989).

The X-ray scan of the spearthrower obtained a
resolution of 2.8 lm. Slices of transverse, tangential,
and radial longitudinal sections are presented in
Figure 3(A–D). The transverse slices (Figure 3(A,B))
show that the spearthrower is produced on diffuse-
porous wood, with vessel elements spaced far apart
in diagonal to weak tangential patterns, commonly

in clusters of two. Fibre walls are thick to very thick
and axial parenchyma are arranged in wide (5–12þ
cells wide), wavy, paratracheal bands. The tangential
longitudinal slice (Figure 3(C)) shows rays of two
distinct sizes: uni to biseriate rays, 2–16þ cells high,
and 4–7 seriate rays, 20–40þ cells high. Aggregate
rays and tile cells were observed. Axial parenchyma
cells are fusiform with strands commonly comprised
of two cells. The radial longitudinal slice (Figure
3(D)) shows that the rays are mixed in cellular com-
position. The resolution obtained by the scan
(2.8 lm) was too low to describe sub-elemental fea-
tures, such as intervessel pitting. The anatomy of
the spearthrower wood is characteristic of Erythrina
vespertilio (Figure 4(A–F)). Given that there is cur-
rently only one species of Erythrina identified
in Western Australia (https://florabase.dpaw.wa.gov.
au/), we are comfortable in making the identifica-
tion at species level.

Figure 2. Spearthrower butt from Widgingarri 9. (A–C) Fat residues observed on the wood surface. Outline of a ‘Type 2’ spear-
thrower (Western Australian Museum, A00663), position of Widgingarri butt in red. Courtesy Angus Moore.
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Wider context and significance

While digging sticks, hafted adzes, firesticks, tjur-
unga, stakes, message sticks, barbed and unbarbed
spears, clubs and boomerangs have been collected
from Australian contexts previously, the
Widgingarri implement is the first example of a
spearthrower to be reported in detail (see Langley
et al. 2016 for a review of Australian wooden tech-
nology). Indeed, the only other reference to a spear-
thrower located in an archaeological context was the
extremely weathered and termite-ridden example
found on the surface of nearby Widgingarri 2
(O’Connor 1999). With spearthrowers ubiquitous
across the Australian continent, their invisibility in
the archaeological record would seem out-of-step
with the ethnographic record but O’Connor also
notes that these implements were curated items with

extensive use lives. Indeed, the fact that the
Widgingarri 9 piece appears to exhibit a use fracture
at the neck suggests that the implement was deliber-
ately discarded after it was broken in use.
Consequently, their deposition into the archaeo-
logical record could be expected to be less frequent
than other forms of wooden items and, when con-
sidered in conjunction with the hostile conditions
for long-term plant-based artefact survival, their
archaeological rarity can be understood.

Conclusion

The spearthrower at Widgingarri provides a glimpse
into the use life of an important item of Indigenous
wooden technology on the Kimberley coast at about
the time of the first European arrival in Australia.

Figure 3. Widgingarri spearthrower butt, transverse sections (A, B) tangential longitudinal section (C), radial longitudinal sec-
tion (D). All slices were scanned with the X-ray detector 16-bit scintillator-coupled 3040� 3040 pixel camera and rendered
with Drishti software.
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As wooden technology comprises rare finds in the
Australian archaeological context, the spearthrower
fragment from Widgingarri Shelter 9 represents a
significant new find which extends our knowledge
of plant use in the Kimberley into the immediate
contact period.
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ABSTRACT
Excavation of Brooking Gorge 1 rockshelter, located within Bunuba Country, southern
Kimberley, Western Australia, demonstrates a late Holocene record of edge-grinding technol-
ogy and scaphopod bead use. Excavated in 1993, we report here for the first time the sum-
mary data, radiocarbon dates and important finds. The stone tool technology from the site
documents a rare focus on edge-ground axe manufacture. Scaphopod beads, significant in
the symbolic material culture of the region, were also found.
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Introduction

Here we report on the 1993 excavation of Brooking
Gorge 1, a rockshelter in Bunuba Country in the
southern Kimberley (Figure 1(A)). Located within
Brooking Gorge Conservation Park, in the Oscar
Napier Range, the site is 50m above Brooking
Creek, which today holds water during the dry sea-
son. The Oscar Napier Range is part of the
Devonian Reef formation, which extends across
much of the southern Kimberley (Playford et al.
2009). Limestone rockshelters within this formation
include Carpenters Gap 1 (Maloney et al. 2018) and
3 (O’Connor et al. 2014) first occupied in the
Pleistocene, as well as sites with Holocene records
such as Djuru (Maloney et al. 2016; O’Connor et al.
2008), and Mount Behn (Maloney et al. 2017b).
Excavation of these sites has revealed evidence for
edge-ground axe manufacture from around
46,000 cal. BP (Hiscock et al. 2016) continuing into
the Holocene (Maloney et al. 2016, 2017b).
However, sandstone outcrops preserving axe-grind-
ing grooves are rare in this region.

A test pit was excavated in 1993 as part of a sur-
vey and excavation program by O’Connor in the
Oscar and Napier Ranges. The research aimed to
investigate Pleistocene occupation in this region and
to determine if the gorges of the limestone ranges
were refugia for people during the Last Glacial
Maximum. Subsequent analysis of cultural materials

from the tested sites thus focused on the older occu-
pation sites, located close to the Lennard River in
Windjana Gorge NP (Maloney et al. 2018). We are
now attempting to make the radiocarbon dates and
content data for all sites excavated during this pro-
gram available to other researchers.

Results

Brooking Gorge 1 is a limestone rockshelter,
approximately 6� 5m, with a large outcrop of sand-
stone embedded in the rear wall (Figure 1( B,D)).
Almost every exposed surface of this sandstone has
been modified, including ledges several metres
above the deposit surface (Figure 1(C)). Grinding
grooves are typically 25–50 cm long, 5–8 cm wide
and 2–4 cm deep (Kennedy 1996:7). These dimen-
sions are consistent with edge-ground axe morphol-
ogies in the Kimberley, which can vary from 4 to
18 cm in width (Akerman 2014; Akerman and
Bindon 1984:361), creating a depression bordered
by two margins in the sandstone. No pigment art
was noted among these grinding grooves or
throughout the rockshelter (Kennedy 1996:17).

A 1m2 excavation was placed in the centre of the
exposed archaeological deposit, close to the sand-
stone outcrop (Figure 1(B)). The stratigraphic pro-
file (Figure 2) shows three strata, each separated by
a weak boundary, ceasing at �90 cm, without hitting
bedrock in all areas. The sediment was primarily a
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Figure 1. (A) North Western Australia showing site location of Brooking Gorge 1 rockshelter. (B) Brooking Gorge 1 site plan
showing the location of the square and grinding grooves. (C) Profile of shelter. (D) Photograph of shelter and testpit,
looking west.

Figure 2. Stratigraphic profile of Brooking Gorge 1 rockshelter.

Table 1. Radiocarbon dates from Brooking Gorge 1.
Lab no Spit Material Delta c13 PMC Radiocarbon age cal. BP (2 sigma) Curve

ANU-10785 10 Charcoal –24.0 ± 2.0 – 1,350 ± 70 1,345–1,336 (0.7%)
1,321–1,063 (94.7%)

SHCal13

OZD599 15 Melo sp. 0.0 78.83 1,910 ± 60 1,554–1,270 (95.4%) Marine2013
OZD600 25 Celtis –14 84.34 1,370 ± 40 1,310–1,177 (95.0%)

1,126–1,122 (0.4%)
SHCal13

Dates were calibrated using OxCal v4, using the southern hemisphere curve [SHCal13] for charcoal (Hogg et al. 2013) and the marine curve
[Marine13] (Reimer et al. 2013) for the shell. A DR correction of 54 ± 37 was applied to the shell date (O’Connor et al. 2010).

AUSTRALIAN ARCHAEOLOGY 197

226



Ta
bl
e
2.

Br
oo
ki
ng

G
or
ge

1:
su
m
m
ar
y
of

st
on

e
ar
te
fa
ct
s
ac
co
rd
in
g
to

ra
w

m
at
er
ia
lg

ro
up

s.

Sp
it

Ex
ca
va
te
d

de
po

si
t

Vo
lu
m
e
(l)

TN
A
(t
ot
al

nu
m
be
r

of
ar
te
fa
ct
s)

Ar
te
fa
ct
s

pe
r
lit
re

Cr
ys
ta
l

qu
ar
tz

Vo
lc
an
ic

Ch
al
ce
do

ny
Ch

er
t

Si
lic
ifi
ed

lim
es
to
ne

Q
ua
rt
zi
te

Si
lc
re
te

G
la
ss

Bi
fa
ce

Ad
ze

tu
la

G
ro
un

d
sa
nd

st
on

e
Ed
ge
-g
ro
un

d
fla
ke

N
on

-e
dg

e
gr
ou

nd

0
25

59
2.
36

4
4

27
6

5
3

9
1

1
15

23
1.
53

4
9

1
3

3
3

2
36

73
2.
03

2
6

35
9

10
3

8
3

25
54

2.
16

6
6

32
1

3
4

2
4

28
53

1.
96

1
3

34
9

1
4

1
5

24
48

2.
00

5
10

20
5

1
6

1
6

24
57

2.
38

10
2

22
8

5
10

7
19
.5

47
2.
41

2
1

15
17

12
8

16
.5

44
2.
67

5
27

6
1

5
9

42
.9

42
0.
98

5
20

9
7

1
10

44
.5

60
1.
35

6
5

26
2

6
14

1
11

22
90

4.
09

20
6

38
18

8
12

32
28

0.
88

2
12

13
1

13
48

21
8

4.
54

40
7

86
67

13
5

14
46
.5

19
8

4.
26

11
9

17
61

1
15

44
27
1

6.
16

13
7

9
42

44
37

2
16

33
22
4

6.
79

81
16

32
69

24
2

17
28
.5

28
2

9.
96

13
9

11
45

55
28

3
1

18
33

18
8

5.
70

91
6

41
41

9
19

29
13
7

4.
72

78
1

17
27

13
1

20
41

12
0

2.
93

64
4

17
21

14
21

37
99

5.
86

60
9

2
12

16
22

43
47

1.
09

33
8

3
3

23
22

7
31
.0
0

3
3

1

198 T. R. MALONEY ET AL.

227



soft, sandy silt (Munsell: 10YR 5/4-4/4). Because of
the poorly defined stratigraphy, the deposit was
excavated in 2 cm spits (a total of 34 and average of
2.95 cm), except for two hearths, which were
removed separately. The lower 24 cm, comprising 11
spits, were noted as lacking cultural materials but
contained clasts of decomposing bedrock. Sediments
were sieved through nested 6 and 3mm screens,
except for bulk sediment samples taken from
each spit.

Three radiocarbon dating samples collected from
sieve residues reveal a late Holocene age for the
excavated deposit (Table 1). These dates were cali-
brated using OxCal v4, with the southern hemi-
sphere curve [SHCal13] for charcoal (Hogg et al.

2013) and the marine curve [Marine13] (Reimer
et al. 2013) for the shell. A DR correction of 54 ± 37
was applied to the shell date (O’Connor et al. 2010).

The stone artefact assemblage (n¼ 2,473) is
summarized in Table 2 by raw material type.
The assemblage is dominated by crystal quartz
(n¼ 913), a prolific stone resource throughout
Bunuba Country (Maloney 2015:42–45), but also
contained volcanic flakes and fragments (n¼ 793).
The volcanic flakes included 118 with clear signs of
edge grinding prior to being detached, indicating
maintenance of ground-edge axes occurred within
the shelter at varied states of polish or grinding.
Kennedy (1996) identified this material as rhyoda-
cite. Glass flakes were recovered in the upper three

Figure 3. (A) Stone artefact frequency and raw material use by spit, Brooking Gorge 1 rockshelter. (B) Non-lithic materials
(g) by spit, Brooking Gorge 1 rockshelter.

Table 3. Brooking Gorge 1: summary data of excavated materials, combining materials from 6mm and 3mm sieve fractions.

Spit Bone (g) Charcoal (g) Ochre (g) Seeds (g)
Uncharred
wood (g)

Wood
shavings (g)

Lortiella
froggatti (g) Egg Shell (g)

Melo
amphora (g)

Scaphopod
beads (n)

0 1.15 32.11 17.05 9.80 0.01
1 0.86 16.17 9.31 5.21 0.02
2 28.2 58.33 38.82 25.16 0.13 0.38
3 2.46 84.14 17.23 20.61 2.39 0.29 0.42
4 0.57 102.1 0.15 6.13 12.00 0.01 0.23 0.02
5 1.87 79.5 17.64 8.94 0.75 0.17
6 1.60 59.4 12.55 4.59 0.01 0.45 0.33
7 0.16 31.16 7.01 1.011 0.18 0.07 1.34
8 33.4 0.15 0.05 1.77
9 0.17 15.2 1.22 6.7
10 3.20 2.17 0.32 2.22 0.17 0.46
11 25.53 4.42 2.27
12 0.05 0.66 0.08
13 5.02 7.09 2.59 0.01 0.05 0.07 5.28 1
14 3.86 5.02 0.61 1.89 1.48 7.99
15 10.3 1.851 2.63 0.22 0.28 2.68 3
16 4.88 0 4.61 0.90 0.10 1.16 1.19
17 4.21 1.35 2.89 0.02 0.08 0.51 1.07 1
18 2.21 1.35 2.13 0.14 0.07 0.73 0.49 1
19 1.77 0.15 0.49
20 0.50 1.38 1.70 0.43
21 0.53 1.08 4.99 1.23 4.99 0.53
22 0.01 0.12 1.97 0.01 0.01
23 0.46 0.03
24 0.10 0.05 0.01
25 0.001 0.03 0.24 0.13
26 0.24 32.11
27 16.17
28 58.33
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spits and on the surface indicating that the site was
used into the European contact period. A concentra-
tion of artefacts occurs between spits 22 and 13 and
the upper 12 spits are dominated by volcanic arte-
facts (Figure 3(A)). Although these discard trends
are less pronounced relative to excavated volume
per spit (Table 2), it is a significant trend using a
Wilcoxon signed-rank test for both total number of
volcanic flakes (Z¼ –3.713, p¼ .001) and volcanic
flakes relative to excavated volume (Z¼ –4.106,
p¼ .001). This trend may suggest that while axe
grinding was always a key aspect of site use, its
importance increased in more recent times. Three
pieces of ground sandstone were recovered within
the deposit. Other notable artefacts include a tula
adze in spit 9, which together with several other
such tools recovered from archaeological sites within
this region (Maloney et al. 2017a:183, 2017b:49),
confirms tula distribution into the southern
Kimberley Ranges (Akerman and Bindon 1984:358).
A single broken biface was recovered from the sur-
face, probably associated with Kimberley Point
manufacture (Maloney et al. 2014).

Unlike the stone artefact assemblage, most bone
and charcoal are concentrated above spit 12
(Figure 3(B)). The peak in charcoal is probably asso-
ciated with two hearths (Figure 2). Detailed faunal
analysis has not been conducted, although the
assemblage includes medium-sized macropods,
bandicoot, possum and murids. The fauna is

summarised by weight in Table 3. Freshwater mus-
sel shell remains (Lortiella froggatti) were also found
throughout the sequence. This freshwater mollusc
has been recovered in all sites throughout the south-
ern Kimberley region (Maloney et al. 2017a, 2017b;
2016:82; O’Connor et al. 2014:18).

Preliminary analysis of macrobotanical remains
shows preservation of charcoal, seeds, wood shavings
and uncharred wood. Major seeds include Celtis cf.
strychnoides, Terminalia spp., and Vitex cf. glabrata.
These species have been recovered from other arch-
aeological sites in the southern Kimberley (Dilkes-Hall
2014; McConnell and O’Connor 1997) and are well
documented in ethnobotanical literature available for
the region as important economic plants (Crawford
1982; Scarlett 1985; Smith and Kalotas 1985).

Six scaphopod beads (Figure 4), of a type found
throughout the southern Kimberley during the
Holocene (Balme and O’Connor 2016), were recov-
ered. These marine shell beads are �300 km from the
current coastline and display use wear characteristic
of being strung into the long necklaces observed in
recent times (Balme et al. 2018). In addition, 15 frag-
ments of Melo amphora (northern baler) were recov-
ered from spit 18 upward (Table 3).

Conclusion

Brooking Gorge 1 was occupied from c. 1,500 years
ago and into the European contact period. The

Figure 4. Scaphopod beads from Brooking Gorge 1. Inset boxes with arrows indicating wear accrued through use. Scale
bar ¼ 1mm.
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shelter is unusual in containing abundant evidence
for edge-ground axe manufacture and resharpening,
whereas most other Kimberley excavations recover
much smaller samples, typically only one or two
flakes (Hiscock et al. 2016; Maloney et al. 2017b:49;
O’Connor et al. 2014:18). Although overall artefact
numbers decrease over time, the raw material fre-
quencies suggest a shift in the later part of the
sequence towards increased axe manufacture at the
site. It appears that the rare sandstone outcrop
inside the shelter combined with proximity to per-
manent freshwater in the gorge was the likely driver
of site use throughout the occupation. Like the other
southern Kimberley shelters investigated, it contains
scaphopod segments with evidence for use as beads
(Balme and O’Connor 2016). While faunal analysis
has not yet been conducted, the site preserves a var-
iety of small to medium-sized fauna and freshwater
mussel shell, a consistent food resource in the
inland Kimberley archaeological record (Maloney
et al., 2016, 2017a; O’Connor et al. 2014).
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Wooden artefacts are seldom recovered from Australian archaeological contexts, limiting our understanding of
an important component of past Indigenous socio-economic systems. When recovered, the taxa used for con-
struction are very rarely identified, andwhen undertaken, taxonomic identifications are generally unsubstantiat-
ed. For wood taxa to be identified, the microscopic elements of the xylem structure need to be observed and
described from three planes. Conventional microscopymethods require physical sectioning, which is a complex,
time-consuming process, whereas X-ray computed microtomography is non-invasive and expeditious. Here we
describe the use of X-ray microtomography to identify the material of two wooden implements, the negative
component of a fire drill and an artefact fragment, both recovered from Riwi cave in the southern Kimberley of
Western Australia. By drawing on archaeobotanical analyses conducted at Riwi cave (wood charcoal and other
macrobotanical remains), we are able to illustrate that the past inhabitants of Riwi selected certain woods for
specific purposes within the last 1000 years of occupation at the site.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The limited preservation of botanical materials in Australian archae-
ological contexts, coupled with the slow development of conversant
archaeobotanical techniques, has hindered our understanding of plant
use in prehistoric lifeways (Beck et al., 1989; Denham et al., 2009).
When compared to other regions of the world, the recovery of wooden
artefacts from Australian archaeological sites is especially rare, and
where excavated, taxonomic identification is seldom conducted. How-
ever, the identification of a wood taxon has the potential to inform on
wood selection criteria, the functional properties of the raw material
(e.g. density, bending strength), and provide an additional line of
evidence for examining adaptive strategies and technological
developments employed in the past. While the traditional methods of
wood taxon identification are destructive and laborious, X-ray
microtomography is non-invasive and expeditious. Here we use X-ray
microtomography to identify the taxa of two artefacts, the negative

component of a fire drill and the tip of a wooden artefact, both recov-
ered from Riwi cave, which is located in the south central Kimberley
of Western Australia (Fig. 1). The benefits and disadvantages of this
technique are reviewed in relation to our current understanding of
wooden artefactmanufacturewithin the Australian context. By drawing
on archaeobotanical analyses conducted at Riwi cave (wood charcoal
and other macrobotanical remains), we are able to depict a more nu-
anced picture of plant exploitation at this site.

2. Identification of wood taxa

For wood taxa to be identified, the microscopic elements of the
xylem structure need to be observed and described from three planes:
transverse, tangential longitudinal, and radial longitudinal. Convention-
al microscopy methods require physical sectioning and thin section
mounting, which is a complex, time-consuming process (Jansen et al.,
1998), that essentially applies “a two-dimensional tool to a three-
dimensional problem” (Brodersen, 2013: 409). Additionally, physical
sectioning, which can result in breakage, might not always be appropri-
ate, particularlywhenworkingwith cultural artefacts. For example, dur-
ing the initial stages of this project, permission was obtained from the
Mimbi community to sample the Riwi wooden artefact fragment for di-
rect dating and the creation of sections for scanning electron
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microscopy (SEM). During the sampling process the entire artefact
snapped longitudinally in half, a common risk during the sampling of
desiccated wood. This result required a specific restoration process
and the definition of a new strategy that would allow for the identifica-
tion of the wood without further risking the integrity of the artefact, for
which X-ray computed microtomography was selected.

X-ray computed microtomography (μCT) utilises radiographic
projections, in conjunction with appropriate software, to reconstruct a
sequence of non-destructive views (2D and 3D) ad infinitum. The appa-
ratus is conceptually analogous to medical tomography but differs in
that the sample rotates while the X-ray source and detector remain
fixed. Across a range of rotation angles, the X-ray camera logs 2D radio-
graphic data, data which are then manipulated by volume rendering
software to create 3D constructs of the sample's internal structures.
The sample's attenuation of the X-rays creates contrast in the μCT
image, where lower absorption of the X-rays results in darker voxels
and higher absorption of the X-rays results in lighter voxels. Carbon-
based plant tissue absorbs X-rays well, and contrasts readily with the
air within the vessel, tracheid, or fibre elements, and surrounding the
sample (Brodersen, 2013: 412–413). Resolution, measured in voxels,
is inversely proportionate to the field of view, and developments in
μCT technologies have enabled sub-micrometre magnifications
(Brodersen, 2013; Van den Bulcke et al., 2009).

The X-ray μCT technique has been applied to a variety of disciplines,
including geosciences (Cnudde et al., 2006); animal physiology
(Westneat et al., 2008); plant physiology (e.g. Danjon and Reubens,
2008; Lombi et al., 2011; Steppe et al., 2004); and soil science

(Oliviera et al., 2012). Its current applications in archaeological research
include the characterisation of pottery fabric (Kahl and Ramminger,
2012); material identification of ivory, bone, and antler artefacts
(Reiche et al., 2011); preservation of collagen in bone (Beck et al.,
2012); mapping of mineral contamination within charcoal fragments
(Bird et al., 2008), and identification of wood type employed in the con-
struction of wooden artefacts (Bugani et al., 2009; Haneca et al., 2012;
Mizuno et al., 2010; Stelzner and Million, 2015; Tuniz et al., 2012).

3. The recovery of wooden artefacts from Australian archaeological
contexts

Unlike charcoal, which is relatively inert, uncharred wood is subject
to the post-depositional processes that affect organic materials. To pre-
vent degradation, burial environments must be anaerobic, and consis-
tently so (see Haneca et al., 2012; Rowell and Barbour, 1990 for
discussion of wood degradation processes). Australian archaeological
deposits suffer low sedimentation rates, high insect andmicrobial activ-
ity, and the alternation of wetting and drying of sediments in the mon-
soonal north. These factors, in conjunction with the predominance of
small “test-pit” sized excavations, combine to decrease the likelihood
of wooden artefact recovery and the preservation of botanical remains
in general (Denham et al., 2009; Langley et al., 2011). In Australian
archaeological contexts, the most common means by which wood
preserves is desiccation, with only three recorded examples of wood
preserved in waterlogged conditions from Clarence River, Trial Bay
Creek, (McBryde, 1977) and Wyrie Swamp (Luebbers, 1978). The

Fig. 1. Map of Australia with sites mentioned in the text.
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wooden artefacts from Wyrie Swamp are the oldest on the continent,
with radiocarbon dated peat samples placing the deposit to within
12,398 to 11,270 cal BP 95.4% (ANU-1292) and 10,375 to 9628 cal BP
95.4% (ANU-1293) (Luebbers, 1975: 39). The next oldest wooden
artefact, a wooden bi-point fromNara Inlet 1,Whitsunday Islands, is as-
sociated with a 2151 to 1894 cal BP 95.4% (Beta 28188) stratigraphic
unit (Barker, 1989). All other wooden artefacts recovered from
Australian contexts are dated either directly or by association to within
the last 1000 years (Argue et al., 2001; Blundell, 1975: 419; Cane, 1984:
183; Clarke, 1985, 1987; David, 1992; David and Dagg, 1993; Flood and
Tresize, 1981; Gunn, 2009; McBryde, 1977; McConnell, 1997: 83;
O'Connor, 1999: 80, 82; Rosenfeld et al., 1981: 29; Schrire, 1982).
While the recovery of wooden artefacts from Australian archaeological
contexts is restricted to the Holocene, paperbark fragments and
woodshavings recovered from the Carpenter's Gap 1 rockshelter, West-
ern Australia, provide evidence of woodworking in the Pleistocene
(O'Connor, 1995).

Not only are wooden artefacts rarely recovered from Australian ar-
chaeological contexts, when they are recovered, the woody taxa used
to produce these artefacts are not usually identified (Blundell, 1975:
419; Cane, 1984: 183; Clarke, 1985, 1987; David, 1992; David and
Dagg, 1993; Flood and Tresize, 1981; McConnell, 1997: 83; O'Connor,
1999: 80, 82; Rosenfeld et al., 1981: 29). Furthermore, when taxonomic
identification is undertaken, it is generally unsubstantiated in the liter-
ature. Eleven wooden implements were recovered from the top level of
the Paribari midden, Arnhem Land (Schrire, 1982: 63–65). The taxa
used to produce eight of these artefacts are identified: three to family
level, one to genus, and five to species, all without description of
methods or referencematerial (Schrire, 1982: 64). A hafted adzewas re-
covered from Argaluk Hill, site 2, at Oenpelli (now Gunbalanya) located
in western Arnhem Land. While the handle and resin source were both
identified by Setzler and McCarthy (1950) as ironwood (Erythrophleum
chlorostachys), the authors do not describe the method for taxonomic
identification and, although the artefact was recovered during excava-
tion, no chronology was attempted for the site (Attenbrow, 2008: 493;
Setzler and McCarthy, 1950). Dredging activities at Clarence River,
New South Wales, exposed one boomerang, which was directly dated
to 281 to 157 cal BP 95.4% (GaK-1299) (McBryde, 1977: 161). While
the boomerang was attributed to the Planchonella genus of the
Sapotaceae family, no methods are described for this identification
(McBryde, 1977: 161). In Gariwerd (the Jardwadjali/Djab Wurrung
name for the Grampian Ranges), Western Victoria, two bark slabs and
twenty eight wooden peg-like artefacts were collected in 1983 from a
painted rock shelter (Gunn, 2009: 23). The two slabs exhibit multiple
cutmarks made with a steel implement, a product of their removal

from the tree, and while the slabs are identified as stringybark, the
methods of identification are not described (Gunn, 2009: 24).

There are only two examples of wooden artefacts from Australian
archaeological contexts that are identified by accredited wood
anatomists (Argue et al., 2001; Luebbers, 1978). First, excavations of
basal peat deposits at Wyrie Swamp, South Australia, uncovered 29
wooden artefacts, including barbed and non-barbed spears, boomer-
angs, digging sticks, and a number of wooden artefacts of unidentified
function (Luebbers, 1975: 39). The wood of one partial boomerang
was identified by the Forest Products Laboratory at CSIRO as Casuarina
stricta (now Allocasuarina verticillata) and directly dated with an age
range of 11,104 to 10,250 cal BP 95.4% (ANU-1490) (Luebbers, 1978:
127, 134). Second, a digging stick recovered from the base of an over-
hang in Namadgi National Park, in the Australian Capital Territory was
sampled for AMS dating and wood species identification (Argue, 1995;
Argue et al., 2001: 41). The artefact has an age of 317 to 45 cal BP
95.4% (NZA-10301) and a taxonomic identification of Acacia sp. was
assigned to the artefact by CSIRO (Argue et al., 2001: 41). While
accredited wood anatomists identified the woody taxa in both of these
examples, no methods or reference materials are described.

4. Description of the study area, site, and wooden artefacts

Riwi is a southwest facing cave located in the Mimbi area of
Gooniyandi country in the south central Kimberley region of Western
Australia (Fig. 1). The cave is situated at the bottom of the Lawford
Range, which is comprised of Devonian limestone reef. On the edge of
the Great Sandy Desert, Riwi is within the southern limits of the
Australian Summer monsoon, receiving 500 mm of rainfall per
annum, most of which falls within the wet season (November to
April) (Bureau of Meteorology, 1996: 44). Broad scale mapping of the
region shows that the dominant vegetation type within the Mimbi
area is sclerophyll, and grades between woodland savanna, steppe,
and grassland (Beard, 1979).

The walls and most surfaces within the cave are painted or incised
with art. A 1 m2 test pit was excavated in 1999 (Balme, 2000), and in
2013, three additional test pits were added, one of which, Square 4, cre-
ated a 2 × 1 m trench with the original test pit (Fig. 2). Each of the
squares was excavated to bedrock in arbitrary units of 20 mm, and in
500mmhorizontal quadrants, while features were removed separately.
All excavated materials were dry sieved through nested 5 mm and
1.5 mm mesh screens, and bulk sediment samples were collected
from each excavation unit. No flotation was conducted due to the limit-
ed water supply in the Mimbi area during the dry season. Cultural ma-
terials recovered from both excavation seasons include stone artefacts,

Fig. 2. Riwi cave (left) and excavation site plan (right).
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faunal remains, charcoal, freshwater shellfish remains, emu eggshell,
ochre, string, scaphopod beads, and uncharredmacrobotanical remains.
Exceptional botanical preservation at Riwi cave is generated by the dry,
anaerobic, and alkaline sediments of the limestone cave.

Wooden artefacts recovered from Riwi include the fragment of a
wooden implement, the negative component of a firedrill, and wood
shavings associated with the production of wooden artefacts (Fig. 3).
The fragment of the wooden artefact displays numerous signs of work-
ing, including cutmarks, polish, and evidence for its intentional removal
from a larger artefact. It is 23.9 mm in length, 23.4 mm in width,
10.1 mm in thickness, and weighs 2.44 g. The negative component of
thefiredrill, which is 47.1mm long and 7.6mmwide, has an incomplete
drilling cup. The diameter of the complete drilling cupwould have been
approximately 11 mm. Davidson (1947) records the fire-drill as a two
piece tool-kit consisting of two thin rods of wood, one the hearth stick
(negative) and the other the drill (positive). The hearth stick is made
from a softer wood than the drill, which is pressed into the drilling
cup of the hearth stick and rotated quickly between the palms of the
hands (Akerman, 1998: 10). The fragment recovered from Riwi is the
hearth stick.

5. Materials and methods

5.1. Dating

The wooden fragment was recovered from Square 3, excavation unit
8C. Because this excavation unit is a mixture of stratigraphic units 1 and
2, the artefact was sampled for radiocarbon dating. The fragment was
shavedwith a scalpel on the proximal end;first to removeperipheralma-
terial; and second to obtain a sample (10.4 mg) for analysis. Radiocarbon
analysis was undertaken by the Australian National University's (ANU)
radiocarbon laboratory using the single stage acceleratormass spectrom-
etry (AMS)method (Fallon et al., 2010). The calibrated age range is 651 to
557 cal BP 95.4% (S-ANU43337), calculated with the SHCal13 curve
(Hogg et al., 2013) in OxCal version 4.2 (Bronk Ramsey, 2009).

The hearth stick, whichwas recovered from Square 4, excavation unit
6, is too fragile for sampling, and is dated only by association, within the
age range of stratigraphic unit 1 (915 to 668 cal BP to recent). Table 1 pre-
sents the radiocarbon chronology for the Holocene units of the site, while
Table 2 lists each of the wooden artefacts, including quantifications of
wood shavings, with their associated stratigraphic units and radiocarbon
chronology.Wood shavingswereweighed and each individual fragment,
or the number of individual specimens (NISP), was counted.

5.2. X-ray microtomography

The X-ray Computer Tomography laboratory, operated by the De-
partment of Applied Maths at the Australian National University
(ANU), scanned bothwooden artefacts. A small cube (6mm3) of the dis-
tal fragment, which was initially removed with a razor blade for exam-
ination by SEM, was placed in the X-ray μCT chamber, whereas the
entire hearth stick was inserted, and only the drilling cup section was
rendered (Fig. 5d). Both samples were rested on silicon plugs, enclosed
within glass tubes, and individually mounted on the precision rotation
stage during the scanning process. A range of parameters was explored
tofind theoptimal scanning conditions (80 keV and75 μA). Both 3D vol-
umes comprised 3600 scans, collected with a double helix trajectory.
The X-ray detector is a 16-bit, scintillator-coupled 3040 × 3040 pixel
CCD camera mounted on a linear rail. The entire apparatus sits on top
of custom-built vibration isolators for stability. The radiographic data
were translated with the ANU Supercomputer facility, and rendered
with Drishti software.

Fig. 3. A)Wooden artefact fragment; B) hearth stick; C) examples of wood shavings from
Square 4, excavation unit 7B. All photographs were taken with a Canon EOS 400D digital
camera.
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5.3. Wood identification

Taxonomic identification is conducted by comparing an unknown
sample's wood anatomy with the anatomy of known, botanist-
vouchered reference materials. The Bunuba-Gooniyandi reference col-
lection (ANU), which was created for anthracological research led by
Whitau, consists of 84 taxa collected over two successive field seasons
(July 2013, April 2014). Vouchers of fertile material were identified by,
and lodgedwith, Brendan Lepschi and his team at the CSIRO Herbarium
in Canberra. Wood samples were prepared following Pearsall (1989:
128–133). The Bunuba-Gooniyandi reference collection was further
supplemented by an additional two wood samples from the Australian
National Botanical Gardens and 12 physical charcoal samples from
Chae Byrne's Weld Range and Barrow Island reference collections at
the University of Western Australia. Wood identification keys including
Hope (1998); Ilic (1991), and two online databases: Inside Wood
(http://insidewood.lib.ncsu.edu/) and theUniversity of Queensland On-
line Archaeology Collections (http://uqarchaeologyreference.metadata.
net/archaeobotany/list)were also used to aid identification.Wood anat-
omy is described following the IAWA nomenclature and characteristics
(Wheeler et al., 1989).

6. Results

6.1. Wooden artefact fragment

The X-ray scan of the wooden artefact fragment obtained a resolu-
tion of 3.0 μm. Slices of transverse, tangential and radial longitudinal
views, translated with volume rendering software (Drishti), are pre-
sented in Figs. 4A–C. The artefact is produced on wood which is semi
ring-porous. Transverse views show that the vessel elements are clus-
tered tangentially in groups of two to threewith longer chains common
when vessels are smaller in size. The fibre walls are thick to very thick,
and axial parenchyma is unilateral, often winged aliform, sometimes
lozenge aliform, and always confluent. The axial parenchyma and vessel
groups are festooned. The longitudinal sections show rays of two sizes:
uniseriate rays one to seven cells high, and 12 to 23 seriate rays, 30 to 69
cells high. Aggregate rayswere also observed. The resolution attained by
the scan (3.0 μm) was too low to describe sub-elemental features, such
as intervessel pitting.

The anatomyof thedistal fragment is characteristic of the Proteaceae
family, and more particularly, the Grevillea and Hakea genera. The
Bunuba-Gooniyandi charcoal reference collection includes eight

examples of Grevillea and Hakea species, and anatomical comparisons
were aided with the various databases and literature listed in Section
5.3. Grevillea and Hakea share a lot of anatomical traits, such as clusters
of pores which are tangentially arranged; festooned, confluent axial pa-
renchyma; aggregate rays; bordered to scalariform intervessel pits, sim-
ple perforation plates; and often rays of two sizes (Figs. 4F–H).
However, distinguishing between the two genera is more difficult
with the presence and absence of traits shared across both genera.
There are currently 42 identified species and subspecies of Grevillea,
and four species of Hakea (H. arborescens, H. chordophylla, H. lorea, and
H. macrocarpa) in the Kimberley region (http://florabase.dpaw.wa.gov.
au/). During the 2013 vegetation survey and reference material collec-
tion, four species of Grevillea were collected within 50 km of Riwi
cave: G. pyramidalis, G. refracta, G.wickhamii, and an unknown Grevillea
sp. While noHakea species were collected, the survey was by nomeans
exhaustive, and only plants producing fertile vouchermaterialwere col-
lected; Hakea should not, therefore be ruled out on these grounds. The
wood artefact fragment is therefore identified as Grevillea/Hakea sp.

Of interest, three fragments of one individual Grevillea sp. fruit were
recovered from Square 4, excavation unit 8B, which is mixed between
stratigraphic units 1 and 2. Of the 4627 charcoal fragments analysed
from this site, only two fragments were positively identified from the
Proteaceae family (Table 3). While both of these examples (Figs. 4D,
E) are Grevillea/Hakea sp., they are not of the same type as the wooden
artefact, since the charcoal examples are diffuse-porous, with vessels in
weak tangential to diagonal arrangement, and rays of two types: uni- to
triseriate, four to 13 cells high; and ten to 14 seriate, over 100 cells high.
Both of these fragments were recovered from the 1.5 mm sieve fraction
of stratigraphic unit 1.

6.2. Hearth stick

The X-ray scan of the hearth stick obtained a resolution of 3.7 μm.
The drill cup is formed directly on the pith, the softest part of the
stem. Slices of transverse, tangential longitudinal, and radial longitudi-
nal views, rendered with the Drishti software are presented in Figs.
5A–C. Transverse views show that thewood is diffuse-porous, with ves-
sel clusters of two most common, while longer chains of three to four
vessels occur occasionally, arranged in radial to diagonal patterns.
Fibre walls are thin, and axial parenchyma is scarce. The longitudinal
views show uni- to triseriate rays, two to 30 cells high. Ray cells are het-
erogenous in composition, of mixed shape, but this could also be related
to theproximity of the xylem to the pith (Wheeler et al., 1989: 291). The
end cells of all rays are tapered. Perforation plates are simple, and sub-

Table 2
Weights and number of identified specimens (NISP) for wood shavings and wooden artefacts presented by excavation unit, with associated stratigraphic units and calibrated age ranges
(2σ).

Square Stratigraphic unit Excavation unit Calibrated age range (2σ) Material Weight (g) NISP

3 1 2B 732–668 cal BP Wood shavings 0.02 1
3 1 8C 651–557 cal BP Wooden artefact fragment 2.44 1
4 1 1D, 2A–D, 3A–D, 4A–D, 5B–D, 6B, 6C, 7B 732–668 cal BP Wood shavings 3.09 282
4 1 6B 732–668 cal BP Hearth stick 0.29 1
4 2 7A, 7D, 8A, 8C, 8D, 9A–C 7414–5905 cal BP Wood shavings 3.22 165

Table 1
Riwi Squares 3 and 4: radiocarbon chronology of the Holocene stratigraphic units (SUs). Dates were calibrated against SHCal13 (Hogg et al., 2013) in OxCal v.4.2 (Bronk Ramsey, 2009).

SU SU description Lab. code Material Radiocarbon age Calibrated age range 2σ

1 Grey-brown (7.5YR4/3; 10YR7/6) fine sand with abundant leaf litter, rich in charcoals and ashes,
clear boundary with SU2; mud nests, insect cocoons, and several concave
kangaroo hollows observed

D-AMS 004068 Charcoal 816 ± 27 732–668
D-AMS 004064 Charcoal 956 ± 29 915–760

2 Grey-brown (7.5YR4/4; 7.5YR4/6) ashy fine sand with leaves and charcoals, very sharp boundary
with Pleistocene layers

Wk 7605 Charcoal 5290 ± 60 6195–5905
D-AMS 004069 Charcoal 6179 ± 29 7162–6935
D-AMS 004065 Charcoal 6206 ± 37 7175–6936
S-ANU38223 Charcoal 6245 ± 30 7243–6998
D-AMS 004063 Charcoal 6384 ± 32 7414–7170
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elemental features are unobservable at the available resolution
(3.7 μm).

The anatomy of the hearth stick is characteristic of the Lamiaceae
family. Six Lamiaceae genera are identified within the Kimberley,
three of which tend to produce secondary xylem (the other three are
herbaceous): Clerodendrum, Premna, and Vitex (http://florabase.dpaw.
wa.gov.au/). No Lamiaceae were identified within the Riwi site vicinity

during the July 2013 field season, probably because the family tends to
flower and fruit during the end of thewet season. Samples ofC. tomentosa
(Fig. 5F), V. glabrata (Figs. 5G, H), and an unknown Vitex sp. were collect-
edduring theApril 2014field season fromWindjanaGorgeNational Park.
The limited reference collection makes robust identification difficult for
this family. Table 3 details the major anatomical features exhibited by
the three genera. These anatomical features are very similar across the

Fig. 4. A) Wooden artefact fragment, transverse section; B) wooden artefact fragment, tangential longitudinal section; C) wooden artefact fragment, radial longitudinal section;
D) archaeological wood charcoal Grevillea/Hakea type, sample R4A206, transverse section; E) archaeological wood charcoal Grevillea/Hakea type, sample R4A206, tangential
longitudinal section; F) reference wood charcoal, Grevillea sp., sample BG09, transverse section; G) reference wood charcoal, Grevillea refracta, sample BG25, transverse section;
H) reference wood charcoal, Hakea arborescens, sample BG37, transverse section. 4A–C were scanned with the X-ray detector 16-bit, scintillator-coupled 3040 × 3040 pixel CCD
camera and rendered with Drishti software. 4D–H were produced with the JEOL 6000 Desktop SEM (high vacuum, SEI, 15 kv).
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three genera, with axial parenchyma serving as the main distinguishing
factor (see Table 3). While species from all three genera can exhibit nar-
row (one to three cells wide), marginal bands of axial parenchyma, these
bands consistently occur within the Premna genus. For this reason we
think that the fire drill is unlikely to be Premna, but since this is based
on the available literature (Section 5.3) with limited physical reference
material, we leave the level of identification to the family group. The
hearth stick is identified as Lamiaceae sp.

Vitex sp. and Lamiaceae sp. occur throughout the charcoal record
(Table 3), and these types differ in anatomical structure from the hearth
stick. The Vitex charcoal type (Fig. 5D) is diffuse-porous, but growth
boundaries are distinct through changes in pore abundance and fibre
wall width. Vessels are common in radial groups of two to three,
forming narrow tangential bands in areas of high vessel density, with
radial to diagonal patterns in areas of lower vessel density. Fibre walls
aremedium to thick in thickness, and axial parenchyma is scarce, visible
occasionally in a scanty paratracheal arrangement. Intervessel pits are
bordered in shape, with borders between pits occasionally connecting
across the vessel in groups of two to four pits. Vessel-ray pits are scalar-
iform. Both septate and non-septate fibres are present, but the absence
of the unlignified septa could be an effect of the charring and post-
depositional processes. Rays are uni- to six seriate, ranging from six to
40 cells high, with abundant tile cells. The Lamiaceae family group con-
sists of charcoals produced from twiggy material; and are most likely
the juvenile wood of the Vitex genus (Fig. 5E). V. glabrata is the most
abundant taxon within the carpological record in terms of both mini-
mum number of individuals (MNI) and number of identified specimens
(NISP) (Table 4). No other Lamiaceae generawere identified fromeither
the charcoal or macrobotanical records (see Table 5).

7. Discussion

7.1. Wooden artefact fragment

The rarity of Grevillea/Hakea spp. fragments in the charcoal and
macrobotanical records potentially illustrates an example of the past in-
habitants of Riwi selecting different woods for different purposes.
Avoidance of Proteaceae wood for fuel use has been noted in previous
anthracological studies in semi-arid Western Australia (Byrne et al.,
2013; Dotte-Sarout and Byrne, 2013). While ethnographic literature is
available for Aboriginal groups throughout the Kimberley region, a
CSIRO calendar is the only written source of Gooniyandi plant use
(Davis et al., 2011). The calendar provides information on food re-
sources and seasonal indicators for resource availability and does not
extend to plants used for the production of material culture (Davis
et al., 2011). For this reason ethnographic literature from surrounding

Aboriginal groupswas investigatedwith particular reference towooden
tool manufacture and wood selection. The Aboriginal hunter-gatherers
of Australia select, and have selected, a variety of different woods for
the manufacture of specific artefacts, and a complete list of taxa is be-
yond the scope of this paper, so the Proteaceae family was targeted for
the artefact fragment, the Lamiaceae family for the hearth stick. The
Kija people of the southeast Kimberley prefer four species for the pro-
duction of boomerangs, spears, spear shafts, and woomera: G. miniata,
G. pyramidalis, G. striata, and G. wickhamii (Scarlett, 1985: 22;
Wightman, 2003: 56–57). H. arborescens is also selected for the con-
struction of boomerangs and fighting clubs by both the Kija and Jaru Ab-
original groups (Scarlett, 1985: 22; Wightman, 2003: 58). The Bardi
people of the Dampierland Peninsula specifically select G. striata, H.
arborescens, and H. macrocarpa for the manufacture of boomerangs
(Kenneally et al., 1996: 19; Paddy et al., 1993: 22; Smith and Kalotas,
1985: 334, 344). While no ethnobotanical literature currently exists
for the Gooniyandi people, other groups in the Kimberley region are
documented selectingwood from the Grevillea andHakea genera for ar-
tefact manufacture, and in particular, the production of wooden arte-
facts that require balance and aerodynamism, such as boomerangs,
spears, spear shafts, and woomera.

While the density and mechanical properties of a wood will inform
its suitability for specific artefact manufacture, these properties are
poorly reported in the ethnographic records, limiting our understanding
of wood selection. Kamminga (1988) forms the major exception, listing
the air dried densities of various woods in relation to their recorded
uses. However, no other mechanical properties are mentioned, and
the list is incomplete, for example, of the seven Grevillea/Hakea species
listed, densities are only given forG. striata andH. leucoptera (880 kg/m3

each), while no densities are listed for all six of the Clerodendum and
Premna species (Kamminga, 1988: 45–46). Similarly, modern manuals
on the technological properties of Australian woods tend to focus on
commercial timbers, with G. robusta and V. cofassus serving as the sole
representatives of the genera in question (Bolza and Kloot, 1963;
Bootle, 2005; Keating and Bolza, 1982); preventing a detailed discussion
of the technological properties of the woods selected for the manufac-
ture of the Riwi wooden artefacts.

In conjunction with wood type, we observed three key features that
lead us to hypothesise that the fragment constitutes the extremity of an
artefact intended for aerial use. First, the artefact has been planedwith a
lithic edge, exposing tangential longitudinal sections. This planing ac-
tion would produce wood shavings (Fig. 3c; Clarke, 1987: 141). Second,
crushing along the distal tip could be the result of repetitive impacts
with another surface, such as the ground. Third, the proximal end dis-
plays numerous cut marks, which terminate in a splinter fracture, indi-
cating that the fragmentwas intentionally removed viaflexion, after the

Table 3
Summary of major wood anatomy features for the Clerodendrum, Premna, and Vitex genera.

Genus Vessel elements Fibres Axial parenchyma Radial parenchyma

Clerodendrum sp. • Growth ring boundaries distinct
• Semi-ring to diffuse porous
• Vessels in clusters (2 to 3),
arranged in diagonal patterns

• Simple perforation plates
• Intervessel pits alternate, polygonal

• Fibres thin to thick walled
• Fibres with simple to minutely
bordered pits

• Septate and non-septate
fibres present

• Scanty paratracheal
• Diffuse in aggregates
• Two cells per strand

• Ray width one to three cells
• Large rays commonly four to ten seriate
• Body ray cells procumbent with one
to two-four rows of upright and/or
square marginal cells

Premna sp. • Growth ring boundaries distinct
• Semi-ring to diffuse porous
• Vessels in clusters (2 to 4),
arranged in diagonal patterns

• Simple perforation plates
• Intervessel pits alternate, polygonal

• Fibres thin to thick walled
• Fibres with simple to minutely
bordered pits

• Septate and non-septate
fibres present

• Scanty paratracheal
• Marginal or in seemingly
marginal bands

• Two to four cells per
strand

• Ray width one to three cells
• Large rays commonly four to ten seriate
• Body ray cells procumbent with one
to two-four rows of upright and/or
square marginal cells

Vitex sp. • Growth ring boundaries distinct
• Semi-ring to diffuse porous
• Vessels in clusters (2 to 3),
arranged in diagonal patterns

• Simple perforation plates
• Intervessel pits bordered

• Fibres thin to thick walled
• Fibres with simple to minutely
bordered pits

• Septate and non-septate
fibres present

• Scanty paratracheal
• Vasicentric
• Two to four cells per
strand

• Ray width one to three cells
• Large rays commonly four to ten seriate
• Body ray cells procumbent with one
to two-four rows of upright and/or
square marginal cells
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tip was weakened by cutting. Because such a large section was inten-
tionally removed, for example, in comparison to wood shavings (see
Table 2 for comparative weights), we argue that weight and balance
were important properties for the original implement. This hypothesis
is supported by the wood type since Grevillea and Hakea genera are se-
lected for the production of aerial implements by Aboriginal groups in
the Kimberley region. We aim to test this hypothesis with further con-
sultationwith Gooniyandi people, and comparisonwithwooden imple-
ments housed in museum and private collections from the region.

7.2. Hearth stick

The three non-herbaceous Lamiaceae taxa (C. tomentosum, P.
acuminata, V. glabrata) found in the Kimberley region are not
sclerophyllic, like the Proteaceae of the region, but are associated with
the dry rainforest of the Kimberley, in particular, semi-deciduous vine
thickets. Kimberley vine thicket communities are small, isolated pockets
of dry rainforest that are thought to represent a once widespread
palaeotropical flora (Gillison, 1987; McKenzie, 1991). The interaction
of topography and disturbance by fire has played a pivotal role in the
distribution and composition of these vine thicket patches
(Clayton-Greene and Beard, 1985; McKenzie, 1991), which are distrib-
uted predominantly within coastal areas or rocky outcrops, where
ocean and/or topography can provide protection from fire. The closest
recorded vine thickets to the Mimbi area are those found in the
Windjana Gorge and Bungle Bungle National Parks (McKenzie, 1991;
Wallis, 2000, 2001). While no pockets of vine thicket were observed
within the limits of the July 2013 survey, dry rainforest taxa were ob-
served in abundance across the limestone range and outliers. No
Lamiaceae species were collected from the Mimbi area, but the abun-
dance of Vitex sp. wood charcoal and V. glabrata fruits in the Holocene
archaeological units indicate that this genus grew within walking dis-
tance of the site during the last 1000 years.

Dry, pithy stems of genera belonging to the Lamiaceae family are
commonly used as hearth sticks across northern Australia (Clarke,
2012: 120–121). Clerodendrum and Vitex are cited occasionally in the
available ethnographic literature (Clarke, 2012: 120; Wightman, 2003:
45, 148); however, the most commonly cited genus is Premna, with the
species P. acuminata, common name the “firestick tree” often cited with
reference to fire making tools (Crawford, 1982; Kenneally et al., 1996:
196; Scarlett, 1985; Smith and Kalotas, 1985; Wightman, 2003). The
use of P. acuminata stems to make firesticks using the drilling method is
documented for the Kija, Jaru, and Bardi groups across the Kimberley re-
gion (Crawford, 1982: 34; Scarlett, 1985: 23; Smith and Kalotas, 1985:
384;Wightman, 2003: 66). Althoughwe are unable to identify the hearth
stick material to lower than family level, the fact that this Lamiaceae sp.
type is different from the Vitex sp. and Lamiaceae sp. charcoal types is

further evidence of different woody taxa being selected for different
purposes, at least within the last 1000 years of occupation at the site.

7.3. The X-ray μCT process

The X-ray μCT process is an efficient and non-destructivemethod for
imaging the internal structure of opaque objects. The main limitation of
the technique is resolution, which is inversely proportional to sample
width. While certain μCT systems are capable of 1 μm resolution, this
is only possible with submillimetre sample sizes (Bird et al., 2008:
2700). For the two Riwi artefacts, the highest spatial resolution attain-
able was 3.0 μm; therefore, all elements below 3.0 μm, such as
intervessel pitting, could not be observed. These features are important
diagnostic markers which could have enabled a higher level of identifi-
cation, particularly for the hearth stick, had the available reference ma-
terial, in terms of both the physical collections and the literature, been
more extensive. Identification of wood taxa is a function of both resolu-
tion and reference material; therefore, while SEM images would have
enabled a more detailed description of both artefacts, the limited refer-
ence material would have hindered further diagnosis.

Themain advantage of the X-ray μCT process is the fact that it is non-
invasive and could be used to determine the woody taxa of artefacts for
which physical sectioning is not culturally appropriate, such as those ar-
tefacts which are precious to descendant populations and/or housed in
museum collections. However, the dimensions of the object and the size
of the X-ray apparatus' chamber are limiting factors. For example, theX-
ray Computer Tomography laboratory at the ANU is capable of scanning
objects with a maximum width of 100 mm. Once inside the chamber,
smaller area(s) of the object can be selected for scanning at high resolu-
tion. The examination of several areas within wooden material is ideal
given the centripetal disintegration of woody tissues (Florian, 1990:
5), and the application of other techniques, such as dendrochronological
analyses (cf. Stelzner and Million, 2015).

8. Conclusions

Two wooden objects from Riwi, a distal fragment of a wooden arte-
fact and a hearth stick, were both analysed with X-ray computed
microtomography. The Riwi wooden artefacts were compared to refer-
ence material: the distal fragment is identified as Grevillea/Hakea sp.,
the hearth stick as Lamiaceae sp. We argue that the fragment was pur-
posefully removed in order to alter the appearance or behaviour of the
object from which it originated, which we hypothesise was intended
for aerial use. The paucity of Proteaceae remains in both thewood char-
coal andmacrobotanical records, already observed in previousWestern
Australia anthracological studies, shows that the past inhabitants of
Riwi were avoiding Grevillea/Hakea as a fuel wood, and selecting it for
the manufacture of particular artefacts. The hearth stick was produced
on a Lamiaceae sp. type which differs from the Vitex sp. and Lamiaceae
sp. types recovered from the archaeological wood charcoal record. The
identification of the material used to produce the two Riwi wooden
artefacts has enabled us to illustrate that the past inhabitants of Riwi
selected certain woods for specific purposes within the last 1000 years
of occupation at the site.
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Table 5
Frequencies of Lamiaceae fruits recovered within each stratigraphic unit (SU)*, expressed
in terms of both minimum number of individuals (MNI) and number of identified speci-
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MNI NISP MNI NISP MNI NISP MNI NISP

Lamiaceae
Vitex glabrata 167 228 22 19 10 13 2 2

*Note that only Quad B was sampled for macrobotanical analyses.
Adapted from Dilkes-Hall, 2014.
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The curious case of Proteaceae: macrobotanical investigations at Mount
Behn rockshelter, Bunuba country, Western Australia
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ABSTRACT
Macrobotanical analyses, which offer important information about human-environment inter-
actions of the past, are underdeveloped in Australia due to limited reference materials, poor
preservation of organic remains and inadequate field sampling strategies. Wood, seeds, fibres
and resin provide invaluable information on diet, technology and human-environment inter-
action. When excavated from stratified archaeological deposits, macrobotanical remains
enable analysis at a scale that is spatio-temporally linked with human occupation, unlike
broad-scale palaeo-environmental records, which defy correlation with short-time human
responses. Identification and analyses of wood charcoal and seeds from Mount Behn rock-
shelter, Bunuba country, in the southern Kimberley region of Western Australia, where the
largest stone point assemblage for the region was excavated. Neither the anthracological nor
carpological records reflect the taxon richness of vegetation communities of the modern
vegetation, precluding both palaeo-environmental reconstruction and in-depth exploration of
resource management and use. Certain taxa are over-represented in the anthracological and
carpological records, in particular, Proteaceae wood charcoal and Celtis spp. endocarps, and
we explore how anthracological and carpological spectra are artefacts of preservation, with
particular reference to other macrobotanical research that has been conducted in the
Kimberley region and Western Australia.
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Introduction

Mount Behn rockshelter yielded the largest assem-
blage of the retouched stone artefacts known as
points excavated from the Kimberley region to date
(Maloney et al. 2017). Applying technological criteria
and morphological analyses to the Mount Behn uni-
facial and bifacial point assemblages, Maloney et al.
(2017) present the first substantial demonstration of
a point reduction continuum in the Kimberley, akin
to those observed in the Northern Territory and
Queensland (Clarkson 2002, 2007; Hiscock 1994,
2006). Maloney et al. (2017) argue that the majority
of points were discarded during the deposition of
SU3 and SU4, between 3,815–3,575 cal. BP (ANU-
33031) and 1,835–1,710 cal. BP (ANU-46907), a
period which they associate with an El Ni~no-
Southern Oscillation (ENSO) phase of aridity and
inferred foraging risk, between approximately 2,400
and 1,200 cal. BP (Conroy et al. 2008; Denniston
et al. 2013; Donders et al. 2007, 2008; Field et al.
2017; Gagan et al. 2004; McGowan et al. 2012; Moy
et al. 2002; Rein et al. 2005; Rodbell et al. 1999;
Schulmeister 1999). This view aligns with other
reduction based analyses of stone tool assemblages in

Northern Australia, which have linked changes in
stone tool reduction strategies with adaptation to
increases in aridity and inferred foraging risk
(Clarkson 2002, 2007; Hiscock 1994, 2006; Hiscock
and Attenbrow 2002; Hiscock and Veth 1991;
Maloney et al. 2014; Maloney and O’Connor 2014;
O’Connor et al. 2014).

The lack of detailed palaeoenvironmental data
available from the area does not allow for a precise
correlation of human-environment interaction. For
example, the 2,400 and 1,200 cal. BP arid phase is
based on palaeoclimate records located at some dis-
tance from Mount Behn rockshelter, with the closest
palaeoenvironmental archive, Black Springs, some
230 km northeast of the site and offering a local,
rather than regional vegetation reconstruction
(Figure 1; Field et al. 2017; McGowan et al. 2012).
The obvious solution to this issue is to reconstruct
the local vegetation from the archaeobotanical
remains recovered from Mount Behn rockshelter and
explore human-environment interaction throughout
the site’s occupation.

Of the suite of botanical fossils that can be
obtained from archaeological contexts, macrobotanical
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remains offer the most unambiguous signature of
human manipulation. Wood, seeds, fibres and resin
provide invaluable information on diet, technology
and human-environment interaction. When excavated
from stratified archaeological deposits, macrobotanical
remains enable analysis at a scale that is spatio-tem-
porally linked with human occupation, unlike broad-
scale palaeoenvironmental records, which defy correl-
ation with short-time human responses (Holdaway
et al. 2010). However, macrobotanical remains are
organic and perishable and so their survival depends
on an array of taphonomic factors. The most common
mode of preservation is through carbonisation via
charring, whether direct (e.g. wood for fuel), or indir-
ect (e.g. seeds in the sediment are burned, or waste is
thrown on a fire). Depending on the context, the
anaerobic conditions provided by waterlogged or
desiccated sediments are more or less likely to offer
the opportunity for organic remains to preserve, or
certain types of macrobotanical remains might min-
eralize through the absorption of certain compounds
from certain types of sediments (Pearsall 2015).

In Australia, analyses of macrobotanical remains
have enabled exploration of resource use and

management, landscape use, diet and mobility pat-
terns, in the tropical regions of the Northern
Territory and Queensland (Carah 2016; Clarke 1989;
Cosgrove et al. 2007, Ferrier and Cosgrove 2012);
the tropical Kimberley (Atchison 2009; Atchison
et al. 2005; Dilkes-Hall 2014; McConnell and
O’Connor 1997; Whitau et al. 2016a, 2016b), and
semi-arid New South Wales (Fullagar et al. 2008).
However, these studies are rare, as macrobotanical
research remains under-developed in Australia.
Indeed, since Denham et al.’s (2009) summary of
archaeobotanical work conducted in Sahul, only a
handful of macrobotanical studies have been con-
ducted on the Australian continent, including five
published works (Byrne et al. 2013; Dotte-Sarout
et al. 2015; Ferrier and Cosgrove 2012; Whitau et al.
2016a, 2017), and three unpublished theses (Carah
2016; Dilkes-Hall 2014; Florin 2014).

Some Australian archaeological contexts do not
allow botanic remains to be well preserved (cf.
Denham et al. 2009; Dotte-Sarout et al. 2015); for
example, the alternate wetting and drying of the
monsoonal north does not favour the production of
anaerobic environments, and the complex

Figure 1. Western Australia with sites mentioned in the text and inset of Australia, including Black Springs (Field et al. 2017);
Cave KNI-51 (Denniston et al. 2013); Carpenters Gap 1 (Frawley 2009); Madjedbebe (Carah 2016); and Riwi (Whitau et al
2016a). Note that precise coordinates cannot be provided for the Pilbara (Dotte-Sarout and Byrne 2013) and Weld Range
(Byrne et al. 2013) sites due to confidentiality agreements (figure produced by CartoGIS, Australian National University).
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sedimentation processes observed within rockshel-
ters, the most commonly excavated context in
Australia (Williams et al. 2014), limit the creation of
suitable deposits. Poor preservation is not the limit-
ing factor of macrobotanical research; wood charcoal
is one of the most ubiquitous archaeological
remains, and yet its potential as an indicator for
human-environment interaction is only beginning to
be explored in Australia (cf. Dotte-Sarout et al.
2015). Inadequate field sampling strategies and the
lack of reference materials continue to hinder the
application of archaeobotanical techniques.

The purpose of this paper is to test Maloney et al.
(2017)’s foraging risk hypothesis, by exploring
human-environment interaction at Mount Behn
rockshelter throughout its occupation sequence, and
comparing local-scale vegetation reconstruction at
the site with broader palaeoenvironmental and
palaeoclimatic records. Wood charcoal and carpolog-
ical assemblages are chosen specifically for this pur-
pose, the first because wood charcoal is an
appropriate proxy for vegetation reconstruction
(Asouti and Austin 2005; Dotte-Sarout et al. 2015),
the latter because other macrobotanical remains
reveal the best direct evidence for human manipula-
tion of plant resources (Pearsall 2015). Like all arch-
aeological remains, macrobotanic assemblages are
artefacts of preservation, and so the taphonomy and
representativeness of each assemblage need to be
considered for vegetation reconstructions and assess-
ments of human-environment interaction to be valid.
An essential aim of this paper, then, is to explore the
taphonomy and representativeness of two archaeobo-
tanical assemblages recovered from Mount Behn
rockshelter (wood charcoal and seeds/fruits). This
aim is particularly important for Australian archae-
ology, where poor preservation of botanical remains
is often cited, but is not necessarily the limiting fac-
tor for the application of archaeobotanical analyses,
when appropriate recovery techniques, such as flota-
tion, are not regularly applied in the field, and
archaeobotanists are often not engaged in the field-
work process (Denham et al. 2009).

Study site

Mount Behn rockshelter is an outcrop of the central
Napier Range within the traditional lands of the
Aboriginal Bunuba people, in the southern
Kimberley region of Northern Western Australia,
located some 100 km from the current coastline
(Figure 1). Situated within the tropical zone, the
rockshelter receives an average of 700mm of rainfall
per annum, most of which falls within the wet sea-
son (October–May) of the Australian summer mon-
soon (Bureau of Meteorology 2015). The rockshelter,
which is formed at the intersection of Behn con-
glomerates and Napier limestone (Playford et al.
2009), sits some 10m above a plain at the top of a
15� talus slope (Figure 2). Approximately 40m in
length, between 2 and 10m in depth and 2m in
height with a deep overhang, the rockshelter’s ceil-
ing and walls are almost entirely covered in rock art,
which is both stylistically diverse and profusely
superimposed. Soot also extensively covers the lower
part of the ceiling. The surface of the shelter is lit-
tered with lithic artefacts including grinding stones,
and a collection of lithic artefacts is also housed in a
bower bird nest at the front of the cave.

A white fig (Ficus virens) grows within the shel-
ter, while various trees and shrubs, including boab
(Adansonia gregorii), Vitex sp., Celtis strychnoides,
waterbush (Myoporum montanum), and white cur-
rant (Flueggea virosa) grow underneath the over-
hang, obscuring the view to the shelter from below
(Figure 2). The limestone outcrop supports a sparse
steppe of spinifex (Triodia bitextura), with boabs
and other low trees such as kurrajong (Brachychiton
viscidulus), kapok bush (Cochlospermum fraseri) and
bloodwoods (Corymbia sp.). This steppe grades into
greybox/cabbage gum (Eucalyptus tectifica/Corymbia
grandifolia) savanna woodland with high ribbon
grass (annual Sorghum sp.) and subsidiary Corymbia
cadophora, Hakea arborescens, Grevillea sp. and
Acacia sp. across the plain below. An ephemeral
creek adjacent to the rockshelter supports riparian
vegetation dominated by paperbarks (Melaleuca sp.)
and sedges.

Figure 2. Mount Behn rockshelter outcrop (photographs and photograph montage by Dorcas Vannieuwenhuyse).
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Methods

Site chronostratigraphic sequence and
excavation methods

In 2012, a 2� 1m trench (Squares 1 and 2) was
excavated near the central back wall of Mount Behn
rockshelter (Figures 3 and 4; Maloney et al. 2017;
Vannieuwenhuyse 2016). While Square 1 was exca-
vated to bedrock at a depth of 70 cm, Square 2 was
excavated until sterile deposits were reached at a
depth of 50 cm. Seven stratigraphic units (SU) were
identified in the field (Figure 4). The upper part of
the sequence, SU5 to SU1, from c.40 to 50 cm below
to the surface of the deposit and dated to the late
Holocene, are archaeologically rich with recovered
material including lithic artefacts, animal bone frag-
ments, plant remains, charcoal, freshwater shell,
scaphopod beads and fragments of painted wall. The
boundary between the sterile lower deposit and the
archaeologically rich deposits of the upper sequence
are clear in some parts of the exposed stratigraphy
and diffuse in others. SU5, for example, was created
by the mixing of SU6 and SU4. Boundaries within
the upper part of the sequence were also diffuse and
difficult to differentiate. SU2 is a discontinuous
rocky layer that only appears in the northern and
western sections of the trench. The main occupation
layers are SU4, SU3 and SU1. Several flat combus-
tion features interpreted as hearths are interspersed
throughout SU4–SU1.

Radiocarbon ages were obtained from seed, char-
coal and the marine shell of which scaphopod beads

are composed (Maloney et al. 2017;
Vannieuwenhuyse 2016). Based solely on the char-
coal chronology, the SU4 and SU3 age is bracketed
between 3,815–3,575 cal. BP (ANU-33031) and
1,835–1,710 cal. BP (ANU-46907) and SU1 between
439–146 cal. BP and recent times (ANU-32631,
ANU-46909). The marine shell ages are older than
those of the charcoal, with the oldest radiocarbon
age of 5,531–5,304 cal. BP (ANU-33033) determined
from a bead recovered from SU5. Beads from the
SU1 deposit were directly dated to 3,799–3,550 cal
(ANU-33107) and 2,739–2,211 cal. BP (ANU-32510)
(Balme and O’Connor 2017). The disparities
between the marine and charcoal chronologies are
most likely a combination of post-depositional per-
turbation of deposit and spatio-temporal distances
between the acquisition of the scaphopod material,
its varying cultural consumption (as discussed in
Balme and O’Connor 2017), and burial at Mount
Behn rockshelter, which is over 100 km from the
current coastline (Figure 1).

Each square was excavated in 2 cm vertical spits
�50 cm horizontal quadrants. The deposit was dry-
sieved through nested 5 and 1.5mm mesh screens,
except for a sediment sample of 2–3 L from Square
2 Quadrant C, within each vertical excavation unit
(XU), which was bucket-floated, the heavy residue
of which was wet sieved, on site. A bulk sediment
sample was collected from each vertical XU in both
squares for laboratory analyses. Flat hearths, which
had laterally diffuse boundaries, are more obvious in
section than they were during excavation and were

Figure 3. Mount Behn shelter plan showing the location of the excavation squares and shelter sections from western, central
and eastern areas (topographic survey and CAD by Dorcas Vannieuwenhuyse).
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not removed separately. No off-site pits were dug
due to time constraints.

Laboratory methods

Anthracological methods

By assessing the stratigraphic profile (Figure 4), XU
depths and excavation notes, charcoals could be
sampled from each of the stratigraphic contexts, and
any XU that were stratigraphically mixed were
avoided (Table 1). All of the charcoal fragments
greater than 2mm2 were analysed from SU5–1,
including both the flot and heavy residue from the
floated sample. Charcoals were identified by snapping
fragments along the transverse, radial and tangential
longitudinal sections, with the aid of a scalpel where
necessary (Leney and Casteel 1975). Exposed sections
were examined with an Olympus BH-2 reflected

lightfield/darkfield microscope (Japan) at magnifica-
tions of 20–500�, with rare or type examples selected
for observation and imaging with a JEOL JCM-6000
Neoscope Scanning Electron Microscope (SEM)
(Japan). Quantification was conducted by count,
rather than weight, following Chabal (1990, 1992) and
Th�ery-Parisot et al. (2010).

The Bunuba-Gooniyandi reference collection
(ANU), which was created for this project, and
includes Riwi cave, a Pleistocene archaeological site
located within Gooniyandi people’s lands (Figure 1;
Balme 2000), consists of 84 taxa collected over two
successive field seasons (July 2013, April 2014); and
two wood samples from the Australian National
Botanical Gardens (Whitau et al. 2016a). Following
Pearsall (2015), wood samples were wrapped in alu-
minium foil and charred at 400˚C in a muffle fur-
nace until smoke was no longer produced. This

Figure 4. Mt Behn Squares 1 and 2 showing dated stratigraphic sections with descriptions of SUs and the location of micro-
morphological and sediment samples. (CAD by Dorcas Vannieuwenhuyse).
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reference collection was further supplemented by an
additional 12 charcoal samples from the University of
Western Australia’s Weld Range and Barrow Island
reference material (Byrne et al. 2013; Dotte-Sarout
and Byrne 2013; Taylor 2012). All reference materials
were examined with the microscopes described
above. The microscopic anatomy of each reference
specimen was described following the IAWA list of
features, and entered into a database following Dotte-
Sarout’s (2010) template. Wood identification keys
including Hope (1998), Ilic (1991) and two online
databases: Inside Wood <http://insidewood.lib.ncsu.
edu/> and the University of Queensland Online
Archaeology Collections <http://uqarchaeologyrefer-
ence.metadata.net/archaeobotany/list> were also
employed to aid identification. Where type-level
identification could not be positively assigned to a
charcoal fragment, it was described as indeterminate.
All charcoal fragments that could not be positively
identified due to brittleness, vitrification or because
they were otherwise too degraded, were assigned
indeterminable status with a brief description of
why identification was not possible. Vitrified wood
has a refringent, glass-like appearance that is pro-
duced by the fusion and homogenisation of the ana-
tomical structures of the charcoal (McParland
et al. 2010).

Carpological methods

All carpological remains were analysed from all
recovered contexts (5 and 1.5mm sieves, flot, heavy
residue from flotation). Carpological materials from
the Mount Behn excavation were hand sorted in the
University of Western Australia laboratory under a
10� magnification lamp. Categories based on macro-
scopic morphological characteristics were employed
and each specimen was described following

guidelines provided by the University of
Queensland’s key criteria,1 which include shape, sur-
face texture and dimension. The reference collection
used to identify carpological material was built from
field collections (Dilkes-Hall 2014), previously col-
lected specimens (McConnell 1998) and duplicate
vouchered botanical material (Crawford 1982; Smith
and Kalotas 1985) housed at the Western Australian
Museum. Carpological materials were grouped into
burnt/unburnt, and whole/fragmented categories and
quantification was conducted by counting the num-
ber of individual specimens (NISP).

Results

Anthracological results

Across the four SUs sampled, a total of 1,513
charcoal fragments were analysed. Of these, 614
fragments were positively identified to varying lev-
els of taxonomic significance. Appendix 1 presents
anatomical descriptions of each taxon. A total of
17 taxa, including four unknown types and two
family level identifications (Lamiaceae sp. and
Myrtaceae sp.), were assigned from eight family
groups. Table 2 and Figure 5 show the positively
identified taxa, with their relative frequencies for
each SU, expressed in terms of absolute fragment
counts and proportion of total fragments. Table 3
lists taxa in three broad identification groups
(indeterminable, Grevillea/Hakea sp., and all other
taxa) in relation to their preservation status, in
terms of both number and percentage of total
fragments for each SU.

The SU1 assemblage has the highest taxon rich-
ness (14 taxa), followed by SU3 and SU4 (both with
10 taxa), while SU2 has the lowest taxon richness,

Table 1. Stratigraphic units (SU) and Excavation Units (XU) from which anthracological and carpological materials were col-
lected, XU that were sampled for flotation are in bold.

SU Description

XU

Lab.code Material
Radiocarbon
age (BP)

Calibrated age
(95.4% probability
range, cal BP)Square I Square II

1 Very loose brown sand (7.5YR
4/4), lots of charcoals, lots of
gravels, few small roots

– 2B, 2C ANU 46912 Charcoal 108 ± 26 254–0
ANU 46909 Charcoal 224 ± 25 301–144
ANU 32631 Charcoal 265 ± 35 439–146

2 Brown sand (7.4YR 4/3) with
numerous gravels and
small rocks

– 4B

3 Brown sand (7.5YR 4/3), more
or less greyish depending on
proportion of charcoal or ash,
some gravels and small rocks

2A, 2C 5C, 6B,
6C, 7B

ANU 32509 Seed 2,020 ± 34 2,008–1,838

4 Brown sand (7.5YR 4/2), greyish
colour due to abundant char-
coals and ash lenses,
few gravels

6D, 7A, 7D, 8A,
8D, 9A,

11A, 11B, 11C,
12A, 12B, 12C,

13A, 13B

ANU 32507 Celtis seed 1,955 ± 30 1,930–1,747
ANU 46907 Charcoal 1,884 ± 26 1,835–1,710
ANU 32513 Charcoal 2,460 ± 35 2,700–2,349
ANU 32632 Charcoal 2,775 ± 35 2,925–2,756
ANU 32512 Charcoal 2,715 ± 45 2,875–2,734

Associated radiocarbon dates are calibrated against SHCal13 (Hogg et al. 2013) in OxCal v.4.2 (Bronk Ramsey 2009) following the radiocarbon chron-
ology presented in Maloney et al. (2017) and Vannieuwenhuyse (2016).

1<http://uqarchaeologyreference.metadata.net/archaeobotany/contribute>
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with only four taxa represented (Table 2, Figure 5).
SU2 has the lowest proportion of indeterminable
charcoals (31.7%), followed by SU1 (43.3%), SU3
(54.5%) and SU4 (78.4%). SU2 and SU4 have the
highest proportions of vitrified charcoals (87.8% and
88.9%, respectively), while SU1 has the lowest
(61.5%) (Table 3). Grevillea/Hakea sp., a type which
includes two indistinguishable Proteaceae genera (cf.
Whitau et al. 2016b:540) that are considered para-
phyletic (Weston and Barker 2006), is the dominant
charcoal type across all SU. Eucalyptus sp. is the
second most dominant taxon after Grevillea/Hakea
sp. in the SU1 and SU3 assemblages (11.2% and
6.7%, respectively), which are broadly similar units
with subsidiary Acacia sp., Melaleuca sp., and
Terminalia sp. SU2 is an anomalous unit, comprised

of only 41 charcoals, 24 of which were Grevillea/
Hakea sp., with two fragments of Lamiaceae sp., and
one fragment each of Terminalia sp. and Eucalyptus
sp. SU4, the oldest unit, with the highest proportion
of indeterminable charcoals (78.4%), has low propor-
tions of non Grevillea/Hakea sp. woody taxa, with
only Melaleuca sp. and Terminalia sp. represented by
counts of larger than five fragments (Table 2).

Carpological results

All of the carpological remains recovered were seeds
and fruits, so in the following discussion, we replace
the term ‘carpological remains’ with ‘seeds and
fruits’. A total of 203 seeds and fruits, which
includes dry sieved and floated light and heavy

Table 2. Wood charcoal taxa by SU in number of fragments (n) and percentage of total frag-
ments (%)

IDENTIFICATION SU1 SU2 SU3 SU3

FAMILY TAXON n % n % n % n %

COMBRETACEAE Terminalia sp 25 4.8 1 2.4 8 2.2 6 1.0
FABACEAE Acacia sp. 23 4.4 0 0 12 3.4 4 0.7

Bauhinia sp. 8 1.5 0 0 0 0.0 4 0.7
HERNANDIACEAE Gyrocarpus sp. 1 0.2 0 0 1 0.3 0 0
LAMIACEAE Clerodendrum/Vitex sp. 9 1.7 0 0 2 0.6 1 0.2

Lamiaceae sp. 9 1.7 2 4.9 1 0.3 2 0.3
MORACEAE Ficus sp. 4 0.8 0 0 3 0.8 1 0.2
MYRTACEAE Corymbia sp. 3 0.6 0 0 5 1.4 2 0.3

Eucalyptus sp. 58 11.2 1 2.4 24 6.7 2 0.3
Melaleuca sp. 8 1.5 0 0 19 5.3 9 1.5
Myrtaceae sp. 9 1.7 0 0 8 2.2 2 0.3

PHYLLANTHACEAE Flueggea sp. 1 0.2 0 0 0 0.0 0 0
PROTEACEAE Grevillea/Hakea sp. 132 25.4 24 58.5 78 21.9 94 15.8
UNKNOWN Type 2 3 0.6 0 0 1 0.3 0 0

Type 8 1 0.2 0 0 0 0.0 0 0
Type 14 1 0.2 0 0 0 0.0 0 0
Type 15 0 0 0 0 0 0.0 2 0.3

INDETERMINABLE 225 43.3 13 31.7 194 54.5 467 78.4
TOTAL 520 100.0 41 100.0 356 100.0 596 100.0

0

10

20

30

40

50

60

70

80

%
 T

ot
al

 w
oo

d 
ch

ar
co

al
 fr

ag
nm

en
ts

SU1 SU2 SU3 SU4

Figure 5. Wood charcoal taxa by SU.
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fractions, were recovered from Mount Behn, 43 of
which can be coordinated in secure stratigraphic
contexts (Table 4, Table 5, Figure 6). Flotation
proved beneficial and revealed five new taxa, belong-
ing to four families, not recovered by sieve at the

site, Ampelocissus acetosa, Cissus cf. adnata,
Solanum spp., Triumfetta sp. and Vitex cf. glabrata.
Sieved remains, which are less diverse than the flot
assemblages, are attributed to three families:
Meliaceae, Moraceae and Ulmaceae. Overall, the
most common taxon recovered is Celtis spp., the
number of which increases with depth. Various
Celtis species have been identified in the Kimberley,
in particular C. australiensis, C. philippensis and C.
strychnoides (Guymer 2013; Wheeler 1992). C. aus-
traliensis is no longer a current taxon name and so
the Celtis spp. in this paper refers to Celtis endo-
carps which could be either C. philippensis or C.
strychnoides. Minor contributions include:
Ampelocissus acetosa, Cissus cf. adnata, Cleome cf.
viscosa, Ficus sp., Melia azedarach, Solanum spp.,
Triumfetta sp. and Vitex cf. glabrata. The seeds and
fruits show no signs of carbonisation. SU3 is the
most taxon rich unit (five taxa), followed by SU1
(four taxa), while the SU2 and SU4 assemblages are
comprised of two taxa each (Celtis spp. with Melia
azedarach and Ficus sp., respectively).

Discussion

Archaeobotanical taphonomy at Mount Behn
rockshelter

Wood charcoal vitrification, radial cracks
and taphonomy

Vitrification is the process by which plant tissues
fuse during combustion. When these anatomical ele-
ments fuse together, the charcoal or wood is more
likely to survive in the archaeological record because
there is less surface area available to biodegrade. By
the same token, these fused anatomical features are
obscure, rendering identification unlikely. Vitrified
wood charcoal fragments (n¼ 1142/1513, 75.5%)
dominate the Mount Behn anthracological record.

Table 3. Preservation of wood charcoal fragments by SU given in both number of fragments (n) and percent-
age for total assemblage (%) across three groups: indeterminable, Grevillea/Hakea sp., and all other taxa.

IDENTIFICATION PRESERVATION

SU1 SU2 SU3 SU4

n % n % n % n %

INDETERMINABLE Vitrified 186 82.7 13 100.0 166 85.6 424 90.8
Vitrified with radial cracks 12 5.3 0 0 16 8.2 16 3.4
Root/knot wood 6 2.7 0 0 3 1.5 5 1.1
Brittle 21 9.3 0 0 9 4.6 22 4.7
TOTAL 225 100.0 13 100.0 194 100.0 467 100.0

GREVILLEA/HAKEA SP. Vitrified 65 49.2 2 8.3 31 39.7 37 39.4
Vitrified with radial cracks 52 39.4 21 87.5 38 48.7 53 56.4
Non-vitrified 15 11.4 1 4.2 8 10.3 4 4.3
Non-vitrified with radial cracks 0 0.0 0 0.0 1 1.3 0 0.0
TOTAL 132 100.0 24 100.0 78 100.0 94 100.0

ALL OTHER TAXA Partly vitrified 5 3.1 0 0 5 6.0 0 0
Non-vitrified 155 95.1 4 100.0 76 90.5 35 100.0
Non-vitrified with radial cracks 3 1.8 0 0 3 3.6 0 0
TOTAL 163 100.0 4 100.0 84 100.0 35 100.0

TOTAL NON-VITRIFIED 200 38.5 5 12.2 100 28.1 66 11.1
TOTAL VITRIFIED 320 61.5 36 87.8 256 71.9 530 88.9

Table 4. Seeds per SU for each recovery type: SQ I and SQ
II dry-sieved materials, and SQ II flot.
FAMILY TAXON SU1 SU2 SU3 SU4

SQI
ULMACEAE Celtis spp. 0 0 2 4
TOTAL 0 0 2 4

SQII
MELIACEAE Melia azedarach 0 1 0 0
MORACEAE Ficus sp. 0 0 0 1
ULMACEAE Celtis spp. 2 2 2 6
INDETERMINABLE 0 0 3 0
TOTAL 2 3 5 7

Flot SQII QC
LAMIACEAE Vitex cf. glabrata 3 0 1 0
MALVACEAE Triumfetta sp. 0 0 1 0
SOLANACEAE Solanum spp. 2 0 1 0
ULMACEAE Celtis spp. 0 0 5 1
VITACEAE Ampelocissus acetosa 3 0 0 0

Cissus cf. adnata 0 0 1 0
INDETERMINABLE 2 0 0 0
TOTAL 10 0 9 1

Table 5. Seeds per SU from each recovery context,
expressed in both fragment counts (n) and percentage of
total assemblage (%).

IDENTIFICATION SU1 SU2 SU3 SU4

FAMILY TAXON N % n % n % n %

LAMIACEAE Vitex cf. glabrata 3 25.0 0 0 1 6.3 0 0
MALVACEAE Triumfetta sp. 0 0.0 0 0 1 6.3 0 0
MELIACEAE Melia azedarach 0 0.0 1 33.3 0 0 0 0
MORACEAE Ficus sp. 0 0.0 0 0 0 0 1 9.1
SOLANACEAE Solanum spp. 2 16.7 0 0 1 6.3 0 0
ULMACEAE Celtis spp. 2 16.7 2 66.7 9 56.3 10 90.9
VITACEAE Ampelocissus

acetosa
3 25.0 0 0 0 0 0 0

Cissus cf.
adnata

0 0.0 0 0 1 6.3 0 0

INDETERMINABLE 2 16.7 0 0 3 18.8 0 0
TOTAL 12 100.0 3 100.0 16 100.0 11 100.0
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At Mount Behn rockshelter, where preservation of
botanics (and organics in general) is poor, it makes
sense that the anthracological assemblage would be
mostly comprised of vitrified charcoals that are
more likely to survive post-depositional processes.

The degree of vitrification, which can vary within
an individual sample, may range from low bril-
liance-refractiveness, where certain anatomical struc-
tures may still be visible, to a completely fused,
refractive mass (Marguerie and Hunot 2007). The
factors that produce vitrification in wood charcoal,
which is different from the pressurised transform-
ation of lignocellulosic tissues to vitrinite in coal
petrology (Kaelin et al. 2006), are poorly under-
stood. Researchers have put forward various hypoth-
eses to explain the vitrification process, including
the combustion of wood at high temperatures
(Fabre 1996; Prior and Alvin 1983; Thinon 1992),
burning of green wood (Scheel-Ybert 1998; Talon
1997; Thinon 1992), re-charring (Fabre 1996), the
transformation of resin (McParland et al. 2010), a
high silica content within wood, and rapid cooling
of charcoal with quenching (for the last two causes
see JISCmail Archaeobotany online discussion
group, cited in McParland et al. 2010:2679).
McParland et al. (2010) examined both archaeo-
logical and laboratory-experimental wood charcoal
assemblages, and demonstrated that neither high
temperatures nor burning of green wood were the
sole factors behind the phenomenon of vitrification.
It seems likely that several factors, which might
occur before, during and after combustion, must act
collectively on an assemblage to produce vitrified
charcoals. Experimentation in both the laboratory
and field is necessary to shed further light on the
conditions that produce vitrification in wood

charcoal, in conjunction with detailed reporting of
archaeological contexts where vitrified assemblages
have been recovered.

The Grevillea/Hakea sp. charcoal type, which is
very distinctive with its broad rays and festooned
axial parenchyma, was often distinguishable despite
vitrification (Figure 8(A,D)). Because the Grevillea/
Hakea sp. charcoals were identifiable, despite vitrifi-
cation, the higher proportion of Grevillea/Hakea sp.
charcoals compared with other taxa is certainly an
artefact of preservation. Other taxa were less distin-
guishable because of vitrification, with limited
exceptions where vitrification was only partial on
the fragment (Figure 8(B,C,E,F)).

Radial cracks (Figure 8(D)) were observed in the
majority of vitrified Grevillea/Hakea sp. charcoals, in
several non-vitrified Lamiaceae sp. twigs, but not the
other indeterminable charcoals. The frequency of
radial cracking, which is not uncommon in wood
charcoal, is contingent on the density and size of
the wood’s rays, the proximity to the pith, the
wood’s moisture content prior to charring, and the
temperature of combustion (Marguerie and Hunot
2007:1421; Prior and Alvin 1983; Th�ery-Parisot
2001; Th�ery-Parisot and Henry 2012). The broad,
dense rays of Grevillea/Hakea sp. charcoals increase
the likelihood of radial cracking, which is often asso-
ciated with vitrification (Marguerie and Hunot
2007). The cracking of non-vitrified Lamiaceae sp.
twigs, which have much narrower rays than the
Grevillea/Hakea sp. charcoals, could be related to
the dampness of the wood, or temperature of the
fire when charred. Further experiments on these fea-
tures would need to be conducted on Lamiaceae
taxa in order to understand the combustion patterns
of these woods in particular.

Figure 6. Mount Behn rockshelter showing percentage of identified seed types in SUs 1–4.
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Seed and fruit taphonomy

The carpological assemblage indicates a decrease of
preservation of botanical materials with depth, the
exception being Celtis spp., of which ten endocarps
were recovered from SU4 (Table 5), which could
reflect an intrusion of more recent material. Celtis
phillipensis and Celtis strychnoides are widespread
tropical shrub-tree species that grow across
Northern Australia and are frequently concentrated
within vine thicket communities (Kenneally et al.
1996; Wheeler 1992). Celtis spp. produce fleshy
drupes with hard, stony endocarps, from January to
May coinciding with the mid to late wet season
(Kenneally et al. 1996). There are few references in
the ethnographic literature for the use of Celtis spe-
cies by Aboriginal groups, with only one reference

for the Kimberley region from the Bardi people,
who eat the ripe fruit raw (Smith and Kalotas 1985).
While Celtis endocarps are commonly recovered
from archaeological sites in the Kimberley region,
the high proportions in the Mount Behn record are
unlikely to be linked to subsistence strategies.

The stony Celtis endocarps are globose with reticu-
late surface patterning, and are often recovered from
archaeological contexts (Figure 7A; O’Connor et al.
2014; Sievers 2006; Wang et al. 1997). The robust
Celtis sp. endocarp not only takes on atmospheric car-
bon (Wang et al. 1997) but is also subject to recrystal-
lisation in a diagenesis similar to that observed in
shells and coral, which increases their preservation
potential (Messager et al. 2010; O’Connor et al. 2014).
The calcium carbonate enrichment process of Celtis

Figure 7. (A) Celtis spp. endocarps; (B) Vitex cf. glabrata drupes; (C) Ficus sp. fruit; (D) Triumfetta sp. Fruit; (E) Cissus cf. adnata
seed; (F) Solanum sp. seed. All images taken by India Ella Dilkes-Hall using a Leica M205C stereomicroscope, with Leica
Application Suite Version 3.8.5.
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endocarps echoes the development of secondary car-
bonates observed around some bones at the micro-
scopic level within the Mount Behn
microstratigraphic sequence (Vannieuwenhuyse
2016) and demonstrates a certain degree of wetting/
drying of the Mount Behn sequence at some time in
the past or over a seasonal rhythm. Intense weather-
ing and deposition of calcium carbonate flow layers
are observed over the walls of the rockshelter and
illustrate seasonal water infiltration.

Other taphonomic considerations

Aside from the fracturing produced by mechanical
trampling, wood charcoal diagenesis at Mount Behn
rockshelter is largely an effect of pre-depositional fac-
tors, while the preservation of seeds and fruits appears
to be more affected by post-depositional processes.
The fact that preservation of seeds diminishes with
increasing depth is a normal evolution of the organic
matter within stratigraphic profiles, especially when
there is evidence of bioturbation as in the Mount
Behn sequence. Interestingly, differential preservation
between types of botanic remains was also observed at
the microscopic level in the micromorphological
assessment of the sequence (Vannieuwenhuyse 2016).
For example, no macropod coprolite fragments

(formed of organic matter) were visible in thin sec-
tion, which is unexpected, particularly since macropod
excrement and hollows were observed on the surface
of the deposit. These particles are represented in the
sequences of other sites of the region such as
Carpenter's Gap 1 and Riwi, which are located within
similar limestone environments (Vannieuwenhuyse
2016; Vannieuwenhuyse et al. 2017). Similarly, phyto-
liths, although composed of silica and therefore more
robust than carbon based plant remains, were not
observed in Mount Behn micromorphological thin
sections (Vannieuwenhuyse 2016). This latter example
could be explained either by the absence of primary
deposition of such particles (absence of taxa produc-
ing phytoliths) or other taphonomic factors affecting
their preservation over time.

Sample richness and representativeness

The taxon richness of the modern vegetation was
not represented in either the wood charcoal or seed
and fruit assemblages. At Mt Behn, 17 taxa from
eight families (wood charcoal) and eight taxa from
seven families (seeds) were identified at Mount
Behn rockshelter, whereas at Riwi, which is some
300 km southeast of Mount Behn rockshelter, bor-
dering the Great Sandy Desert, supporting a much

Figure 8. Grevillea/Hakea sp. type with vitrified fibres, examples of which are depicted with arrows, transverse section (A), tan-
gential longitudinal section with radial cracks, examples of which are depicted with arrows (D); indeterminable charcoal with
fibres that are more vitrified than (A), depicted with arrows, more transverse section (B), tangential longitudinal section (E);
indeterminable charcoal mostly vitrified, transverse section (C), tangential longitudinal section (F) (all images of archaeological
charcoals from Mount Behn rockshelter, scanned by Rose Whitau using the JEOL JCM-6000 Neoscope Scanning Electron
Microscope (SEM) at the Archaeology and Natural History Department, Australian National University)
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lower species richness of modern vegetation, 19 taxa
from 10 families (wood charcoal) and 34 taxa from
17 families (seeds and other floristics) were identi-
fied (Figure 1; Dilkes-Hall 2014; Whitau et al. 2016a,
2017). At Mt Behn rockshelter, SU1, the youngest
unit, which has the lowest proportion of vitrified
charcoals, has the highest taxon richness. SU4,
which has the highest proportion of both vitrified
and indeterminable charcoals, still has a relatively
high taxon richness, suggesting that the taxa that are
represented would have been in higher proportions
within the original assemblage of fuel wood.

The dominant taxa from the wood charcoal and
seed assemblages are Grevillea/Hakea and Celtis spp.,
respectively. Neither Grevillea nor Hakea species,
which produce woody seed pods, were recovered in
the seed record and Celtis sp. was not recovered in
the anthracological record. Grevillea and Hakea are
widespread genera on the Australian continent, with
a high proportion of species level diversity, which
range from small shrubs to tall trees, and occupy a
vast tract of habitat types. The prevalence of Celtis
spp. is most likely to be due to the inclusion of more
recent material or an artefact of preservation, with
mineralization producing a less degradable endocarp.
In addition, the abundance of Celtis could be an effect
of modern or prehistoric environmental seed rain
from the natural accumulation of seeds in the shelter
given that Celtis often grows on limestone outcrops
(Minnis 1981), and indeed several C. strychnoides
trees and shrubs currently occupy the entrance to
Mount Behn rockshelter.

The dominance of Grevillea/Hakea sp. wood
charcoal in the Mount Behn rockshelter anthraco-
logical assemblage is an artefact of positive preserva-
tion. The characteristics of Proteaceae anatomy,
compared to other woods common to Northern
Australia, are distinctive even when the wood char-
coal is vitrified, and are thus more likely to be iden-
tified than other taxa. Table 3 shows that if the
vitrified Grevillea/Hakea sp. charcoals were, like
98.8% (n¼ 829/839) of the other vitrified charcoals,
indeterminable, the proportions of Grevillea/Hakea
sp. would be low, forming a subsidiary component
after Eucalyptus sp. in SU1, SU3, and SU4, while
only one fragment of non-vitrified Grevillea/Hakea
sp. was recovered from SU2. Indeed, if vitrified
Grevillea/Hakea sp. charcoals are removed from the
equation, Melaleuca sp. becomes the dominant taxon
for SU4, Eucalyptus sp. for SU3 and SU1, while two
fragments of Lamiaceae sp. would comprise the
dominant component of the smaller SU2 assem-
blage. Therefore, while Grevillea/Hakea sp. charcoals
dominate the wood charcoal record, if other vitrified
charcoals were able to be identified, it is likely that
Grevillea/Hakea sp. charcoals would form a subsid-
iary component across the assemblages.

People, climate, and vegetation at Mount Behn
rockshelter

In terms of the broader climate signal, the stable iso-
tope profile of the KNI-51 speleothem shows an
abrupt weakening of the monsoon around 4.2 ka,
which is sustained until 1.2 ka, with a peak in aridity
occurring between 1.5 and 1.2 ka (Denniston et al.
2013). At Black Springs, a sharp decline in organic
content, increased aeolian sedimentation, a shift in
vegetation with lower aquatic species, and the lowest
humification values for the core illustrate the driest
phase for the record between 2.6 and 1.3 ka (Field
et al. 2017; McGowan et al. 2012). According to
other records therefore, SU4–SU3 (2825–1750 cal
BP) was deposited during a period of relative aridity.
By contrast, SU1 (439–0 cal BP) was deposited dur-
ing wetter conditions, with evidence for small-scale
variability, occurring from within the last millen-
nium through to the present (Denniston et al. 2013;
Field et al. 2017; Proske 2016).

Unfortunately, the taxon richness of the modern
vegetation is not represented in the anthracological
record at Mount Behn rockshelter, precluding the
application of wood charcoal for palaeoenvironmen-
tal reconstruction (Asouti and Austin 2005; Dotte-
Sarout et al. 2015). However, the wood charcoal and
seed results show that different habitats were
exploited throughout the site’s occupation: the euca-
lypt savanna of the valley floor, the dry rainforest
taxa of the limestone escarpment, and riparian vege-
tation are each represented throughout time. The
major exception is the SU2 assemblage, which is fur-
ther limited by the low volume of the SU. The low
number of recovered remains prevents examination
of the preference for each of these landscape types
and how these preferences might have changed
alongside the adaptation of vegetation communities
to climate change over time. However, the fact that
each vegetation type is represented is not insignifi-
cant, and illustrates that localised vegetation com-
munities and the people who exploit them might
not have been affected to the extent suggested by
the aridity suggested by the broader climate signal.
Indeed, the fact that people continued to exploit
each landscape type during a climatically arid phase
could indicate that the area surrounding Mount
Behn rockshelter was a refugium during this period
(2,825–1,750 cal BP).

Resource management: the curious case
of Proteaceae

While few anthracological investigations have been
conducted in Australia (cf. Dotte-Sarout et al. 2015),
the handful that have been conducted in Western
Australia (Byrne et al. 2013; Dotte-Sarout and Byrne
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2013; Frawley 2009; Whitau et al. 2016a), with the
exception of Frawley (2009), show that Grevillea/
Hakea sp. woods were avoided for fuel use. In Weld
Range Grevillea sp. trees are frequently distributed,
growing as tall trees, which today are reserved for
carving wooden tools and avoided for fuel as the
wood does not burn well (Byrne et al. 2013). Zero
fragments of Grevillea/Hakea sp. were identified
from the Weld Range anthracological assemblage
(Byrne et al. 2013). At Riwi Cave in the southern
Kimberley, southeast of Mount Behn rockshelter,
only two fragments of 3,142 analysed charcoals were
identified as Grevillea/Hakea sp. (Whitau et al.
2016a). However, a 600-year-old wooden artefact
fragment, imaged using X-ray microtomography,
was identified as Grevillea/Hakea sp. (Figure 9(A);
Whitau et al. 2016b). Grevillea/Hakea taxa, which
grow as short shrubs on the Riwi limestone out-
crops, are infrequently distributed amongst the mod-
ern vegetation. The low occurrence of recovered
Grevillea/Hakea sp. charcoals, combined with the
selection of the wood for artefact manufacture, can
be argued to be an example of both specific site

collection and resource management at Riwi, since
the infrequently distributed shrub might have been
avoided for fuel wood if it was a valuable resource
for wooden artefact manufacture (Whitau et al.
2016a, 2016b). In the Pilbara, where Grevillea and
Hakea species tend to grow as short shrubs, zero
Proteaceae fragments were also recovered in the
anthracological assemblages (Dotte-Sarout and
Byrne 2013). At Carpenter’s Gap 1 rockshelter,
located 40 km northwest of Mount Behn, Frawley
(2009) was surprised to find an abundance of
Proteaceae charcoals because beefwood (Grevillea
sp.) is cited as a poor fuel wood, which burns
quickly and does not retain its heat. The total num-
ber of Proteaceae identified is 46 fragments, with 18
occurring in the Holocene units (Frawley 2009).

While the dominance of Grevillea/Hakea sp. char-
coals within Mount Behn anthracological assemblage
is readily explained as an outcome of uneven preser-
vation and identification bias, its abundance relative
to other Western Australian investigations merits
some discussion. To summarise the above, argu-
ments for Grevillea/Hakea sp. avoidance have

Figure 9. (A) Grevillea/Hakea sp. artefact fragment from Riwi Cave; (B) Wood shavings from Riwi Cave; (C) Boomerang stencil
from Mount Behn rockshelter (A and B photographs taken by Michelle C. Langley and reproduced from Whitau et al. 2016b;
C photograph taken by Jane Fyfe).
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included resource management for the production
of wooden artefacts and its poor fuel capability.

At Carpenter’s Gap 1, while no wooden artefacts
were recovered, wood shavings, very similar to those
found at Riwi, were recovered throughout the
deposit (Figure 9(B)). No wooden artefacts or wood
shavings were recovered from Mount Behn rockshel-
ter, an anticipated probability given both the poor
botanic preservation at the shelter and the limited
recovery of wooden artefacts in Australia in general
(cf. Whitau et al. 2016b). However, plant-based tech-
nologies are painted and stencilled on the shelter
walls, including several stencils of boomerangs and
an axe, which at the very least indicates the presence
of such technologies at the site (Figure 9(C)). The
evidence for woodworking is certainly less definitive
at Mount Behn rockshelter than Carpenter’s Gap 1
or Riwi; however, it is worth noting that wood tends
to be worked when green, and green wood, particu-
larly a resinous wood like those produced within the
Grevillea and Hakea genera, is more likely to both
vitrify and radially crack (Marguerie and Hunot
2007). The abundance of vitrified, radially cracked
Grevillea/Hakea sp. charcoals could represent the
incidental by-products of artefact manufacture.
Finally, it is possible that in areas of higher taxon
richness of woody taxa, there is no need to be
selective with wood resources, which would explain
why Proteaceae was recovered at both Carpenter’s
Gap 1 and Mount Behn rockshelters, which have a
higher density and species richness of woody taxa
than other sites mentioned here.

Outside of Western Australia, in the Northern
Territory’s tropical Kakadu region, anthracalogical
analysis was conducted on 14 hearths excavated
from the Madjedbebe archaeological site (Figure 1;
Carah 2016). Taxa from open eucalypt woodland
and monsoon vine forest dominate the anthracologi-
cal assemblages, with minor contributions of
Grevillea/Banksia shrubland averaging 3.84% fre-
quency across the seven hearths in which this taxon
appears (Carah 2016). Grevillea/Banksia wood char-
coal was recovered from all the late Holocene
hearths with the exception of one (C4/9A); from
three late Holocene/LGM hearths (D2/21A, E3/20A,
E4/22A); and was not recovered at all from any of
the pre LGM hearths at Madjedbebe (Carah 2016).
The hearths of the late Holocene have the highest
taxon richness of the Madjedbebe anthracological
assemblages both individually and collectively, and
the E4/22A hearth has the highest taxon richness of
the Pleistocene hearths. This supports the hypothesis
presented here that, unsurprisingly, in areas of
higher taxon richness of woody taxa, there is less
need to be selective with wood resources, than areas
of lower taxon richness, such as Riwi. Indeed, Jones
et al. (2011) note that Grevillea striata is used in the

Bradshaw and Judbarra parks area of Northern
Territory for both carving and fuel.

However, the D2/21A and E3/20A hearths, along-
side the other early Holocene/LGM hearths, have a
lower overall taxon richness than the pre LGM
group, and yet the frequency of Grevillea/Banksia
wood charcoal is the highest for this unit (9.70%)
(Carah 2016). Carah (2016) argues that the increase
of this taxon during this time could be a reflection
of environmental changes following the end of the
LGM and the re-activation of the summer monsoon,
and that the low incidence of Grevillea/Banksia
shrubland in the older units compared to its pres-
ence in all four of the most recent hearths could
suggest that this vegetation type was limited in dis-
tribution in the local environment during the
Pleistocene. Carah (2016) further argues that because
the Grevillea/Banksia community grows in poorly
drained depressions, this limited distribution could
indicate lower precipitation during the Pleistocene,
and an increase in freshwater availability in the late
Holocene, with the latter point supported by the
Madjedbebe pollen record.

Conclusions

While the limited survival of macrobotanical
remains at Mount Behn rockshelter did not allow
for a valid palaeoenvironmental reconstruction, nor
a direct testing of Maloney et al.’s (2017) foraging
hypothesis, the recovered materials did show that
various habitats (savanna, riverbanks, limestone out-
crops) were exploited throughout the site’s occupa-
tion sequence. The fact that each vegetation type is
represented illustrates that localised vegetation com-
munities and the people who exploited them might
not have been affected to the extent suggested by
the broader climate. The relationship between peo-
ple, plants, and climate change needs to be explored
at relevant scales, a point to be considered when
inferring foraging risks extrapolated from a palaeo-
climate record located at some spatio-temporal dis-
tance from the site under discussion.

The wood charcoal, seed, and fruit remains from
Mount Behn rockshelter, like any archaeological
assemblage, are artefacts of preservation; pre- and
post-depositional factors have favoured the preserva-
tion of Proteaceae wood charcoal and Celtis endo-
carps, respectively. The complex factors that control
the preservation of botanic remains ought to be
borne in mind when interpreting all archaeobotani-
cal assemblages, which the Mount Behn macrobo-
tanical analyses clearly demonstrate. We are also
beginning to see how exploitation of plant resources
varies between archaeological sites, in comparison
with other archaeobotanical records that are slowly
being built up across the northern region of
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Australia. If regional reference collections continue
to be expanded, and field techniques adopted such
as the simple bucket flotation used here, even poorly
preserved plant assemblages, such as those recovered
from Mount Behn rockshelter, will contribute to our
understanding of human-environment interaction.
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Appendix 1

Anatomical descriptions of archaeological wood charcoal types.

Taxon Porosity Vessel elements Fibres/tracheids Axial parenchyma Radial parenchyma

Terminalia sp.
COMBRETACEAE

Diffuse Clusters 2–3
Weak tangential

to diagonal
Bordered to

scalariform
small pits

Fibre walls very thick Paratracheal confluent
Lozenge aliform
Short bands

(2–4 cells wide)
Apotracheal

aggregates

Uni to 4- seriate
6–23 cells high

Acacia sp.
FABACEAE

Diffuse Clusters 2–3
Weak tangential

to diagonal
Vestured pits

Fibre walls thick Lozenge aliform
Confluent
Winged aliform
Vasicentric

Uni to bi seriate
2–20 cells high
Heterogenous

Bauhinia sp.
FABACEAE

Diffuse 2 pore size classes
Clusters 2 (large)
Radial groups

(1 large, 2–6 smaller)
Weak diagonal to tan-

gential
Simple, small pits

Fibre walls thick Scalariform bands
(2–4 cells wide)

Vasicentric
Winged aliform
Confluent
Storied strands

(2-4 cells long)

Uni to tri seriate
2–15 cells high
Storied
Heterogenous
Procumbent body
1–2 rows upright/square

Gyrocarpus sp.
HERNANDIACEAE

Diffuse Clusters 2–3
Diagonal/weak

tangential
Bordered to scalariform,

minute pits
Plates simple

Fibre walls very thin Paratracheal
aggregates

Apotracheal
aggregates

Uni to tri seriate
2–15 cells high

Clerodendrum/Vitex
sp. LAMIACEAE

Diffuse, growth
boundary
sometimes
distinct

Radial groups 2–3
Tangential bands
Radial/diagonal lower

density
Bordered to scalariform,

minute pits

Fibre walls thick Scarce
Scanty paratracheal

1–4 seriate
6–40 cells high
2 sizes
Tile cells
Heterogenous
Procumbent body, 2–4

rows of
upright/square

Ficus sp.
MORACEAE

Diffuse Radial groups 2–4
Diagonal/radial
Bordered to scalariform,

small pits
Simple plates

Fibre walls thick to
very thick

Bands >4 cells (4–10)
Bands <4 cells (2–4)
Scanty paratracheal

Uni to 4- seriate
6–25þ cells high
Heterogenous
Procumbent body
1–3 rows upright/square
Tile cells

Corymbia sp.
MYRTACEAE

Diffuse Clusters 2–6
Dendritic to diagonal
Tyloses abundant
Vestured, minute/small

pits
Plates simple

Fibre walls thin to
medium

Distinctly bordered pits

Confluent
Winged aliform
Wavy bands (1–3 cells

wide)
Strands 2–4 cells long

Uni to biseriate
2–9 cells high
Homogenous
Procumbent

Eucalyptus sp.
MYRTACEAE

Diffuse, with
abrupt change
in pore density

Clusters 2
Strong diagonals
Vestured,

small/medium pits
Plates simple

Fibre walls medium to
thick

Distinctly bordered pits

Abundant apotracheal
aggregates

Paratracheal aggregates
Vasicentric

Uni to biseriate
2 to 10 cells high

Melaleuca sp.
MYRTACEAE

Diffuse Mostly solitary
Diagonal to radial
Vestured change-

able pits

Fibre walls medium
Distinctly bordered pits

Scarce apotracheal
aggregates

Scanty paratracheal

Uni to biseriate
1–13 cells high

Flueggea sp.
PHYLLANTHACEAE

Diffuse Radial chains 2–6
(8–12) Radial

Bordered to
scalariform, very
minute pits

Fibre walls very thick Abundant apotracheal
aggregates

Paratracheal aggregates

Uni to tri seriate
3–23 cells high
Tile cells

Grevillea/Hakea sp.
PROTEACEAE

Diffuse Clusters 2
Tangential (þweak diag-

onal), festooned
Scalariform to bordered,

minute pits
Plates simple

Fibre walls thick
to very thick

Simple to minutely bor-
dered pits

Festooned, confluent
Lozenge/winged

aliform Fusiform
parenchyma cells

Rays of 2 sizes
Uni to triseriate,

4–13 cells high
10–14 seriate,

100þ cells high
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