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a b s t r a c t

The peopling of Sahul (the combined landmass of New Guinea and Australia) is a topic of much debate.
The Kimberley region of Western Australia holds many of Australia's oldest known archaeological sites.
Here, we review the chronological and archaeological data available for the Kimberley from early Marine
Isotope Stage 3 to the present, linking episodes of site establishment and the appearance of new tech-
nologies with periods of climatic and sea-level change. We report optical ages showing human occu-
pation of Widgingarri 1, a rockshelter located on the Kimberley coast of northwest Australia, as early as
50,000 years ago, when the site was located more than 100 km from the Late Pleistocene coastline. We
also present the first detailed analysis of the stone artefacts, including flakes from ground stone axes,
grinding stones and ground haematite recovered from the deepest excavated layer. The high proportion
of flakes from ground axe production and resharpening in the earliest occupation phase emphasises the
importance of this complex technology in the first peopling of northern Sahul. Artefact analyses indicate
changes in settlement patterns through time, with an increase in mobility in the terminal Pleistocene
and a shift to lower mobility during the late Holocene. The optical ages for Widgingarri 1 mean that the
Kimberley now contains the greatest number of sites in Sahul with earliest occupation dated to more
than 46,000 years ago, overlapping with the time of initial occupation of sites in other regions across the
continent.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Kimberley is a large region in northwest Australia with a
rich cultural record that includes some of the oldest known
archaeological sites in Sahul (the combined landmass of Australia
and New Guinea at times of lower sea level) (Wood et al., 2016;
Science, School of Earth, At-
ng, Wollongong, New South

an).

Ltd. This is an open access article u
Maloney et al., 2018; Veth et al., 2019). It is considered a potential
entry point for the peopling of Australia via the ‘southern gateway’
seafaring route. Recent migration models (Bird et al., 2018; Kealy
et al., 2018; Norman et al., 2018; Bird et al., 2019) and genetic
studies (Nagle et al., 2017; Yuen et al., 2019; Pedro et al., 2020)
suggest the early peopling of Sahul potentially occurred through
the Bird's Head of New Guinea (or northern gateway) and/or the
Australian Northwest Shelf (or southern gateway) (Fig. 1A). The
Kimberley is located in a strategic position directly adjacent to the
now-submerged Northwest Shelf, a large region of the Australian
continental shelf that may have supported a substantial human
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. A, Wallacea and northern Sahul with the northern and southern routes (Birdsell, 1977) shown by arrows and numbered accordingly. Gateway regions are delineated by white
boxes. The Northwest Shelf of Sahul extends below the modern coastline (shown in grey), with the Kimberley forming part of Australia's southern gateway. B, The Kimberley region,
showing the spatial and temporal distribution of human occupation sites, with the location of Widgingarri 1 shown. The legend colours correspond to the five site establishment
pulses discussed in text. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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population in the Late Pleistocene (Bradshaw et al., 2021) (Fig. 1A).
The Kimberley is, therefore, an important region for ground-
truthing migration and demographic models, as well as under-
standing early Aboriginal lifeways.
2

It should also be noted that the current direct descendants of the
people whose occupation evidence is being studied, and whose
consistency of localised habitation has been supported by other
scientific studies such as those looking at DNA of Australian



K. Norman, C. Shipton, S. O'Connor et al. Quaternary Science Reviews 288 (2022) 107577
Aboriginal peoples, have their own cosmology, views and histories
that consider what we term as occupation, presence or peopling.
These are sensitive matters when discussing migration theories,
but are not necessarily irreconcilable with local Aboriginal histories
and cosmology, which should also be considered in developing and
propagating these hypotheses.

In this paper, we first undertake an analysis and synthesis of
chronological and archaeological data for the Kimberley, and
outline distinct patterns in landscape use and technological and
cultural responses to climatic and sea-level change from Marine
Isotope Stage 3 (MIS 3) to the present. We then report new infor-
mation for the human occupation site of Widgingarri 1, located on
the western coastal margin of the region, including the first
detailed analysis of the stone artefact assemblage from Square AA.
For the same excavation square, we provide single-grain optical age
estimates for four sediment samples collected in 1993 to determine
the stratigraphic integrity and age of the artefact-bearing sedi-
mentary deposits, as well as new radiocarbon ages for previously
dated baler shell and charcoal. We conclude by reassessing the
stratigraphic integrity and age of the deposits encasing the arte-
facts, and re-position Widgingarri 1 in the broader archaeological
record of the Kimberley. Finally, we present a suite of new Bayesian
age models for the oldest occupation sites across Sahul and con-
textualise Widgingarri 1 and the Kimberley within the broader
continental pattern of first peopling.

2. Landscape use and cultural innovation in the Kimberley,
MIS 3 to present

The Kimberley is bordered by the Timor Sea and the Indian
Ocean to the north and west, and the vast Australian arid zone to
the south (Fig. 1B). The region encompasses more than
400,000 km2 of land area, has a tropical monsoon climate, and is
predominantly comprised of dissected sandstone plateaus that are
well-suited to the formation of rockshelters.

2.1. Site distribution and time of establishment

Sixty-three dated archaeological sites are known from the
Kimberley (Table S1), including numerous dated examples of rock
art. Sites are predominantly distributed along the modern coastal
fringe, with a smaller number of dated inland sites located around
the periphery of the region (Fig. 1B). A notable spatial gap occurs in
dated sites across the plateaus, potentially due to a lack of datable
deposits in rockshelters in this area (Veth et al., 2019). Site numbers
are low (n ¼ 13) across the Kimberley prior to the mid-Holocene
(8.2e4.2 ka), with all known sites located well inland prior to the
formation of the modern coastline. Once sites were initially
established, many appear to continue to have been visited, often
into the European contact period.

Site establishment (first use of a site) occurs in five main pulses
(Figs. 1B and 2A) across the Kimberley, each with a slightly different
geographic distribution. To be clear, we are referring only to pulses
in site establishment and not to occupational intensity. Each new
pulse represents a cumulative increase in the total number of sites
occupied by people. Table S1 presents a list of all 63 sites, divided
into five pulses of site establishment, together with information
about site type and age estimates for their earliest occupation (see
Supplementary Information).

The first and earliest pulse in site establishment occurs between
~49 and 45 thousand years ago (ka) on both the northern and
southern margins of the region (Figs. 1B and 2A, orange; Table S1).
In the north, early occupation at Minjiwarra is very sparse (Veth
et al., 2019), while the records at both Carpenter's Gap 1 (CG1)
and Riwi in the south show intermittent low-intensity occupation
3

following first occupation (Wood et al., 2016; Maloney et al., 2018;
Balme et al., 2019). The second pulse in site establishment occurs
approximately 17,000 years later, between ~32 and 30 ka (Figs. 1B
and 2A, yellow; Table S1), coinciding with a period of heightened
aridity between 35 and 29 ka at the end of MIS 3 (Kemp et al., 2019).
Initial occupation at Carpenter's Gap 3 (CG3), Koolan Rockshelter
and Widgingarri 1, which are located in the southern and western
Kimberley, has been dated to this time (O'Connor, 1999, O' Connor
et al., 2014).

The third pulse (Figs. 1B and 2A, green; Table S1) occurs during
the height of the Last Glacial Maximum (LGM), with occupation
beginning at Miriwun in the Keep River region of the eastern
Kimberley (Dortch and Roberts, 1996). The fourth pulse (Figs. 1B
and 2A, grey; Table S1) occurs in the terminal Pleistocene,
appearing over a wider geographic area. This period contains two
sub-pulses, which occur at the end of the LGM (19e17 ka), and just
prior to the onset of the Holocene (14e13 ka). Site types become
more varied in this fourth pulse, including dated figurative rock art
sites (DR015_10 and KERC), a dated cupule (Jinmium KR24), and
three new occupation sites (Karlinga 3, Djuru/Windjana Gorge
Water Tank Shelter and Goorurarmum-1) (Roberts et al., 1997;
Watchman et al., 2000; Ward et al., 2005; Ward et al., 2006;
O'Connor et al., 2008; Maloney et al., 2016; Finch et al., 2021).

A hiatus in the establishment of new sites occurs during the
early Holocene (n¼ 1), although occupation continues at numerous
sites established previously. Site numbers increase substantially in
the mid-to-late Holocene, with 50 new sites established during this
fifth pulse (Figs. 1B and 2A, white; Table S1). This increase occurs in
already-occupied regions, as well as along the newly formed
coastline. The fifth pulse of site establishment also includes the
large-scale appearance of anthropogenic shell middens for the first
time (Fig. 2D).

We note that the absence of archaeological evidence for initial
site occupation between pulses does not necessarily imply that new
sites were not occupied during these periods. The patterns
observed here may instead represent time gaps in the preserved
sedimentary record and/or spatial and temporal gaps in the
archaeological record of the Kimberley more broadly.

2.2. Artefact assemblages and technologies

The Kimberley has some of the earliest examples of complex
material culture and symbolic cultural behaviour in Sahul,
including one of the largest and richest concentrations of rock art
found worldwide (Aubert, 2012). Some of the earliest examples of
ground stone axe technology in Sahul are found in the southern
Kimberley (Hiscock et al., 2016). This complex technology appears
from first occupation in stratigraphic unit (SU8) at CG1 (Fig. 2E),
deposited ~50e40 ka, and is present at other sites in at least one
assemblage in each of the establishment pulses, except during the
terminal Pleistocene (Fig. 1B, grey) (Dortch and Roberts, 1996;
O'Connor et al., 2014; Maloney et al., 2018; Veth et al., 2019). The
earliest known worked bone technology in Sahul takes the form of
a personal ornament found in the same cultural layer (SU8) as the
earliest axe technology at CG1 (Fig. 2E) (Langley et al., 2016).
Worked bone artefacts are also found in the lowest cultural unit
(SU11) at Riwi (~45e42 ka), with this technology occurring
throughout the sequence (Balme et al., 2019, Langley et al., 2021).

Symbolic behaviour, evidenced by the presence of red ochre,
appears very early in the southern Kimberley (Fig. 2E), including in
SU11 at Riwi, SU7 at CG1 (~40e30 ka) and ochre-stained roof fall at
CG1 dated to ~40 ka (O'Connor et al., 2001, Wood et al., 2016;
Maloney et al., 2018; Balme et al., 2019). Ochre is also present in the
lowest cultural levels (and throughout the archaeological deposits)
of sites in the eastern Kimberley with initial occupation dating to



Fig. 2. A, Frequency plot of all site types showing initial onset of site occupation through time. Colours cross-reference to Fig. 1B. Age estimates are provided in Table S1 and sourced
from the SahulArch collection (Saktura et al., 2021a; 2021b; Cohen et al., 2021) of the OCTOPUS v.2 database (Codilean et al., 2021). BeD, Frequency plots of single site types
showing onset of occupation through time. E, Initial appearance of artefact types and symbolic behaviour. Age estimates indicated are either approximate for the region (e.g.,
points), represent direct dates (such as for shell artefacts), or represent the Bayesian modelled range (95.4% confidence interval) for the occupation phase from which the artefacts
derive (e.g., ochre, ground stone axes). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

K. Norman, C. Shipton, S. O'Connor et al. Quaternary Science Reviews 288 (2022) 107577
the terminal Pleistocene (Karlinga-3 and Goorurarmum-1) (Ward
et al., 2006).

Archaeological sites in the second pulse of occupation in the
southeast Kimberley (Figs. 1B and 2A, yellow) have some of the
4

earliest evidence for the use of exotic marine shell, such as pearl
(Pintada sp.) and baler shell (Melo amphora) (Fig. 2E) (O'Connor,
1999). These sites are located on the edge of the now-submerged
coastal plain that formed part of the Northwest Shelf, indicating
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that people visited the Late Pleistocene coast. These shells were
highly valued items and were widely traded into the interior of the
continent (Balme et al., 2017; Akerman, 2018).

The fourth pulse (Figs. 1B and 2A, grey) includes the earliest
examples of figurative art yet found in Australia, with anthropo-
morphic and naturalistic animal motifs dated to ~17 ka or possibly
earlier (Fig. 2E; Table S1) (Roberts et al., 1997; Finch et al., 2021). In
the east Kimberley, examples of enigmatic ‘cupule’ pecked rock
engravings have minimum ages from the terminal Pleistocene to
the late Holocene (Watchman et al., 2000). In the south Kimberley,
scaphopod (tusk shell) beads are found in archaeological sites from
~8 ka through to the late Holocene (O'Connor et al., 2014; Maloney
et al., 2016, Balme et al., 2017; Maloney, et al., 2018). Their presence
indicates extensive trade networks with the coast that existed
throughout this period, and provides unambiguous evidence for
personal adornment in the early Holocene (Balme et al., 2017).

During the mid-to-late Holocene, new lithic technologies
emerged in the Kimberley, including point and tula adze technol-
ogy (Fig. 2E) (Maloney et al., 2014; Maloney and Dilkes-Hall, 2020).
Points first appear at ~5 ka at multiple sites in the southern Kim-
berley (Maloney et al., 2014, 2017, 2018), with a slightly later
appearance in east Kimberley assemblages (Keep River region),
~3e2.5 ka (Ward et al., 2005; Ward et al., 2006; Moore et al., 2020).
Tulas appear in the southern Kimberley by ~2.7 ka, likely spreading
west from the arid zone (Maloney and Dilkes-Hall, 2020). The
earliest examples of pressure-flaked Kimberley points date to ~1 ka
(Maloney et al., 2014), with this distinctive technology originating
in the Kimberley region.

Current evidence suggests the Kimberley was initially occupied
at low density, with occupation into new areas accompanying each
pulse in site establishment. These pulses were typically tied to
periods of climatic change, sea-level change, or both. A major in-
crease in site numbers only occurred during the mid-to-late Ho-
locene, along with the first appearance of shell middens. While
occupation of many sites appears to have occurred episodically, the
archaeological record of the Kimberley indicates permanent occu-
pation of the region from the time of initial evidence of peopling
(see also Veth et al., 2021). The terminal Pleistocene and the Ho-
locene were periods of technological innovation and flourishing
symbolic expression (Fig. 2E). Worked bone artefacts and rock art
appear earlier in the Kimberley than elsewhere in Sahul, suggesting
the region was an important zone of early cultural innovation.
Nonetheless, the number of Pleistocene occupation sites presently
known in the Kimberley is small, with themajority of sites dating to
the mid-to-late Holocene, and large areas of the region remain
archaeologically unknown.

3. Widgingarri 1 rockshelter

A site that can potentially make further contributions to our
understanding of early occupation and lifestyles in the Kimberley is
Widgingarri 1 rockshelter. Although now only 2 km from the coast,
Widgingarri 1 was located as far as 100 km inland from the Late
Pleistocene coastline. Published radiocarbon ages suggested occu-
pation since the Late Pleistocene (O'Connor, 1999), but significant
radiocarbon age inversions obtained using a variety of material
types have raised questions about the antiquity and stratigraphic
integrity of the deposit. Exotic marine shell fragments from the site
gavemeasured radiocarbon ages of 18.9 ± 1.8 (ANU/AMS 5e10) and
28.1 ± 0.6 ka BP (R-11795), which correspond to calibrated age
ranges (at the 95.4% confidence interval) of 18.3e27.3 and
30.2e33.0 cal ka BP, respectively (Table 1). A modern age was ob-
tained from charcoal deriving from the same spit as the lowest shell
sample, while the apatite fraction of bone fragments from the un-
derlying layer gave early Holocene ages (O'Connor, 1999).
5

Inverted ages may result from post-depositional disturbance at
a site and/or from the types of materials and sample pretreatments
used for radiocarbon dating. Issues can include chemical contami-
nation of the sample by modern carbon, and downward displace-
ment of modern humic acids precipitating around inorganic matter
and being mistaken for charcoal, as is suspected to have occurred at
Widgingarri 1 (O'Connor, 1999). Radiocarbon dating of bone apatite
usually underestimates the true age of a sample, because it is
difficult to separate contaminating carbonate from the low con-
centration of endogenous carbonate in the bonemineral (Zazzo and
Sali�ege, 2011; Storm et al., 2013). The radiocarbon ages obtained for
samples of carbonate-encrusted bone from the lowest stratigraphic
unit of Widgingarri 1 (Table 1) should, therefore, be regarded as
unreliable.

3.1. Environmental context

Widgingarri 1 is a moderate-sized sandstone rockshelter
(approximately 9 m deep and 14 m wide at its maximum extent)
with an ashy floor and impressive rock art panels on the sloping
ceiling. The site lies in the Prince Regent Plateau sub-province,
which forms part of the Kimberley Basin and consists primarily of
sedimentary and volcanic rocks, and has a northeast-facing aspect.
The rockshelter is set into the exposed rocky substrate, and looks
out over a broad and shallow valley containing many species of
edible plants. The ceiling is low (<2 m) and slopes to the rear of the
rockshelter, though in the past the lower floor height would have
provided standing room throughout much of the shelter (Fig. 3).
The archaeological potential of Widgingarri 1 was initially identi-
fied during extensive field surveys undertaken in 1984 with senior
traditional owners of the Worrora, Umiida, and Yawjibaya Aborig-
inal people.

The environmental context of the Kimberley during MIS 3
(57e29 ka) through to the early Holocene (11.7e8.2 ka) was very
different to that found today, because lowered sea level exposed a
large extent of the now-drowned Northwest Shelf (Williams et al.,
2018). Over this time interval, a broad and flat coastal plain
extended up to ~100 km west from the site before reaching the
coast (Fig. 1B). To the east lay the dissected sandstone plateaus of
the central Kimberley. From the mid-Holocene (8.2e4.2 ka) to the
present day, the site has been ~2 km from the modern coastline
(Williams et al., 2018).

While the Kimberley experienced wetter conditions through
much of MIS 3, the region experienced a drier climate between 35
and 29 ka (Kemp et al., 2019). Evidence obtained from the
archaeological site of Riwi also indicates that the southern Kim-
berley became increasingly arid at this time (Whitau et al., 2017;
Whitau et al., 2018; Balme et al., 2019). The western Kimberley
experienced an active (though variable) monsoon during the LGM,
based on the oxygen isotope record from Ball Gown Cave
(Denniston et al., 2013) and the faunal and botanical evidence at
CG1 (Maloney et al., 2018).

3.2. Stratigraphy and archaeology

Excavation ofWidgingarri 1 took place in 1985, with five 1� 1m
squares dug to amaximum of 112 cm depth in arbitrary spits (Fig. 4)
(O'Connor, 1999). Five distinctive layers (numbered 1 to 5 from top
to bottom) were identified based on soil compactness, colour
change, and organic and shell content. While the lower spits con-
tained a larger quantity of roof spall, bedrock was not reached
during the excavation. Fine sandy sediment occurs throughout the
deposit, with Layers 5 and 4 containing low amounts of organic
material. Sediments are compacted in the lower layers, tran-
sitioning to a looser composition 30e40 cm below the surface, with



Table 1
New and previously published radiocarbon ages for Square AA. Ages have been calibrated using OxCal v.4.4 (Ramsey, 2009) and the SHCal20 (Hogg et al., 2020) atmospheric
curve for charcoal, and Marine20 for marine shell (Heaton et al., 2020). Calibrated age ranges are given at the 95.4% confidence interval. F14C, fraction modern14C.

Lab code Sample ID Sample material Layer/spit F14C Radiocarbon age Calibrated age range Reference

(yr BP) (cal. yr BP)

S-ANU-63825 W1-AA-2 scattered charcoal 2/2 0.9587 ± 0.0024 339 ± 25 449e301 This study
S-ANU-63826 W1-AA-5 scattered charcoal 3/5 0.9789 ± 0.0020 171 ± 22 277e … This study
S-ANU-63827 W1-AA-9 scattered charcoal 4/9 0.9626 ± 0.0021 307 ± 22 442e285 This study
Wk-1490 W1-AA-7 marine shell 4/7 e 1700 ± 90 1395e954 O'Connor (1999)
S-ANU-63829 W1-AA-13 scattered charcoal 4/13 0.9849 ± 0.0019 122 ± 20 252e … This study
ANU-5761 CaCO3 encrusted bone 5/18 e 11,910 ± 500 15,469e12,843 O'Connor (1999)
ANU-5762 CaCO3 encrusted bone 5/19 e 9080 ± 600 12,425e8650 O'Connor (1999)
S-ANU-62911 W1-AA-15 bird eggshell e/15 0.0278 ± 0.00055 28,767 ± 165 33,692e32,256 This study
ANU/AMS 5-10 W1-AA-15 marine shell (Pinctada sp.) e/15 e 18,900 ± 1800 27,287e18,251 O'Connor (1999)
S-ANU-62912 W1-AA-17 marine shell (Melo sp.) e/17 0.0328 ± 0.00056 27,448 ± 144 31,061e30,419 This study
R-11720 W1-AA-17 charcoal/humic acids e/17 e modern e O'Connor (1999)
R-11795 W1-AA-17 marine shell (Melo sp.) e/17 e 28,060 ± 600 33,006e30,219 O'Connor (1999)

Fig. 3. Site map of Widgingarri 1, showing the location of Square AA, from which the stone artefact assemblage and optical and radiocarbon dating samples originate.
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a substantial increase in organic content upwards from this depth.
The lowest recorded layer (Layer 5, spits 19 to 15/14) is lighter in

colour than the overlying sediments, being predominantly
yellowish-red. The basal spits of Layer 5 in Square AA contain a
matrix of calcium carbonate, which is most abundant in the
southeast part of the square, cementing the sediments and cultural
material. Visible in the southeast section published in O'Connor
(1999), and shown in the southeast and southwest sections in
R.G.R.'s 1993 field notebook, is a reddish-grey feature (shown as ‘F’
in Fig. 4) containing calcrete nodules. Found only in Square AA of
the site, this feature was excavated as part of Layer 5, with spits 18
to 14/13 cross-cutting both the feature and Layer 5 (Fig. 4). As such,
cultural material analysed for these spits may derive from either
the feature or Layer 5. Layer 4 (spits 14/13 to 6) overlies Layer 5 and
the feature: it is comprised of dark reddish-brown sediments at the
bottom, transitioning to dark brown at the top. Layer 3 (spits 5 and
4) is dark brown and records the highest marine shell content of
6

any layer at the site. Layer 2 (spits 3 and 2, dark reddish-grey) and
Layer 1 (spit 1, dark brown) have lower shell content and the
highest quantities of charcoal and organics.

Detailed descriptions of all finds are reported in O'Connor
(1999) and only the broad patterns are summarised here. Char-
coal, unburnt plant remains, and fish and mollusc remains are
almost non-existent in Layers 5 and 4, but are found in high
quantities in Layers 3, 2 and 1. Bone (marsupial and reptile) is
preserved throughout the sequence. The artefact assemblage in-
cludes unretouched and retouched flakes and flake fragments,
including flakes from edge-ground axes (present in Layer 5), with a
clear introduction of points (bifacial, unifacial and laterally
retouched) in Layer 3. Ground stone axes and basal grinding stones
were also found on the shelter floor surface. Unusual finds include
jawbone fragments from the now-extinct thylacine (in Layer 4 and
in a spit cross-cutting Layer 5 and the feature) and amodified dingo
tooth (in Layer 2). A ground sea urchin spine and exotic marine



Fig. 4. Stratigraphic profiles of the southeast and southwest walls of Square AA, with locations of optical dating samples indicated, and stone artefact phase boundaries marked.
Sections show locations of major layers, from O'Connor (1999) and R.G.R.'s 1993 field notebook.
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shells were excavated from the spits cross-cutting Layer 5 and the
feature, with bone artefacts found in Layers 3, 2 and 1.
4. Methods

4.1. Radiocarbon dating

For this study, four charcoal fragments, a bird eggshell fragment
and a marine baler shell specimen (Melo sp.) from Widgingarri 1
Square AA were dated at the Australian National University
Radiocarbon Laboratory (lab code S-ANU). The charcoal fragments
(not identified to taxa) do not derive from intact hearth features,
but were recovered from sieved material and selected for dating on
the basis of size and preservation. The marine shell age is on a
sample of the same piece dated previously (O'Connor, 1999).
Charcoal samples were physically cleaned and crushed to ~1 mm in
size, and pretreated with a series of acid (1M HCl, 70 �C, 30 min),
base (1M NaOH, 70 �C, 1 h, changing the solution until the base
remained colourless) and acid (1M HCl, 70 �C, 30 min) washes.
Between each treatment, the charcoal was washed in ultrapure
water three times, or until the solution remained colourless. Sam-
ples were combusted in a sealed quartz tube in the presence of CuO
wire and Ag foil, and the resulting CO2 was collected and purified
cryogenically before conversion to graphite over a Fe catalyst in the
presence of H2 for analysis in a NEC single-stage accelerator mass
spectrometer (Fallon et al., 2010). As expected for charcoal, all
samples contained more than 60% carbon.

The surfaces of the eggshell and marine shell samples were
removed with a Dremel™ drill, and fragments of the cleaned shell
were acid leached (0.5MHCl, 70 �C, to remove ~10wt% and ~50wt%
respectively). These fragments were then reacted with H3PO4 in an
7

evacuated Vacutainer™ and the gas collected and dated as
described for charcoal. No quality assurance parameters are avail-
able for the calcite eggshell. The baler shell was screened using X-
ray diffraction (XRD) using aMalvern Panalytical Empyrean Series 3
and analysed over a range of 20e58� 2q, with step width of
0.0131303� 2q and a total dwell time of 200 s/step. Phase identifi-
cation was carried out with the software DiffracPlus Eva 10 (2004)
and ICDD PDF-2 database (2004) and phase quantification was
performed using HighScore Plus 4.8 (2018). The shell contained
0.3% calcite, which is just above the detection limit of 0.1% calcite,
and the agemay be underestimated by up to 750 radiocarbon years.

Ages were calculated using a d13C valuemeasured by accelerator
mass spectrometry (Stuiver and Polach, 1977). Sample preparation
backgrounds were subtracted based on measurements of samples
of radiocarbon-free CO2. The new age for the baler shell sample (S-
ANU-62912) is statistically indistinguishable from the previous age
estimate for sample R-11795 (chi-squared test: df ¼ 1, test statistic
T ¼ 1.1, 5% significance level ¼ 3.8).
4.2. Optical dating

Optical dating of sediments provides a means of determining
the time since grains of quartz and feldspar were last exposed to
sunlight (Huntley et al., 1985; Jacobs and Roberts, 2007; Roberts
et al., 2015). As age estimates for artefacts and other archaeolog-
ical remains are inferred from the depositional ages of the sur-
rounding sediments, rather than being dated directly, it is vital to
consider the nature of association between the dated sediments
and the items of archaeological interest. Four optical age estimates
were obtained from Widgingarri 1. Samples were collected from
three distinct layers (Layers 5, 4 and 1), and from the large feature
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visible in the southeast and southwest sections, at depths of be-
tween 10 and 98 cm (Fig. 4). A sediment sample was also collected
at each location for laboratory measurements of radioactivity and
moisture content.

Quartz grains of 180e212 or 90e125 mm in diameter were
extracted from the samples using standard procedures (Wintle,
1997). Between 1000 and 1500 individual quartz grains were
measured per sample to estimate the equivalent dose (De) using the
single-aliquot regenerative-dose (SAR) procedure (Galbraith et al.,
1999; Murray and Wintle, 2000). The experimental conditions
and data-analysis procedures used to measure the optically stim-
ulated luminescence (OSL) signal and estimate the De values are
given in Supplementary Information, together with information on
the equipment (Bøtter-Jensen et al., 2003), grain-rejection criteria
(Jacobs and Roberts, 2007) and dose recovery tests (Galbraith et al.,
1999) used in this study. The OSL and thermoluminescence (TL)
properties of quartz grains from one of the Widgingarri 1 samples
(WIDG-8 from Layer 5) have been studied extensively in the
development of the SAR procedure (Murray et al., 1997; Wintle and
Murray, 1997, 1998, 1999, 2000; Murray and Roberts, 1998; Murray
and Wintle, 1998, 1999).

The total environmental dose rates were calculated from the
sum of the beta, gamma and cosmic-ray dose rates. Beta dose rates
for three of the samples were estimated using a low-level beta
counting system (Bøtter-Jensen and Mejdahl, 1988), while the beta
dose rate for WIDG-8 was derived from beta counting and high-
resolution gamma spectrometry (HRGS). Gamma dose rates from
the uranium and thorium decay chains (238U, 235U, 232Th) and from
potassium (4K) were estimated from portable gamma spectrometry
measurements or, for WIDG-8, from a combination of portable
gamma spectrometry and HRGS. The burial age of the grains (in
calendar years) was obtained by dividing the De of each sample by
its corresponding environmental dose rate.

4.3. Stone artefact analysis

Each stone artefact was measured and bagged individually and
assigned an artefact number. Artefacts from two spits were lost
when the Australian National University Weston Storage Facility
was destroyed in the 2003 Canberra bushfires, hence spits 6 and 16
are omitted from the present analysis.

All stone artefacts were classified by material and technological
class (core, flake, flaked piece, retouched flake); broken flakes,
flaked pieces, and heat pops (pot lids) were not analysed further.
Cores were assigned a type, and their length, width and thickness
were measured according to orientation along the axis of the main
flaking surface. The length of the largest complete scar was also
measured. Axial (box) length, medial width and platform thickness
were measured on all complete flakes. The number of dorsal scars
was then counted and the platform type, dorsal scar pattern, any
platform preparation, and the presence of any apparent use-wear
under low magnification was noted. To calculate the Scar Density
Index (Clarkson, 2013; Shipton and Clarkson, 2015), surface area
was estimated on flakes by multiplying axial length by medial
thickness. Retouched pieces were assigned a type, their length,
width, and thickness were measured according to the axis of the
original flake, where discernible; and where not, by positioning the
main portion of retouch distally. The height of the largest retouch
scar was measured, as was the length of the flake margin that had
been retouched. Retouched pieces that were neither shaped nor
burinated, but had multiple retouch scars crossing 25% of their
surface by length, were designated ‘core-on-flake’. Ochre was
weighed for each excavation unit and the number of pieces with
8

ground facets or evidence of flaking was noted.

5. Results

5.1. Radiocarbon dating

All charcoal samples from Layers 4, 3 and 2 in Square AA have
calibrated radiocarbon ages of less than 500 years (Table 1). The
bird eggshell, and the redated baler shell from the original study,
have ages of 33.7e32.3 and 31.1e30.4 cal ka BP, respectively. The
age for the baler shell (from spit 17) is consistent with the previous
estimate of 33.0e30.2 cal ka BP, and overlaps with the age for the
bird eggshell (from spit 15). The preferential selection of well-
preserved charcoal pieces from sieved material appears to have
resulted in a bias towards young, probably intrusive, charcoal from
Layer 1. This supports the earlier observation of young charcoal in
spit 17 (R-11720). None of the charcoal samples were collected from
intact hearth features.

5.2. Optical dating

5.2.1. OSL signals
A total of 5300 individual grains were measured in this study, of

which 25.1% (1329 grains) were accepted for De determination after
rejecting unsuitable grains. The accepted grains emit OSL signals
that decay rapidly and to a low level when stimulated by the green
laser (Fig. 5A), and the sensitivity-corrected dose-response curves
are well described by a saturating exponential function (Fig. 5B).
Single-grain De values were estimated by projecting the sensitivity-
corrected natural OSL signal for each grain on to its corresponding
dose-response curve. Further details and additional examples are
given in Supplementary Information.

5.2.2. De distributions
De values for individual quartz grains were obtained for all four

samples. The single-grain De distributions are overdispersed by
between 52 ± 3% (WIDG-8) and 173 ± 14% (WIDG-11) (Table 2).
These overdispersion (OD) values are larger than expected for
samples comprised of quartz grains that were uniformly well-
bleached and deposited at the same time, and that have subse-
quently remained undisturbed (see, for example, Table 4 in Arnold
and Roberts, 2009). The De distributions are shown as radial plots
(Galbraith et al., 1999) in Fig. 6. For the two deepest samples,WIDG-
8 and WIDG-9, most of the De values are tightly clustered and the
majority lie within ± 2 standardised estimates of a common value
(~48 and 30 Gy, respectively), but there are a few conspicuous
outliers with much smaller De values; the latter are likely intrusive
grains from the younger, overlying deposits. WIDG-10 has a more
overdispersed De distribution than WIDG-8 and WIDG-9, with
multiple discrete De components and some outliers, suggestive of
post-depositional mixing. The De distribution of WIDG-11 has a
clearly delineated baseline (note that 67 negative values are not
shown in this plot), with most of the De values falling between ~0.4
and 2 Gy, but extending up to ~30 Gy. The distribution pattern for
WIDG-11 is consistent with a young sample mixed with older
grains.

To estimate the sample De values, the finite mixture model
(FMM; Roberts et al., 2000) was applied to the single-grain De
distributions of WIDG-8, WIDG-9 and WIDG-10 to determine the
number of discrete De components, the relative proportion of
grains in each component, and the weighted mean De value and
associated standard error of each component. The minimum
number of statistically supported De components was estimated



Fig. 5. A, OSL decay curves of the natural signal measured for a representative grain from each of the four samples. B, Corresponding sensitivity-corrected dose-response curves for
each grain, with the sensitivity-corrected natural OSL signals projected on to the curves to show the corresponding De estimates.

Table 2
Dose rate data, equivalent dose (De) and overdispersion (OD) values, and optical ages for quartz samples from Square AA.

Sample code Layer/spit Grain size (mm) Environmental dose rate (Gy/ka) Number of grainsb De (Gy)c OD (%)d Statistical modele Optical age (ka)f

Beta Gamma Cosmic Totala

WIDG-11 1/1 212e180 0.38 ± 0.02 0.29 ± 0.02 0.08 ± 0.01 0.78 ± 0.03 1400/542 0.37 ± 0.02 173 ± 14 MAMul (66%) 0.48 ± 0.03
WIDG-10 4/7 212e180 0.43 ± 0.02 0.39 ± 0.02 0.08 ± 0.01 0.94 ± 0.03 1000/196 13.1 ± 0.8 73 ± 4 FMM (61%) 13.9 ± 1.0
WIDG-9 e/17 212e180 0.41 ± 0.02 0.38 ± 0.02 0.08 ± 0.01 0.90 ± 0.03 1500/206 29.8 ± 0.9 56 ± 3 FMM (94%) 33.0 ± 1.7
WIDG-8 5/18 125e90 0.47 ± 0.02 0.39 ± 0.02 0.08 ± 0.01 0.97 ± 0.03 1400/385 48.2 ± 1.4 52 ± 3 FMM (95%) 49.5 ± 2.3

a Sum of beta and gamma dose rates from the surrounding sediment, the contribution from cosmic rays, and an internal dose rate of 0.03 ± 0.01 Gy/ka for each sample. The
1s uncertainty is the quadratic sum of the random and systematic errors.

b Number of grains measured/accepted for De determinations after application of the grain-rejection criteria.
c Modelled De ± 1s uncertainty.
d Overdispersion (OD) refers to the spread in De values remaining after accounting for measurement uncertainties.
e Statistical models used to estimate the sample De values (MAMul, unlogged minimum age model; FMM, finite mixture model). Values in parentheses indicate the pro-

portion of fully bleached grains (MAMul) or proportion of grains in the main De component (FMM).
f Mean age ± 1s uncertainty, calculated as the quadratic sum of all known and estimated sources of random and systematic error.
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using maximum log likelihood and the Bayes Information Criterion
(BIC), which yielded OD values of 30% (WIDG-8), 36% (WIDG-9) and
28% (WIDG-10) for the optimum fits (Galbraith and Roberts, 2012).
The dominant De component in each of these samples (i.e., the
component containing the largest proportion of grains: 95% in
WIDG-8, 94% inWIDG-9 and 61% inWIDG-10) was used for final De

and age determination. The WIDG-8 and WIDG-9 distributions
both contain a secondary component (5e6% of grains) with much
smaller De values, whereas the remaining ~40% of De values in the
WIDG-10 distribution are split between higher and lower De
components. The latter (~5 Gy) is consistent with the secondary De
components inWIDG-8 andWIDG-9, and the higher De component
(~40 Gy) is similar in size to the main De component in WIDG-9.

The unloggedminimum agemodel (MAMul; Arnold et al., 2009)
was used to determine the weighted mean De value for the low-
dose population of grains (assumed to be the most fully
bleached) in the truncated De distribution of WIDG-11. This model
enables measured values that are zero or negative (i.e., values with
9

errors consistent with a De of 0 Gy) to be incorporated in the final
De estimate. Before running the model, an OD value of 30% was
added in quadrature to the De measurement error for each grain,
based on the optimal OD estimates obtained by the FMM for the
other three samples. The MAMul estimates the proportion of fully
bleached grains in the WIDG-11 distribution as ~66%, which in-
cludes positive and negative De values consistent with 0 Gy at 2s
(~44% of the total number); such grains are indistinguishable from
modern.
5.2.3. Environmental dose rates
The dose rates for all four samples are presented in Table 2.

Measured water contents were on average ~3%, but we used 5% as
the average long-term water contents for final dose rate and age
determinations (see Supplementary Information). WIDG-8 was
measured using HRGS to assess whether the 238U and 232Th day
series are in secular equilibrium, and to measure the 4K activity. In
the 238U chain, the activities of 238U, 226Ra and 210Pbwere estimated



Fig. 6. Distributions of De values for single grains of quartz from sediment samples collected from Square AA. Radial plots are shown in order of increasing depth (clockwise from
top left). For WIDG-10, WIDG-9 and WIDG-8, the grey band is centred on the main De component (as determined by the FMM and used for age estimation), and the minor De

components are denoted by single lines (WIDG-10) or unfilled bands (WIDG-9 and WIDG-8). For WIDG-11, the grey band is centred on the De estimate obtained using the MAMul.
Negative values are not shown in this plot, because the radial axis has a logarithmic scale, but they are included in the MAMul De estimate.
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as 20.54 ± 2.07, 20.88 ± 0.38 and 16.34 ± 2.44 Bq/kg, respectively,
while those of 228Ra and 228Th in the 232Th chainwere estimated as
18.23 ± 0.75 and 17.97 ± 0.37 Bq/kg; the measured 4K activity was
78.81 ± 4.22 Bq/kg. There is no evidence of present-day disequi-
librium in the 232Th chain or between 238U and 226Ra in the 238U
chain, but the 210Pb/226Ra ratio of 0.78 ± 0.12 indicates that there
may be disequilibrium of ~20% (significant at 1s but not 2s). Any
disequilibrium present between 226Ra and 210Pb is likely due to the
loss of radon gas (derived from the decay of 226Ra), which is com-
mon in sedimentary deposits (Olley et al., 1996; Olley et al., 1997).
The gamma-ray dose rates measured using HRGS and in situ
gamma spectrometry (both adjusted to a water content of 5%) are
statistically indistinguishable (0.99 ± 0.07), as are the beta dose
rates estimated from HRGS and beta counting (1.06 ± 0.09). For
WIDG-8, therefore, we combined each pair of independent esti-
mates of beta and gamma dose rate to determine the final values,
and we used in situ gamma spectrometry and beta counting for the
other three samples. Use of emission-counting methods implicitly
assumes that the present state of (dis)equilibrium in the U and Th
10
chains has prevailed throughout the period of sample burial, but
most time-dependent disequilibria are unlikely to give rise to er-
rors in the total dose rate of more than a few percent (e.g., Olley
et al., 1996; Olley et al., 1997). Field measurement of the gamma
dose rate also allows for any spatial inhomogeneity within ~30 cm
of each sample.
5.2.4. Optical ages
The optical ages of the Widgingarri 1 sediments are in strati-

graphic order, increasing with depth from 0.48 ± 0.03 ka (Layer 1)
to 49.5 ± 2.3 ka (Layer 5) (Table 2). SampleWIDG-8 from the lowest
layer (Layer 5) appears to have remained largely intact since
deposition, with only a few younger intrusive grains present in its
De distribution (Fig. 6). The age for the reddish-grey feature from
which WIDG-9 was collected is mostly comprised of grains with
similar De values that yield a significantly younger age (33.0 ± 1.7
ka), with little evidence for mixing between the infill feature and
the underlying deposit. The age for the feature is consistent with
the two radiocarbon ages from this depth (Table 1), which suggests
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that the eggshell and baler shell samples may have derived from
the feature. Their provenance remains uncertain, however, due to
the cross-cutting of Layer 5 and the infill feature. There appears to
be a significant hiatus in sediment deposition between Layers 5 and
4, with the upper part of Layer 4 dated to 13.9 ± 1.0 ka (WIDG-10).
The two minor De components in WIDG-10 yield ages consistent
with those of the underlying infill feature and the sediments
overlying Layer 4, suggesting the incorporation of older and
younger grains in this sample via post-depositional mixing. This is
supported by young charcoal from Layers 2e4, and the presence of
an intrusive piece of modern glass in the upper part of Layer 4. No
sediment samples for optical dating were obtained from the shell
midden in Layer 3, or from the overlying Layer 2. Midden building
along the Kimberley coastline to the south of Widgingarri 1 began
at ~5 ka (Figs. 1B and 2D), so the Widgingarri 1 midden likely dates
to around this time (consistent with the optical age of 5.2 ± 0.6 ka
for the low-De component in the WIDG-10 distribution) or later.
WIDG-11 from Layer 1 shows evidence of extensive mixing (Fig. 6),
with the youngest population of well-bleached grains deposited
~500 years ago. This layer is likely to be the source of the charcoal
samples dated to ~500 years and younger (Table 1).
5.3. Artefact assemblage

The stone artefact assemblage from Square AA was divided into
eight phases based on material and technology (Fig. 4). Table 3
provides information on the corresponding layers and spits for
each phase, as well as the proportions of key technological and
typological components. Material changes are depicted in Fig. 7 and
the dominant and distinctive materials and technologies are sum-
marised for each technological phase in Table 4. In total, 2535
excavated stone artefacts were recorded, comprised of 1501 flakes,
774 broken flakes, 126 flaked pieces, 53 cores, 41 retouched flakes,
30 grinding stones and mullers, 8 chert pot lids, and 2 quartz
manuports. The lowest spit (spit 19) contained 56 artefacts.
Knapped stone artefacts were made from six materials (Fig. 7,
Table 4). The most frequent were a pale quartzite ranging from
white to yellow in colour and a fine dark ferruginous quartzite,
which were probably both available in the suite of Proterozoic local
quartz sandstones that vary in granularity and colour within a few
kilometres of the site (Green et al., 2017). Chert was also frequently
used and may have been available in the same sedimentary for-
mations as the quartzite, but chert typically occurs in smaller and
scarcer packages. There was a moderate frequency of quartz and
volcanic artefacts; the latter are likely basalt, which is not locally
available, the nearest volcanic geology occurring ~15 km inland
(east) of the site. Four chalcedony artefacts are present in phase 5;
given there is only one other occurrence of this very fine-grained
material (in phase 6), we presume it is exotic. Glass is present in
spits 1e3 (phase 8), with a single specimen in spit 8 likely intrusive.

Cores throughout the sequence are relatively informal single-
Table 3
Numbers and proportions of key artefact types and technological features by phase.

Layer Spit Phase Axe flakes Platform faceting Lipped ini

1 1 8 1 (3%) 14 (59%) 26 (93%)
2 2e3 7 7 (18%) 5 (21%) 0
3 4e5 6 1 (3%) 1 (4%) 0
4, Upper 7e9 5 2 (5%) 0 0
4, Lower 10e13 4 3 (8%) 1 (4%) 0
5, Upper 14e15 3 3 (8%) 0 0
5, Mid 17 2 14 (37%) 1 (4%) 0
5, Lower 18e19 1 7 (18%) 2 (8%) 2 (7%)

Totals 38 (100%) 24 (100%) 28 (100%)
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platform, multi-platform and bipolar pieces with occasional dis-
coidal cores and core-on-flakes. Likewise, platform types display a
similar range throughout the sequence, with >3% of each of single,
multiple, focalised and crushed platforms in every phase. Overhang
removal was used to prepare >3% of platforms in every phase.
Retouch is typically informal, with scrapers, notches and ventrally
retouched pieces common, but formal types (e.g., unifacial points)
first appear in the assemblage in phases 6e8 (Table 3). The prin-
cipal diachronic trends in knapping technology appear to be related
to these shaped artefacts and the relative emphasis on axes, as well
as changing provisioning strategies. Platform faceting becomes
common in phases 7 and 8 (Table 3).

Fragments of mullers and grinding stones occur in phases 2e5
and 7 (Table 3), with two intact grinding stones located on the
surface of the site (Fig. 2). The five muller fragments all have
rounded grinding surfaces. The ground surfaces of the grindstones
are typically flat with a mean thickness of 9.88 mm, though this is
an underestimate as most do not preserve the opposing surface.
The most complete grindstone is small, with a maximum length of
64.22 mm. One fragment from phase 2 is coated in red ochre res-
idue (Fig. 8F). Ochre occurs in phases 2e8, with very low quantities
in phase 6. A total of 222.9 g of ochre was recovered, including 10
ground pieces with macroscopic striations and 5 flaked pieces
(Fig. 8E). The ochre is predominantly haematite, with smaller
quantities of red shale and mica.

Ground stone axe technology is represented by volcanic flakes
with ground facets on their dorsal surfaces, with the highest pro-
portions occurring in the early part of the sequence in phases 1e2,
and very few found in the middle of the sequence (phases 3e6)
(Table 3, Fig. 7). Of the 134 complete volcanic flakes, 36 (27%) have
ground facets on their dorsal surface or platforms (Fig. 8AeD).
Complex dorsal scar patterns, with removals from the opposite
direction to the flake itself or from three or more different di-
rections, account for 29% of the complete volcanic flakes (where
scar pattern was discernible, n ¼ 90). Unlike the other four main
raw materials, no volcanic flakes were retouched. Volcanic flakes
with unground dorsal surfaces were far more likely than the gen-
eral flake population to be tertiary flakes without any cortex (93%
versus 65%, c ¼ 35.171, p < 0.001, n ¼ 1475), indicating working of
volcanic stone was focussed particularly on later stages of reduc-
tion. Dorsal scar patterning, together with a lipped initiation on a
volcanic flake with a ground platform, aligns with volcanic flakes
being struck from bifacially shaped axe blanks.

A transition in material selection occurs in the middle of the
Widgingarri 1 lithic sequence, with increased use of cryptocrys-
talline chert in phase 3, increased use of ferruginous quartzite in
phase 4, and increased use of cryptocrystalline quartz in phase 5.
Chi-squared tests showed significant decreases in the proportion of
microcrystalline pale quartzite relative to other materials
(excluding volcanic) between phase 2 (50%, n ¼ 323) and phase 3
(29%, n ¼ 120) (c ¼ 16.055, p ¼ 0.000062, n ¼ 443), and again
tiations Bipolar cores Points Grinding stones Ground ochre

1 (3%) 1 (12.5%) 0 1 (10%)
1 (3%) 4 (50%) 2 (7%) 0
1 (3%) 2 (25%) 0 0
22 (69%) 1 (12.5%) 9 (30%) 2 (20%)
5 (16%) 0 12 (40%) 2 (20%)
2 (6%) 0 1 (3%) 2 (20%)
0 0 6 (20%) 3 (30%)
0 0 0 0

32 (100%) 8 (100%) 30 (100%) 10 (100%)



Fig. 7. Proportions of lithic materials by spit (numbered along the bottom) and phase (numbered along the top) for Square AA.

Table 4
Phasing of lithics from Square AA with raw materials, types and attributes.

Phase Number of lithics Dominant and distinctive materials Distinctive types and attributes

8 295 Pale quartzite, glass Ground platforms, lipping
7 218 Pale quartzite, glass Points, faceting, grinding stones
6 190 Ferruginous quartzite, quartz Points, tula
5 534 Chert, quartz Grinding stones
4 473 Chert, ferruginous quartzite Grinding stones
3 130 Chert, pale quartzite, basalt Grinding stones
2 383 Pale quartzite, basalt Grinding stones
1 312 Ferruginous quartzite, basalt
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between phases 3 and 4 (9%, n ¼ 456) (c ¼ 32.669, p < 0.00001,
n ¼ 576). Cores are more common in the middle part of the
sequence, with chi-squared tests showing significant increases in
the proportion of cores between phases 2e3 (1%, n ¼ 503) and
phase 4 (3%, n ¼ 473) (c ¼ 4.145, p ¼ 0.042, n ¼ 976), and again
between phases 4 and 5 (5%, n ¼ 554) (c ¼ 4.021, p ¼ 0.045,
n ¼ 1027). Only 6% (n ¼ 53) of cores from the entire assemblage
were made on the pale quartzite, compared with 22% (n ¼ 1542) of
flakes and flaked pieces. Mean core length for the whole Widg-
ingarri 1 Square AA assemblagewas just 17.34 ± 11.47mm, with the
majority of cores (76%) from phase 5 being bipolar. A Mann-
Whitney U test indicated that the last flake scar travelled across a
greater proportion of the cores’ length on bipolar versus non-
bipolar cores (U ¼ 187, p ¼ 0.041, n ¼ 50), such that bipolar
flaking appears to have been used to maximise flake size on small
cores.

Shaped tools, including a tula adze slug and several point types,
appear in phases 6e8 (Fig. 9). In phase 6, the three shaped tools
consist of a tula slug (Fig. 9C) and the broken proximal sections of a
bifacial and a unifacial point. In phase 7, there are three unifacial
points (one complete, two broken) and three bifacial points (two
complete, one broken). Phase 8 contains the broken butt of a
Kimberley point (Fig. 9D). The appearance of shaped tools occurs
alongside a progressive growth in the use of pale quartzite (Fig. 7),
with chi-squared tests showing significant increases in this mate-
rial between phases 5 and 6 (c¼ 21.953, p < 0.00001, n¼ 724), and
between phases 6 and 7 (c ¼ 29.87, p < 0.00001, n ¼ 408). This is
matched by a significant decrease in the proportion of cores be-
tween phase 5 and phases 6e8 (c¼ 25.763, p < 0.00001, n¼ 1226).
Between phases 1e5 and phases 6e8 there is a significant reduc-
tion in flake area (unequal variances t-test for area, F ¼ 58.777,
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t ¼ �11.734, df ¼ 1523.2, p < 0.001, mean difference ¼ 111 mm2)
and an increase in scar density (unequal variances t-test, F ¼ 67.61,
t ¼ 11.046, p < 0.001, mean difference¼ 10.6 scars per square inch).
This is likely because many of the flakes in the later phases were
removed by fine retouching of the shaped tools. A bone artefact
from phase 6 may be for retouching shaped tools (Fig. 9A).

Other than the volcanic flakes related to axe working, lithics
throughout the sequence may be regarded as miniaturised
(Pargeter, 2016; Shipton et al., 2021). Imported fine-grained ma-
terials dominate, and mean complete flake length is consistently
<15 mm (Fig. 10). This miniaturisation persists despite the differ-
ences in material selection and knapping technology between the
early and middle part of the sequence. Mean flake length
(13.64 ± 7.24 mm) for phases 1e5 corresponds to mean final scar
length on cores (12.6 ± 5.93 mm) (equal variances t-test, F ¼ 2.999,
t ¼ 0.967, df ¼ 1141, p ¼ 0.334), suggesting these values approxi-
mate optimal minimum flake size, with cores discarded at this size
threshold. The emphasis on shaped tools is evident in the reduction
in flake length in phases 6e8 (Fig. 10) (unequal variances t-test,
F ¼ 74.106, t ¼ 14.401, df ¼ 1182.5, p < 0.001, mean
difference¼ 4.46mm), with many of the very small flakes from this
upper part of the sequence resulting from retouch.
6. Discussion

6.1. Widgingarri 1 chronology

The four optical ages reported here for Widgingarri 1 provide
snapshots of the timing of sediment deposition, but the coarse
resolution of the samplingdfour samples over a depth of ~112 cm
of depositdprevents meaningful insights into the rates of



Fig. 8. Artefacts from Square AA. Scale bars are 1 cm. AeD, Volcanic axe flakes from phase 1 with ground platforms. A and D have ground dorsal surfaces and lipped initations. E,
Ground haematite from phase 3. F, Grinding stone fragment from phase 2 with ochre coating the ground surface.
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sedimentation at the site and the durations of time gaps. In addi-
tion, the infill feature in Square AA, dated to ~33 ka, was not
observed in any of the other four excavation squares, so the current
chronology does not account for spatial variations within the site.
The infill feature post-dates Layer 5, for which an age of ~50 ka was
obtained for the second deepest spit (spit 18), and is overlain un-
conformably by Layer 4. The top of Layer 4 was deposited ~14 ka, so
this layer represents ~30 cm of sediment deposited over a period of
~19,000 years or less. If theWidgingarri 1 shell midden in Layer 3 is
representative of the broader regional pattern of midden building,
which began in the Kimberley during the mid-Holocene (Fig. 2D),
then it is likely to be considerably younger than the top of Layer 4.
Layer 2 remains undated, but is likely to be late Holocene in age,
while the uppermost layer (Layer 1) formed within the last 500
years.

The nature of site formation at Widgingarri 1 may be similar to
that at the southern Kimberley site of Riwi, where different layers
represent punctuated episodes of sediment deposition, separated
by time gaps. Deposits between ~30 ka and late Holocene in age are
largely absent at Riwi, represented only by small isolated lenses and
hearth features dated to the LGM and mid-Holocene (Wood et al.,
2016). In contrast, extensive LGM deposits exist near the rock-
shelter entrance inside the dripline, with the discontinuities
interpreted to be the result of erosion by water flowing through the
site (Balme et al., 2019). At Widgingarri 1, the infill feature and the
evidence for water flow across the floor of the rockshelter
(O'Connor, 1999) potentially point to similar erosional processes
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affecting the deposit.
The chronological resolution of the Widgingarri 1 sequence, the

presence of the infill feature, and the possibility of substantial post-
depositional erosion have implications for the technological phases
recorded in the preserved deposits. The artefacts in the earliest
phase (phase 1) may be as old as 49.5 ± 2.3 ka, or possibly older
given the recovery of more than 50 artefacts from the lowest spit of
phase 1 (spit 19), which appears to underlie the infill feature.
However, the provenance of artefacts from the upper spit of phase 1
(spit 18) and from phases 2 and 3 cannot be ascertained with cer-
tainty, as spits 18 to 14/13 cross-cut both the feature and Layer 5. As
such, the patterns observed within phases 1e3 should be treated
with caution, pending further excavation.
6.2. Assemblage interpretation

To avoid over-interpretating the lithic sequence, we separate it
here into three broad categories: Late Pleistocene (Layer 5), ter-
minal Pleistocene (Layer 4) and Holocene (Layers 3, 2 and 1). While
volcanic flakes with ground facets on their dorsal surfaces are
present in every occupation phase, indicating long-term continuity
in ground stone axe use, evidence for this technology is most
abundant in the Late Pleistocene levels of the site. The low pro-
portion of volcanic flakes with cortex, and the high proportionwith
ground dorsal surfaces or platforms, indicate a focus on the later
stages of reduction, and axe resharpening. The numerous axe-
related flakes in the early phase of occupation of Widgingarri 1



Fig. 9. Artefacts from Square AA, phases 6e8. Scale bar is 1 cm. A, Bone retoucher from phase 7. B, Chert bifacial point from phase 7. C, Ferruginous quartzite tula slug from phase 6.
D, Broken butt of a pale quartzite Kimberley point from phase 8.

Fig. 10. Boxplot of complete flake length in mm (excluding volcanic flakes) from Square AA.
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indicates that, as elsewhere in the Kimberley (Hiscock et al., 2016)
and western Arnhem Land (Clarkson et al., 2017), this complex
technology was actively used at this time. Another feature of the
flaked stone technology throughout the sequence is the creation of
miniaturised flakes, something that Widgingarri 1 has in common
with sequences covering the same MIS 3e1 time span in Wallacea
(Shipton et al., 2019; Shipton et al., 2021).

The terminal Pleistocene (Layer 4) artefact assemblage at
Widgingarri 1 shows a notable trend towards increasing mobility,
with an increase in the import of the cryptocrystalline materials
(chert, quartz and chalcedony) that tend to occur as small and
scarce clasts. This transition corresponds with the appearance in
the faunal record of the arid-adapted bilby (O'Connor, 1999). An
increase in the proportion of cores through the terminal Pleisto-
cene (peaking in the upper part of Layer 4) suggests that much
knapping and discard of flakes took place off-site, and that cores
were preferentially curated before being discarded at the site when
exhausted. Bipolar cores increase through time in Layer 4. This
technology is suited to maximising flake production from small
transported cores approaching the end of their use life (Hiscock,
1994; Pargeter and Eren, 2017).

The Holocene layers are distinguished by the emergence of
several important technology types and the formation of the shell
midden. A reduction in the import of cryptocrystalline materials
and cores in Layers 3, 2 and 1 is likely due to reducedmobility at the
site, as observed elsewhere in the Australian record at this time
(Clarkson, 2007). Rising sea levels resulted in the coastline reaching
its present position, ~2 km from Widgingarri 1, at ~8 ka (Williams
et al., 2018), with the adjacent shelter of Widgingarri 2 yielding
evidence for the exploitation of marine shell and other coastal re-
sources from about this time (O'Connor, 1999). Marine shellfish and
fish were extensively exploited when Layer 3 was deposited at
Widgingarri 1 (O'Connor, 1999), indicating increased proximity to
marine environments. Midden building on the modern Kimberley
coast began at ~5 ka (Fig. 2D), when the coast at Widgingarri would
have been close to or at its present position. Layer 3 likely dates,
therefore, to the mid-Holocene.

This interpretation is supported by the first appearance of
intensively retouched implements, including points and tula adze
technology (as well as the very small flakes from their retouch), at
the onset of deposition of Layer 3. Points and tula adzes date to the
mid-to-late Holocene in the Kimberley and elsewhere in Australia
(Fig. 2E) (Bowdler and O'Connor, 1991; Hiscock, 1994; Clarkson,
2007; Maloney et al., 2017). Layer 2 marks the beginning of Kim-
berley point production at the site, with Layer 1 containing several
technological changes associated with the manufacture of this
distinctive technology, perhaps in part as trade items (Akerman
et al., 2002; Harrison, 2004). The switch to pressure-flaked Kim-
berley points in the last 1000 years accords with evidence from
elsewhere in the Kimberley (Fig. 2E) (Maloney et al., 2014).

6.3. Fifty thousand years of Kimberley occupation

The new chronology for Widgingarri 1 repositions the site
within the Kimberley archaeological sequence. The previously
published radiocarbon ages (O'Connor, 1999) placed it within a
small group of sites dated to a period between ~32 and 30 ka (Figs.1
and 2A, yellow). The optical age of 49.5 ± 2.3 ka for Layer 5, how-
ever, indicates that initial occupation occurred much earlier,
placing it in the first pulse of site establishment across the region
(Fig. 1B and 2A, orange). It also expands the geographical range of
evidence of human activities in the Kimberley, with early sites now
found in the north, south and west. The other three optical ages for
the Widgingarri 1 sequence suggest that further and more detailed
work at the site may have the potential to shed light on cultural
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responses to the heightened aridity at the end of MIS 3 and during
the LGM, the increase in humidity during the terminal Pleistocene
and the Holocene, and the historical period of occupation.

The radiocarbon and optical ages reported here for Widgingarri
1 exemplify the general issue of low chronological resolution of the
occupation history of the region. Table S2 provides a full list of age
estimates known for sites in the Kimberley region, and all reliable
age estimates associated with occupation are displayed in Fig. 11. A
few age estimates (shown in grey in Table S2 with explanatory
footnotes) are excluded from Fig. 11, either because the TL or optical
ages are suspected to have been affected by partial bleaching, or
because the radiocarbon ages are thought to have been affected by
fluctuating water-table levels or a range of contamination issues.
Fig. 11A shows the distribution of ages for the 11 sites that contain
evidence for occupation during the Late to terminal Pleistocene,
and Fig. 11B shows the distribution of ages for 59 sites with Holo-
cene occupation, further divided into four geographical regions
(north, south, east and west).

Most sitesdincluding Widgingarri 1dhave too few ages to
reconstruct their occupation histories in any detail, or to establish
the timing and duration of any stratigraphic breaks. The majority
have only 1e3 age estimates, highlighting the problem of dating
only selected layers at archaeological sites (e.g., the deepest layers
or those containing the largest or best-preserved charcoal frag-
ments). Eight sites in the Kimberleyd Borologa 1 in the north,
Karlinga 3, Goorurarmum 1, Granilpi and Jinmium in the east, and
Mount Behn, Eastern Beach Red Dune (EBRD) Midden and Djura
(formerly Windjana Gorge Watertank Shelter) in the westdhave
records of sufficient resolution to contribute to our understanding
of the Holocene occupation history of the region, and three
sitesdCG1 and CG3 in the west and Riwi in the southdhave ‘high-
resolution’ chronologies that allow for robust interpretations of
their occupation sequences.

CG1 is the flagship record for the region, with a largely intact
sequence spanning most of the last 50,000 years of occupation
(Maloney et al., 2018). Riwi has a detailed Pleistocene record, dated
using two independent methods (radiocarbon and optical) at suf-
ficient resolution to clearly identify stratigraphic breaks (Wood
et al., 2016). The chronological resolution at CG3 is sufficiently
high to identify gaps during the LGM and the early tomid-Holocene
(O’Connor et al., 2014). In the present study, we have updated the
chronological models for CG1 and Riwi (radiocarbon only) using
OxCal v.4.4 (Ramsey, 2009), after recalibrating all radiocarbon ages
using the SHCal20 (Hogg et al., 2020) and Marine20 (Heaton et al.,
2020) curves. The updated chronologies supersede those previ-
ously published for these sites. The calibrated ages are presented in
Table S2 and the updated Bayesian age models in Figure S2, with
the model outputs and OxCal CQL2 codes presented in Tables S6
and S7, respectively. The chronological models for CG1, CG3 and
Riwi show the power of detailed dating studies for finer-scale in-
terpretations of the occupation and site-formation histories of sites
in the Kimberley region.

6.4. Earliest records of occupation of Sahul

An age for initial occupation of Widgingarri 1 of 49.5 ka, with
total uncertainties of 2.3 ka at 1s and 4.6 ka at 2s, makes it one of
the oldest archaeological sites in Sahul, and brings it into the
broader debate on the timing surrounding evidence of first
peopling of the continent. Fig. 12 shows the position of Widgingarri
1 in relation to the oldest known archaeological sites from five
regions across Sahul (all sites with point estimates of age >46 ka).

In Fig. 12, the boundary probability distribution functions rep-
resenting the start (blue) and end (orange) Bayesian modelled age
estimates for the earliest cultural layer at a site are presented at



Fig. 11. Age estimates for all known occupation sites in the Kimberley (Table S2). Widgingarri 1 is shown in red. Optical ages are shown as blue circles, radiocarbon ages on charcoal
as orange squares, and radiocarbon ages on marine shell as orange triangles. Confidence intervals for all ages are at 95.4% probability. Samples that returned modern ages, and ages
associated with culturally sterile sediments, are not shown. A, Late Pleistocene to terminal Pleistocene ages. B, Holocene ages. RI, WB, EBRD, CLH and JPP refer to Rankin Island,
Western Beach, Eastern Beach Red Dune, Cape Leveque Headland and James Price Point, respectively. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 12. Probability distributions (95.4% confidence interval) of the Bayesian modelled
start (blue) and end (orange) age estimates, and of individual (grey) age estimates, for
initial occupation of the oldest known archaeological sites in Sahul. The start and end
ages for Devil's Lair correspond to the age estimates for the lowest artefact recovered
during excavation and for initial occupation of the cave, respectively. Arrows indicate
minimum age estimates. All radiocarbon ages have been calibrated using the latest
2020 calibration curves, and previously published Bayesian age models are updated in
this figure. Further details are provided in Supplementary Information, including site-
specific age models, model output information and the OxCal CQL2 code used to
generate the age models and construct this figure. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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95.4% probability. The probability distributions shown in grey
denote individual age estimates associated with the earliest occu-
pation of sites that have insufficient age estimates to build con-
strained chronological models (Roberts et al., 1994, this study,
Cupper and Duncan, 2006; Olley et al., 2006; Veth et al., 2009;
Cropper and Boone, 2018; Veth et al., 2019).

We make four important observations. First, with the sole
exception of Riwi, where a charcoal fragment from a combustion
feature was dated, age estimates for the earliest occupation of all
sites are from materials that are only weakly associated with hu-
man activity (e.g., charcoal in sediment) or from quartz grains
exposed to sunlight, where association with human activity is
inferred. For sites with Bayesian age models, the probability dis-
tributions in Fig. 12, therefore, represent the earliest and latest
possible age estimates for the human activity that occurred within
the dated context. In most cases, it is not possible to ascertain
whether occupation occurred continuously throughout the entire
unit, or whether it was clustered towards one end of the age range
or closer to the middle. The Shawcross Trench at Mungo represents
an extreme case: it is not possible to stratigraphically align the
dated samples and the artefacts within the same unit, so only the
upper boundary age (i.e., a minimum age estimate) for the unit is
presented.

Second, the start dates of occupation at Nawarla Gabarnmang
and Widgingarri 1 are not associated with the lowermost artefacts
recovered from these sites. At Nawarla Gabarnmang, the middle to
lower parts of SU4 remains undated, owing to a paucity of charcoal
in the deposit (David et al., 2019).
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Third, all the radiocarbon ages are close to the effective limit of
the technique and susceptible to the effects of small-scale
contamination by modern carbon. Some of the charcoal samples
dated by radiocarbon were pretreated only with an acid-base-acid
protocol (e.g., Ivane Valley), and others include shell or eggshell
that has not been, or cannot be, screened for alteration (e.g., Boodie
Cave, Warratyi). Although age estimates are consistent and,
therefore, likely to be accurate, it is possible that they may under-
estimate the true age of the deposit. The likelihood of contamina-
tion has been explicitly tested for some sites (e.g., CG1, Devil's Lair,
Mungo Shawcross Trench, Nawarla Gabarnmang, Riwi) using
different pretreatment methods or screening, offering more robust
age estimates, particularly when cross-checked with optical dating.
Some samples also have calibrated ages that lie at or beyond the
55 cal ka BP limit of the SHCal20 and Marine20 curves.

Fourth, seven of the 17 sites in Fig. 12 have chronologies based
on a single optical age, and with De estimates obtained frommulti-
grain, rather than single-grain, measurements. While the resulting
ages may be accurate, this should ideally be demonstrated using
single-grain measurements or by comparison with independent
dating techniques to validate assumptions made about strati-
graphic integrity and association with human occupation.

On present evidence, careful consideration of precision and
context suggests that the oldest sites are in Western Austral-
iadincluding the Kimberleydand in Arnhem Land in the Northern
Territory. The timing of earliest use of most of these sites is
imprecise, however, and their chronologies collectively form part of
a broad distribution with uncertainties that statistically overlap.
This limits our ability to use this evidence to resolve the timing of
the first peopling of Sahul. Age estimates for initial occupation of
the diverse regions of Australiadincluding the Kimberley, the west
coast and extreme southwest corner of the continent, and the arid
and semi-arid interior of Australiadall support expansion during
MIS 3 (Turney et al., 2001; Hamm et al., 2016; Veth et al., 2017;
McDonald et al., 2018; Jankowski et al., 2020).

To move the debate forward, an improved understanding is
needed of the contextual association between the dated samples
and the archaeological record. Further high-resolution dating
studies, employing the systematic application of rigorous sample
pretreatment and measurement procedures, coupled with statis-
tical analyses, are required to improve the accuracy and precision
with which chronologies can be constructed within individual sites
and compared between sites. In the Kimberley, CG1 and Riwi are
exemplars of this approach, with the latter study (Wood et al.,
2016) utilising a systematic and multi-method dating strategy to
provide a test of the accuracy of radiocarbon and optical ages.

7. Conclusions

The optical age of ~50 ka for the basal layer at Widgingarri 1
indicates that the site is older than previously thought. With the
addition of Widgingarri 1 to the list of known Australian sites older
than 46 ka, the Kimberley now has more such sites than any other
region of comparable size on the continent. The occupation pattern
established in the Kimberley is reflected more broadly across the
northwest of the continent, which contains more than half of the
earliest occupation sites in Sahul. Widgingarri 1 also contains very
early examples of ground axe technology, positioning it amongst
the rapidly expanding cohort of ancient Australian sites that
contain precociously early examples of this technological innova-
tion. New excavations are required, however, to obtain a more
complete picture of the stratigraphy and site-formation processes
at Widgingarri 1 and its occupation history. A detailed excavation
and dating program would enable the construction of a high-
resolution chronological framework to help interpret changes in
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artefact patterns and human use of the site through time.
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