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Abstract
An extensive series of 44 radiocarbon (14C) and 37 optically stimulated luminescence

(OSL) ages have been obtained from the site of Riwi, south central Kimberley (NWAustra-

lia). As one of the earliest known Pleistocene sites in Australia, with archaeologically sterile

sediment beneath deposits containing occupation, the chronology of the site is important in

renewed debates surrounding the colonization of Sahul. Charcoal is preserved throughout

the sequence and within multiple discrete hearth features. Prior to 14C dating, charcoal has

been pretreatedwith both acid-base-acid (ABA) and acid base oxidation-stepped combus-

tion (ABOx-SC)methods at multiple laboratories. Ages are consistent between laboratories

and also between the two pretreatmentmethods, suggesting that contamination is easily

removed from charcoal at Riwi and the Pleistocene ages are likely to be accurate. Whilst

some charcoal samples recovered from outside hearth features are identified as outliers

within a Bayesian model, all ages on charcoal within hearth features are consistent with

stratigraphy. OSL dating has been undertakenusing single quartz grains from the sandy

matrix. The majority of samples show De distributions that are well-bleached but that also

include evidence for mixing as a result of post-depositional bioturbation of the sediment.

The results of the two techniques are compared and evaluated within a Bayesian model.

Consistency between the two methods is good, and we demonstrate human occupation at

this site from 46.4–44.6 cal kBP (95.4% probability range). Importantly, the lowest archaeo-

logical horizon at Riwi is underlain by sterile sediments which have been dated by OSL

making it possible to demonstrate the absence of human occupation for between 0.9–5.2

ka (68.2% probability range) prior to occupation.
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1. Introduction

1.1 Dating the colonization of Australia
The time of arrival of early modern humans in Australia is an open question, in large part
becausemost sites do not contain human fossils. However, an early colonisation is made possi-
ble by recent discoveries ofHomo sapiens fossils dating to more than 40,000 years in southern
China [1] and Laos [2, 3], alongside increasing archaeological evidence for an earlier migration
out of Africa than previously thought [4–6]. Moreover, genetic clock estimates for the founding
populations in Australia have been estimated variably to be 63 ± 5 ka [7], 58 ± 8 ka [8], and
55 ± 11 ka [9] and most recently, Rasmussen, Guo [10] provided genetic evidence that Aborigi-
nal Australians descended from an early Asian expansion wave some 62–75 ka ago.
In Australia, the oldest human fossils are about 40,000 years old [11, 12]. Earlier archaeolog-

ical traces are restricted to artefacts buried 45,000–60,000 years ago [13–19]. However preci-
sion on age estimates is often in the order of at least ± 5 ka (at 1σ), making interpretation of
these early age estimates difficult. Recent reviews of the chronology of Australian sites coalesce
on an age of no later than 47–48 ka ago [20–22], althoughmany researchers still consider ages
of 50 ka or earlier to be probable [16, 23, 24].
At the heart of the Australian colonization debate lies questions about (a) the accuracy of

the ages obtained using 14C and luminescence-baseddating techniques, (b) the precision of the
age estimates and their usefulness in pinpointing the earliest occupation of the continent, and
(c) the reliability of the context and association of the artefacts with the dated materials. The
debate is currently marred by inappropriate consideration of uncertainties, low numbers of
dates hindering application of statistical analyses, and a lack of new systematic dating studies
using the latest dating procedures at the oldest sites.
The aim of this study is to test the accuracy of 14C and single grain OSL ages at Riwi Cave.

High resolution sampling allowed Bayesian chronologies to be created for each method and
then compared. This should establish a benchmark for future within- and between-site com-
parisons to facilitate improved integration of ages and their associated uncertainties into fur-
ther debates about the earliest occupation of Australia. Riwi Cave provides an excellent testing
ground since it is one of only a few ‘old’ Australian sites that contain intact Pleistocene hearth
features in a sandy matrix, ideal for both 14C and OSL dating.

1.2 Riwi setting, stratigraphy and archaeological context
Riwi is situated on Gooniyandi traditional land in the south central Kimberley region of West-
ern Australia (-18.69; 126.06) (Fig 1). It is a large (~146 m2), deep and high cave cut into the
base of the west-facing Lawford Range composed of Devonian limestone (Fig 2). In 1999, a 1 m
wide and 50 cm deep test trench was excavated; in one quadrant, excavation proceeded a fur-
ther 50 cm in depth [15]. Excavation occurred in 5–10 cm spits, except where guided by large
changes in stratigraphy, and all sediment was passed through 5 and 2 mm sieves. In 2013, the
site was revisited with a permit provided by the Department of Aboriginal Affairs (Section 16
permit no. 499). The remaining quadrants of the original 1 m2 test pit (Square 1) were exca-
vated to bedrock and the excavations were expanded by an additional three 1 m2 test pits
(Squares 3, 4 and 5) (Fig 2A and 2B). In squares 1, 3 and 4, located in the center of the main
cave chamber, bedrockwas reached at between 100 cm and 130 cm (in most places circa 117
cm). Square 5, located at the mouth of the cave, was excavated to a maximum depth of 65 cm,
when decomposing bedrockwas reached. All squares were excavated in arbitrary excavation
units of 2 cm thickness, and in 50 cm horizontal quadrants, and some features, such as pits and
hearths, were removed separately. Excavation of archaeologically sterile sediments near
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bedrockwas in 3–5 cm arbitrary units. All excavated materials were dry sieved through nested
5 and 1.5 mmmesh screens.
The stratigraphic sequence observed in squares 1–4 and 3 was divided into twelve strati-

graphic units (SUs) (Fig 3A and 3B) that can be grouped in two visually distinct levels: SUs 12–
3, dominated by strong brown sediments and top units SUs2-1, composed of grey-ashy depos-
its. The strong brown sediments are mainly aeolian in origin with generally more than 50% of
the<2 mm fraction composed of very fine sands (63–125 μm). The rest of the geogenic depos-
its are composed of fine to coarser sands derived from the in-situ chemical weathering and
physical breakdown of sandstone bedrock and cave walls, especially near the bottom of the
deposit.
The deepest recognizable hearth is at the interface of SU11 and 12. Other clear and in situ

hearths are found in SUs 3, 6, middle and base of 7, top of 10, middle of 11 and top of 12 (Fig
3A and 3B). Artefact numbers drop at the transition between SU12 and SU11. Only 16 stone
artefacts have been recovered below this level. Most were from within 10 cm of the transition
to SU12 and only three were found between 10 and 20 cm beneath the deepest hearth. All were
recovered from Square 4 quad A (N = 4) and quad B (N = 12), where the boundary between
SU12 and SU11 was slightly undulating and where excavation units may have inadvertently
cut between the two SUs. At the top of this package of strong brown sediments is a conspicuous
brown sediment layer (SU3), found in Square 3, at the interface of the underlying red-brown
and overlying grey-ashy sediment.

Fig 1. Locationof Riwi Cave.

doi:10.1371/journal.pone.0160123.g001
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Fig 2. Riwi cave. (A) Plan and (B) profile. CAD by Dorcas Vannieuwenhuyse.

doi:10.1371/journal.pone.0160123.g002
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SUs 2 and 1 represent the grey deposits at the top of the sequence. The sediment is domi-
nated by anthropogenic (ash, charcoal) and biogenic (macrobotanics, coprolites) remains
mixed with a smaller proportion of geogenic sediment. The top part of the sequence has suf-
fered frommore intense trampling, bioturbation, and erosional post-depositional processes
than the strong brown sequence beneath. SU2 and SU1 are richer in lithic artefacts than the
deeper strong brown sediments, and numerous types of organic materials (charcoal, seeds,
nuts, fruit, paper bark fragments and wood shavings) are preserved [25].

1.3 Previous chronology
Using six 14C ages on charcoal from the initial excavation, Balme [15] suggested that the upper
package of sediments was Holocene and the deeper strong brown sequence Pleistocene
(Table 1). Major age gaps were recognized in the sequence. Notably, deposits with ages associ-
ated with the last glacial maximum (LGM) were absent leading to speculation that humans
were not present in the region, located within the arid zone during this period [15, 26, 27]. Fur-
thermore, a sample collected from a hearth prepared using acid-base-oxidationwith stepped
combustion (ABOx-SC) [28] gave an age of 46890–43040 cal BP at 95.4% probability
(41,300 ± 1020 BP, ANUA-13005) [15, 29], one of the earliest dates on a sample directly associ-
ated with human activity in Australia.

2. AgeDeterminationby 14C Dating

2.1 Sample collection, pretreatmentand measurement
In this study 33 charcoal fragments have been dated by two laboratories—the Australian
National University Single Stage Accelerator (SANU-) and Direct AMS (DAMS-). One sample
from a wooden artefact, most likely a boomerang [25, 32] has also been dated at the SANU.
Charcoal fragments from hearth features were targeted, but were supplemented by fragments
from the matrix, not necessarily associated with any particular archaeological features. The
majority of samples were taken from the sectionwall, providing excellent stratigraphic control,
whilst the remaining samples were either sampled in situ during excavation or recovered from
the 5 mm sieve (Table 2).

Fig 3. Stratigraphic profile and descriptionof (A) squares 1 and 4, and (B) square 3. The location of OSL samples is marked in red, and the
location of radiocarbon charcoal samples in yellow. Charcoal samples recovered from the sieve are given in italics, and charcoal samples taken from
the section are marked with an arrow. CAD by Dorcas Vannieuwenhuyse.

doi:10.1371/journal.pone.0160123.g003

Table 1. Published dates fromRiwi [15].

SU Context Feature Pretreatment Lab code Radiocarbondate (BP) Calibrateddate (cal
BP, 95.4% probability
range)

from to

2top SQ1-XU3-10cm Isolated charcoal ABA Wk-7605 5290 ± 60 6200 5910

6 SQ1-XU5-20cm Charcoal lens ABA Wk-7896 29550 ± 290 34200 33040

7mid SQ1-XU7-25cm Hearth ABA Wk-7606 31860 ± 450 36730 34770

11 mid SQ1-XU13-65cm Hearth ABOx-SC ANUA-13005 41300 ± 1020 46890 43040

11 base SQ1-XU14-70cm Hearth ABA Wk-7607 >40000
12 mid SQ1-XU16-95cm Isolated charcoal ABOx-SC ANUA-13006 40700 ± 1260 47070 42430

Radiocarbon dates have been calibrated against SHCal13 [30] in OxCal v.4.2 [31]

doi:10.1371/journal.pone.0160123.t001
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Table 2. New radiocarbondates from Riwi Cave.

SU Context Feature Collection
method

Genus %
C

Pre-
treatment

Lab ID 14C date
(BP)

Error
(1σ)

1 top SQ4-XU1-QD 5mm sieve Corymbiasp.
(Type R01)

62 ABA SANU-38220 18930 50

1 mid SQ4-SOUTH-24 scattered in leafy layer wall section 2012 Not determined ABA D-AMS004068 816 27

1 mid SQ1-EAST-34 scattered charcoal wall section 2012 Not determined ABA D-AMS004064 956 29

1
base

SQ3 XU8 QC Grevillea/Hakea
sp.

42 Holo-
cellulose

SANU-43337 670 20

SU1/3 SQ3-SOUTH-26 scattered wall section 2012 Corymbiasp.
(Type R01)

68 ABA SANU-39505 6385 30

SU1/2 SQ4-XU5-QD scattered top grey layer 5mm sieve
residue

Mallotus sp. 59 ABA SANU-38221 6445 30

2 pit SQ3-WEST-21 scattered in pit cutting
Pleistocene layer

wall section 2012 Not determined ABA D-AMS004069 6179 29

2 top SQ1-SOUTH-36 scattered charcoal wall section 2012 Not determined ABA D-AMS004065 6206 37

2 top SQ4-XU8-QD Scattered at base of
grey layer

5mm sieve
residue

Corymbiasp.
(Type R01)

56 ABA SANU-38223 6245 30

2 top SQ1-EAST-32 scattered charcoal in
ashy layer

wall section 2012 Not determined ABA D-AMS004063 6384 32

2base SQ1-EAST-26 ashy layer (hearth?) wall section 2012 Not determined ABA D-AMS004061 6250 35

2base SQ1-EAST-28 ashy layer (hearth?) wall section 2012 Not determined ABA D-AMS004062 6315 32

2base SQ4-SOUTH-20 scattered at top of grey
layer

wall section 2012 Not determined ABA D-AMS004067 6452 34

3 SQ3-XU3-QD Hearth feature 1? 5mm sieve Corymbiasp.
(Type R01)

55 ABA SANU-38225 18390 60

3 SQ3-XU5-QD-Feature 1 hearth feature 1 5mm sieve Corymbiasp.
(Type R01)

56 ABA SANU-38226 16930 50

60 ABA SANU-38814 16850 100

4 SQ3-EAST-32 scattered grey layer wall section 2012 Not determined 53 ABA SANU-39509 27280 160

5 SQ3-EAST-30 scattered red layer wall section 2012 Corymbiasp.
(Type R01)

66 ABA SANU-39507 30690 220

6 SQ3-EAST-28 hearth wall section 2012 Corymbiasp.
(Type R01)

63 ABA SANU-39506 29050 180

62 ABA SANU-39510 29350 190

6 SQ1-EAST-20 no details wall section 2012 Corymbiasp.
(Type R01)

69 ABOx-SC SANU-35907 29790 190

6 SQ3-NORTH-18 hearth wall section 2012 Corymbiasp.
(Type R01)

59 ABOx-SC SANU-35920 30110 200

6 SQ3-NORTH-22 hearth wall section 2012 Not determined ABA D-AMS004070 30154 141

7 top SQ1-SOUTH-32 scattered charcoal wall section 2012 Unidentifiable 51 ABOx-SC SANU-35916 29720 190

7mid SQ4-SOUTH-17 hearth wall section 2012 Not determined ABA D-AMS004066 31888 153

7base SQ1-SOUTH-29 hearth wall section 2012 Corymbiasp.
(Type R01)

58 ABOx-SC SANU-35914 33000 280

54 ABOx-SC SANU-35921 33270 280

70 ABA SANU-35924 32910 270

7
base

SQ4-XU12-QD no details excavation, in
situ sample

Myrtaceaesp. 58 ABOx-SC SANU-37707 34450 340

9 top SQ1-SOUTH-25 scattered charcoal/
hearth

wall section 2012 Corymbiasp.
(Type R01)

60 ABOx-SC SANU-35913 33850 300

9 SQ1-EAST-16 scattered charcoal wall section 2012 Corymbiasp.
(Type R01)

75 ABOx-SC SANU-35906 33560 300

9 SQ3-NORTH-14 scattered charcoal wall section 2012 Unidentifiable 68 ABOx-SC SANU-35919 34000 310

10 top SQ4-SOUTH-12 hearth wall section 2012 Corymbiasp.
(Type R01)

73 ABOx-SC SANU-35918 33340 280

(Continued)
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An attempt was made to identify all charcoal samples dated at the SANU to genus level [33]
(Table 2). At the SANU, all samples expected to be Pleistocene in age and larger than 50 mg
were subjected to ABOx-SC pretreatment [28]. After physical cleaning and crushing to<1
mm, charcoal was washed in acid (HCl, 6M, room temperature, 1 hr), alkali (NaOH, 2M, room
temperature, 30 min, replaced until solution was colourless) and an oxidizing solution (2M
H2SO4, 0.1M KCr2O7, 60°C, 20 hr), rinsing with MilliQTM water after each treatment. Up to 20
mg of the freeze-driedproduct was then pre-combusted in oxygen (ultra-high purity, 1 atm,
600°C, 2 hrs).
The more gentle acid-base-acid (ABA) treatment was applied to samples of expectedHolo-

cene age, samples smaller than 50 mg, and samples which failed the ABOx-SC treatment
(Table 2). At some sites, an ABA pretreatment is not able remove sufficient young contami-
nants from Pleistocene-aged charcoal to produce an accurate age estimate [18, 28, 34–36]. To
test whether it was appropriate to apply a more gentle treatment to charcoal from Riwi, two
samples that survived the ABOx-SC treatment were also dated with an ABA protocol. This
consisted of physical cleaning and crushing followed by washes in acid (HCl, 1M, 80°C, 30
min), alkali (NaOH, 1M, 80°C, 1 hr, replaced until solution was colourless) and acid (HCl, 1M,
80°C, 30 min), rinsing with MilliQTM water three times after each treatment or until the solu-
tion remained colourless. After the surface was physically removed, ~10 mg of the wooden
artefact was also treated with the ABA protocol described for charcoal, followed by a bleaching
step (1MNaClO2: 1MHCl, room temperature, 15 min).
Charcoal and wood remaining after these treatments was combusted in an evacuated quartz

tube (900°C, 6 hrs, in the presence of CuO wire and Ag foil), and the CO2 generated was col-
lected and purified cryogenically before graphitization over an Fe catalyst in the presence of H2
prior to measurement in a NEC single stage Accelerator Mass Spectrometer (AMS) at the
SANU [37]. Ages have been calculated according to Stuiver and Polach [38] using a δ13C value
measured by AMS. Samples were treated alongside a pretreatment blank of fossil wood charred
at 550°C [34] or coal. A background has been subtracted from each sample based on long term
repeat measurements of coal pretreated with ABA. The smaller number of ABOx-SC treated
blanks are consistent with this correction. Three samples have been pretreated and dated twice
as part of routine laboratory quality assurance protocols.
Charcoal dated at Direct AMS was pretreated with an ABA protocol, modified according to

the preservation of each sample. Samples were graphitized and dated by AMS. Dates have been
calculated according to Stuiver and Polach [38] using a δ13C value measured by AMS.

Table 2. (Continued)

SU Context Feature Collection
method

Genus %
C

Pre-
treatment

Lab ID 14C date
(BP)

Error
(1σ)

10
mid

SQ3-XU19-QB scattered charcoal excavation, in
situ sample

Corymbiasp.
(Type R01)

53 ABOx-SC SANU-37706 36680 420

11
mid

SQ1-SOUTH-12 hearth wall section 2012 cf. Corymbiasp. 71 ABOx-SC SANU-35911 41520 750

79 ABOx-SC SANU-35922 41690 760

11 SQ1-SOUTH-9 scattered charcoal wall section 2012 Unidentifiable 62 ABOx-SC SANU-35910 29840 190

12 top SQ1-SOUTH-2 hearth wall section 2012 Corymbiasp.
(Type R01)

69 ABOx-SC SANU-35909 41590 760

12 top SQ4-SOUTH-1 charcoal lens wall section 2012 Unidentifiable 63 ABOx-SC SANU-35917 42140 810

68 ABA SANU-35925 41050 710

Radiocarbon dates have been calibrated against SHCal13 in OxCal v.4.2 [30, 31].

doi:10.1371/journal.pone.0160123.t002
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2.2 Results
Preservation of charcoal within the Pleistocene levels at Riwi was generally poor. Of 38 sam-
ples submitted to the SANU laboratory, 15 found in units dating to the Pleistocene dissolved
during the ABA and/or ABOx-SC chemical pretreatment. Despite this, the 14C ages appear
accurate and are generally consistent with stratigraphy (Table 2). Those samples to survive
the pretreatment had high carbon contents (>50%), suggesting that contamination from, for
example, sediment inclusions [39] was absent. Where individual charcoal fragments were
pretreated in the same way twice, the results are identical, with Chi-squared tests at p<0.05
(Table 2). Moreover, results are also identical where single charcoal fragments were dated
with both ABA and ABOx-SC protocols (Table 2). This suggests that the charcoal at Riwi is
not grossly contaminated, a conclusion supported by the general consistency seen between
14C ages on different fragments of charcoal from the same context produced at four different
laboratories (SANU, ANUA, DAMS and Wk) using a range of different ABA pretreatment
protocols.

3. AgeDeterminationby OSLDating

3.1 Sampling for OSL dating
37 samples were collected for OSL dating using small (~2 cm diameter, 10 cm long) stainless
steel tubes. The majority of samples were taken from a continuous column from the eastern
profile of Square 1. A further 3 samples were taken from units not present in this column (SU6
and 7) (Fig 3A).

3.2 Single grain OSLmeasurement and analysis
3.2.1 Extraction of quartz. Sample tubes were opened under dim red light and quartz

grains extracted using standard preparation procedures [40]. Carbonates were dissolved in
10% HCl, and organic matter oxidised in 30% H2O2. The remaining sample was dried and
sieved to isolate grains of 180–212 μm in diameter, and feldspar, quartz and heavy minerals
separated by density using sodium polytungstate solutions of 2.62 and 2.70 specific gravities,
respectively. Quartz grains were etched with HF (48%, 40 min) to remove the alpha-irradi-
ated rind of quartz grains and destroy any remaining feldspars, rinsed in HCl to remove pre-
cipitated fluorides, dried and sieved. Grains retained on the 180 μm diameter mesh were
used for dating.

3.2.2 Measurement. Risø single grain Al discs [41] were used for measurement of the
180–212 μm grains. Each disk was examined under a microscope after measurement to check
that only one grain was present in each hole. All measurements were made in an identical man-
ner and with the same equipment, using the single aliquot regenerative-dose (SAR) procedure
described elsewhere (e.g. [42, 43]). The SAR procedure involves measuring the OSL signals
from the natural (burial) dose (LN) and from a series of regenerative doses (Lx; given in the lab-
oratory by means of a calibrated 90Sr/90Y beta source). Grains fromHolocene-age sediments
were given successive regenerative doses of 10, 20, 40, 80, 0 and 10 Gy and grains from Pleisto-
cene-age sediments doses of 40, 80, 160, 240, 0 and 40 Gy. Each regenerative dose is preheated
prior to optical stimulation by an intense, green (532 nm) laser beam for 2 s at 125°C. The
resulting ultraviolet OSL emissions were detected by an Electron Tubes Ltd 9235QA photo-
multiplier tube fitted with Hoya U-340 filters. A fixed test dose of ~11 Gy, was given after each
natural and regenerative dose, and the inducedOSL signals (TN or Tx) used to correct for any
sensitivity changes during the SAR sequence. A duplicate regenerative dose was included in the
procedure, to check on the adequacy of this sensitivity correction, and a ‘zero dose’
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measurement made to monitor the extent of any ‘recuperation’ induced by the preheat. As a
check on possible contamination of the etched quartz grains by feldspar inclusions, we also
applied the OSL IR depletion-ratio test [44] to each grain at the end of the SAR sequence, using
an infrared exposure of 40 s at 50°C.
Lx and Tx values were estimated from the first 0.22 s of OSL decay with the mean count

recorded over the last 0.3 s subtracted as background. Sensitivity-corrected (Lx/Tx) dose
response curves were constructed from these induced Lx and Tx OSL signals, using a single
saturating-exponential function of the form I = I0(1-exp-D/D0). In this function, I is the Lx/
Tx value at regenerative doseD, I0 is the saturation value of the exponential curve and D0 is
the characteristic saturation dose; I0 and D0 are estimated from the data. The sensitivity-
corrected natural OSL signal (LN/TN) was projected onto the fitted dose-response curve to
obtain the De by interpolation. The uncertainty on the De estimate of each grain (from pho-
ton counting statistics, curve fitting uncertainties, and an allowance of 2% per OSL mea-
surement for instrument irreproducibility) was determined by Monte Carlo simulation,
using the procedures described by Duller [45]. The final age uncertainty also includes a fur-
ther 2% to allow for any bias in the beta source calibration; this error is added as a system-
atic uncertainty.

3.2.3 Dose recovery tests. A number of dose recovery tests were conducted on one sample
(Riwi-22) to determine the optimum preheat temperatures. All grains were exposed to natural
sunlight for two days to empty the electron traps, and were then given a known laboratory dose
(~70 Gy). Five preheat (PH) combinations were tried, where PH-1 is that prior to measure-
ment of LN and Lx and PH-2 that prior to measurement of TN and Tx. The combinations
included: (1) PH-1 = 160°C for 10 s; PH-2 = 160°C for 5 s, (2) PH-1 = 180°C for 10 s; PH-
2 = 180°C for 5 s, (3) PH-1 = 220°C for 10 s; PH-2 = 160°C for 5 s, (4) PH-1 = 260°C for 10 s;
PH-2 = 160°C for 5 s, and (5) PH-1 = 260°C for 10 s; PH-2 = 220°C for 5 s. The results are pro-
vided in Fig 4. Although none of the combinations show a>10% deviation from unity, it does
appear that some PH combinations give better results. We used a PH-1 of 260°C for 10 s and
PH-2 of 160°C for 5 s combination for measurement of all samples.

3.2.4 Rejection of grains. Using the measurement conditions described above, a total of
18,500 grains were measured, but it is well-known that not every grain will result in an accurate
estimate of De (e.g. [46, 47]). Aberrant grains were rejected using the quality-assurance criteria
describedby Jacobs, Duller [46] and reasons are given in S1 Table. The majority of grains from
Riwi (49.2%) were discarded because they were too dim following a laboratory dose (TN sig-
nal<3xBG) or the test dose signal was imprecisely known (>20% error on test dose signal).
Rejecting such grains does not cause any bias in the results, because they do not contribute to
the luminescence signal. Of the 9109 grains remaining, a further ~28% (N = 2606) were
rejected (see S1 Table for details), leaving a total of 6776 grains, or an average of ~185 grains
per sample, for De determination.

3.2.5 Accepted grains–decaycurve and dose response curve characteristics. Fig 4A and
4C show a selection of decay curves from one Holocene (Riwi-4) and one Pleistocene (Riwi-27)
sample, following the test dose to the natural signal (TN) of ~11 Gy, and a PH-2 temperature of
160°C for 5 s. They represent the range of sensitivities and shapes and are representative of all
samples measured from Riwi. The decay curve shapes are quite reproducible and decay rapidly
to instrumental background level; less than 5% of the signal remains after 0.2 s of optical stimu-
lation. Fig 4B and 4D show the corresponding dose response curves for the same grains. The
majority of grains have very similar dose response curves up to ~80 Gy (the dose range of inter-
est for samples from Riwi), after which some of the grains continue to grow with increasing
dose and others cease to increase at much lower doses.
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3.3 Equivalent dose (De) determinationand results
Single grain De values for all samples are displayed as radial plots in S1 Fig. All are spread more
widely than can be explained by measurement uncertainties alone, being overdispersed by
between 24 ± 2 (Riwi-32) and 118 ± 6% (Riwi-2) (Table 3). We observed two different types of
De distribution—mixed and scattered. A representative example of both types is shown in Fig
5. Only two samples showed mixed De distributions (Riwi-2 and Riwi-6). Both samples were
collected from the upper-most red-brown sands in SU7 that are unconformably overlain by the
ashy-grey sands of SU2 (see Fig 3A). We were able to fit the finite mixture model (FMM) of
Roberts et al. (2000) to both. This model assumes that grains of discrete dose populations, well
bleached prior to deposition, were mixed post-depositionally. The optimum number of fitted
components was obtained from the smallest Bayesian Information Criterion (BIC) and maxi-
mum log likelihood, using the procedure described in Jacobs, Wintle [48]. The fitting details,
De values for each component and the proportion of grains that make up each component are
provided in S2 Table.
The remaining samples display scattered De distributions, probably due to bioturbation and

micro-scale differences in the beta dose rate received by individual grains. To obtain De values
we calculated the weightedmean De using the central age model (CAM) [49] which assumes
the De values for all grains are centered on some average value of De (similar to the median)

Fig 4. TheOSL decay curves for representative samples of grains from (a) Riwi-4 and (c) Riwi-27 that span the
range of luminescence sensitivities (‘relative brightness’). (b) and (d) show the corresponding dose response
curves for those grains shown in (a) and (c).

doi:10.1371/journal.pone.0160123.g004
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Table 3. Dose rate data, equivalent doses andOSL ages for sediment samples fromRiwi.

Sample SU Depth
(cm)

Water
(%)#

Environmental dose rate (Gy/ka) De value (Gy)
$ Number of

grains*
Overdispersion

(%)&
Age (ka)^ P-value

Beta Gamma Cosmic Total

Riwi-4 2 13 1.8 1.06 ± 0.05 0.63 ± 0.03 0.05 ± 0.01 1.77 ± 0.06 13.0 ± 0.1 268 (214) 28 ± 1 7.3 ± 0.3 (0.2)

Riwi-5 2 17 4.3 0.93 ± 0.05 0.65 ± 0.03 0.05 ± 0.01 1.66 ± 0.06 11.7 ± 0.2 234 (191) 31 ± 2 7.1 ± 0.3 (0.2)

Weightedmean = 7.2 ± 0.3 0.21

Riwi-2 ? 20 3.8 1.11 ± 0.05 0.64 ± 0.03 0.05 ± 0.01 1.83 ± 0.06 49.9 ± 1.7 (53%)
15.3 ± 0.8 (27%)

186 118 ± 6 27.3 ± 1.4 (1.0)
8.4 ± 0.5 (0.5)

Riwi-6 ? 20 1.5 1.13 ± 0.06 0.63 ± 0.03 0.05 ± 0.01 1.84 ± 0.06 46.1 ± 0.8 (59%)
12.7 ± 0.3 (41%)

217 71 ± 4 25.1 ± 1.1 (1.0)
6.9 ± 0.3

Riwi-1 6 22 7.9 0.92 ± 0.05 0.67 ± 0.03 0.05 ± 0.01 1.67 ± 0.06 57.8 ± 1.0 227 (198) 32 ± 2 34.6 ± 1.5 (0.9)

Riwi-7 7 23 1.5 1.09 ± 0.05 0.63 ± 0.03 0.05 ± 0.01 1.79 ± 0.06 63.3 ± 1.2 211 (179) 33 ± 2 35.3 ± 1.5 (0.9)

Riwi-3 7 24 3.2 1.02 ± 0.05 0.64 ± 0.03 0.05 ± 0.01 1.73 ± 0.06 57.4 ± 1.4 179 (146) 64 ± 4 33.1 ± 1.5 (1.1)

Riwi-8 7 26 3.0 1.06 ± 0.05 0.64 ± 0.03 0.05 ± 0.01 1.77 ± 0.06 67.0 ± 1.1 212 (164) 30 ± 2 37.8 ± 1.6 (0.9)

Weightedmean = 35.6 ± 1.3 0.13

Riwi-9 8 29 2.4 0.98 ± 0.05 0.63 ± 0.03 0.05 ± 0.01 1.69 ± 0.06 64.1 ± 1.4 185 (159) 34 ± 2 38.0 ± 1.7 (1.1)

Riwi-10 8 31.5 5.0 0.97 ± 0.05 0.65 ± 0.03 0.05 ± 0.01 1.70 ± 0.06 69.3 ± 1.4 183 (155) 30 ± 2 40.8 ± 1.8 (1.1)

Riwi-11 8 34 1.8 0.98 ± 0.05 0.63 ± 0.03 0.05 ± 0.01 1.69 ± 0.06 68.0 ± 1.4 207 (185) 27 ± 2 40.2 ± 1.8 (1.1)

Weightedmean = 39.6 ± 1.5 0.49

Riwi-12 9 36.5 0.6 1.04 ± 0.05 0.65 ± 0.03 0.05 ± 0.01 1.77 ± 0.06 68.9 ± 1.3 203 (167) 29 ± 2 39.0 ± 1.7 (1.0)

Riwi-13 10 39 2.4 1.09 ± 0.05 0.65 ± 0.03 0.05 ± 0.01 1.82 ± 0.06 72.9 ± 1.9 198 (175) 36 ± 2 40.1 ± 1.9 (1.3)

Riwi-14 10 42 4.4 1.02 ± 0.05 0.65 ± 0.03 0.04 ± 0.01 1.74 ± 0.06 71.4 ± 1.2 221 (177) 35 ± 2 40.9 ± 1.8 (1.0)

Riwi-15 10 44.5 2.2 0.99 ± 0.05 0.65 ± 0.03 0.04 ± 0.01 1.72 ± 0.06 68.6 ± 1.6 186 (158) 34 ± 2 40.0 ± 1.8 (1.2)

Riwi-16 10 47 1.3 1.05 ± 0.05 0.65 ± 0.03 0.04 ± 0.01 1.78 ± 0.06 68.2 ± 1.3 184 (149) 29 ± 2 38.4 ± 1.7 (1.0)

Riwi-17 10 50 1.7 1.04 ± 0.05 0.63 ± 0.03 0.04 ± 0.01 1.75 ± 0.06 77.4 ± 1.8 173 (144) 33 ± 2 44.3 ± 2.0 (1.3)

Riwi-18 10 52 1.7 0.99 ± 0.05 0.63 ± 0.03 0.04 ± 0.01 1.69 ± 0.06 70.9 ± 1.5 185 (161) 30 ± 2 41.9 ± 1.9 (1.2)

Riwi-19 10 55 1.7 0.99 ± 0.05 0.63 ± 0.03 0.04 ± 0.01 1.69 ± 0.06 72.3 ± 1.5 214 (189) 30 ± 2 42.9 ± 1.9 (1.2)

Riwi-20 10 60 2.0 0.98 ± 0.05 0.63 ± 0.03 0.04 ± 0.01 1.68 ± 0.06 69.2 ± 1.4 203 (182) 31 ± 2 41.1 ± 1.8 (1.1)

Weightedmean = 41.1 ± 1.6 0.43

Riwi-21 11 63 1.9 1.00 ± 0.05 0.63 ± 0.03 0.04 ± 0.01 1.70 ± 0.06 73.0 ± 2.2 174 (137) 35 ± 2 43.0 ± 2.1 (1.3)

Riwi-22 11 66 4.9 0.97 ± 0.05 0.65 ± 0.03 0.04 ± 0.01 1.69 ± 0.06 76.2 ± 1.9 178 (164) 35 ± 2 45.0 ± 2.1 (1.4)

Riwi-23 11 71 5.5 0.98 ± 0.05 0.65 ± 0.03 0.04 ± 0.01 1.70 ± 0.06 73.4 ± 1.8 208 (180) 32 ± 2 43.1 ± 2.0 (1.2)

Riwi-24 11 74 4.0 0.97 ± 0.05 0.64 ± 0.03 0.04 ± 0.01 1.68 ± 0.06 67.7 ± 1.2 258 (221) 34 ± 2 40.2 ± 1.7 (1.0)

Riwi-25 11 77 3.4 0.95 ± 0.05 0.64 ± 0.03 0.04 ± 0.01 1.66 ± 0.06 72.9 ± 1.2 217 (183) 28 ± 2 44.0 ± 1.9 (1.1)

Weightedmean = 42.8 ± 1.6 0.58

Riwi-26 12 80 1.7 0.87 ± 0.04 0.63 ± 0.03 0.04 ± 0.01 1.56 ± 0.05 66.2 ± 1.3 135 (117) 29 ± 2 42.4 ± 1.9 (1.2)

Riwi-27 12 83 3.0 0.90 ± 0.05 0.64 ± 0.03 0.04 ± 0.01 1.61 ± 0.05 68.2 ± 1.5 142 (125) 27 ± 2 42.4 ± 1.9 (1.2)

Riwi-28 12 85.5 4.5 0.94 ± 0.05 0.65 ± 0.03 0.04 ± 0.01 1.65 ± 0.06 71.6 ± 1.8 141 (126) 35 ± 2 43.3 ± 2.0 (1.4)

Riwi-29 12 88 4.8 0.93 ± 0.05 0.65 ± 0.03 0.04 ± 0.01 1.65 ± 0.06 76.8 ± 2.1 130 (113) 37 ± 3 46.5 ± 2.2 (1.6)

Riwi-30 12 91 4.2 0.92 ± 0.05 0.65 ± 0.03 0.04 ± 0.01 1.63 ± 0.06 74.0 ± 1.5 158 (129) 29 ± 2 45.3 ± 2.0 (1.2)

Riwi-31 12 93 0.3 0.89 ± 0.05 0.62 ± 0.03 0.04 ± 0.01 1.57 ± 0.05 76.6 ± 1.6 160 (135) 32 ± 2 48.8 ± 2.2 (1.4)

Riwi-32 12 96 1.9 0.93 ± 0.05 0.63 ± 0.03 0.04 ± 0.01 1.62 ± 0.06 73.3 ± 1.5 156 (135) 24 ± 2 45.2 ± 2.0 (1.2)

Riwi-33 12 99 1.9 0.93 ± 0.05 0.63 ± 0.03 0.03 ± 0.01 1.62 ± 0.06 78.5 ± 1.9 136 (132) 34 ± 3 48.4 ± 2.2 (1.5)

Riwi-34 12 102 2.9 0.90 ± 0.05 0.64 ± 0.03 0.03 ± 0.01 1.60 ± 0.05 69.4 ± 1.9 140 (116) 42 ± 3 43.5 ± 2.1 (1.5)

Riwi-35 12 105 2.4 0.94 ± 0.05 0.63 ± 0.03 0.03 ± 0.01 1.63 ± 0.06 75.8 ± 2.3 117 (110) 29 ± 2 46.4 ± 2.3 (1.7)

Riwi-36 12 108 1.9 0.95 ± 0.05 0.63 ± 0.03 0.03 ± 0.01 1.65 ± 0.06 84.6 ± 1.8 130 (105) 29 ± 2 51.3 ± 2.3 (1.4)

Riwi-37 12 110 3.4 0.94 ± 0.05 0.64 ± 0.03 0.03 ± 0.01 1.64 ± 0.06 80.2 ± 2.3 128 (114) 38 ± 3 48.9 ± 2.4 (1.7)

Weightedmean = 46.7 ± 1.7 0.075

#Represent the currentmeasuredwater content of the sediment. A relative uncertaintyof ±40% (at 1σ) was assigned to each estimate of water content. A
water content of 5 ± 2% was used for all samples in calculations of dose rate.
$De values for all samples were obtained using the central age model (CAM), except for Riwi-2 and Riwi-6 where the finite mixturemodel (FMM)was used.

The De values are those for the two components that represent the highest number of grains and the proportionsare indicated in brackets.

*Numbers in brackets represent the number of grains included in the CAMDe value after identification and rejection of outlier (nMAD) grains.
&The OD values are for the De distributions that include all De values, including those identified as outliers. The OD values for the samples where the outliers

were rejected are provided in S1 Table.

^Numbers in brackets represent the random-only error on the age.

doi:10.1371/journal.pone.0160123.t003
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and the estimated standard error takes account of any overdispersion (i.e., the greater the over-
dispersion, the larger the error).
As some grains might have been reworked after deposition, their De values should be

removed before calculating the weighted mean De values. The median absolute deviation is
widely used to screen data for outliers [50, 51]. It is calculated as the median of all absolute
distances from the sample median and attaches equal importance to positive and negative
deviations from the sample median. After converting the De values (in Gy) to natural loga-
rithms [52], we calculated the normalisedmedian absolute deviations (nMADs) using
1.4826 as the appropriate correction factor for a normal distribution, and rejected log De
values with nMADs greater than 1.5 [53]. The outlier De values are shown as open triangles
in each of the radial plots in Fig 5 and S1 Fig, and make up between 3% (Riwi-33) and 23%
(Riwi-8) of the total number of De values in each sample. Ratios of the outlier rejected
CAMDe value to the CAMDe value with all values included are provided in S3 Table and
range between 0.97 (Riwi-3) and 1.19 (Riwi-5), with an average for all samples of 3 ± 4%. A
consequence of the outlier detection and rejection is that the OD value for each sample is
reduced (S3 Table), and as a result the weighted mean De values are more precise; the stan-
dard error on the weighted mean De values for each sample decreases from an average of
2.8 to 2.1%.

3.4 Dose rate determinationand results
The total dose rate consists of contributions from beta, gamma and cosmic radiation external
to the grains, plus a small alpha dose rate due to the radioactive decay of U and Th inclusions
inside sand-sized grains of quartz. We have assumed that the measured radionuclide activities
and dose rates have prevailed throughout the period of sample burial. All dose rates were cor-
rected for long-term water contents assuming a moisture content of 5 ± 2% for all samples.
This is consistent with the range of current field values that ranged between 0.3% (Riwi-31)
and 7.9% (Riwi-1) (Table 3), with a median and standard deviation of 2.5 ± 1.5%. In general,
the calculated total dose rate will decrease, and the calculatedOSL age will increase, by ~1% for
each 1% increase in water content.

Fig 5. Radial plot of the De distribution for the accepted grains in a (A)mixed (Riwi-6) and a (B)
scattered (Riwi-18) sample.The grey bands in (A) are centred on the weightedmeanDe determined for
each dose population using the FiniteMixtureModel. The grey band in (B) is centred on the weighted mean
De determined using the central agemodel after the rejection of outliers (shown as open triangles). Radial
plots for all 37 samples are presented in S1 Fig.

doi:10.1371/journal.pone.0160123.g005
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An internal alpha dose rate of 0.032 ± 0.01 Gy/ka has been assumed for all samples. The
beta dose rates were estimated by low-level beta counting of dried, homogenised and powdered
sediment samples using a GM-25-5 multi-counter system [54] following the procedures
described and tested in Jacobs and Roberts [55]. Allowance was made for the effect of sample
moisture content [56], grain size [57] and hydrofluoric acid etching [58] on beta-dose attenua-
tion. The beta dose rates are provided in Table 3 and range between 0.87 ± 0.04 (Riwi-26) and
1.13 ± 0.06 (Riwi-6).
Gamma dose rates were measured by in situ gamma spectrometry. Counts were collected

for 30 min with a 1-inch NaI(Tl) crystal. The detectors were calibrated using the concrete
blocks at Oxford University [59] and the gamma dose rates were determined using the ‘thresh-
old’ technique [60]. We did not measure the gamma dose rate at each sampling location; the
deposit is only ~ 1 m deep and most samples were collected as a continuous column. Instead,
we obtainedmeasurements at 3 depths down this column (25, 60 and 90 cm below the surface)
and an additional measurement in the sample hole left after collecting sample Riwi-3. The four
results were consistent (0.64 ± 0.03, 0.64 ± 0.03, 0.67 ± 0.03 and 0.65 ± 0.03), so we used the
average (0.65 ± 0.03) as the gamma dose rate estimate for all samples. Small variations (0.62–
0.65 Gy/ka) occurredbecausewe corrected each of the values for the current field water content
at each sample location.
The cosmic-ray contribution was adjusted for the average site altitude (~115 m), geomag-

netic latitude (-29.4°), density and thickness of rock and sediment overburden [61]. They range
from 0.05 ± 0.01 to 0.03 ± 0.01 (Table 3) between the top and bottom of the excavated square.
The dose rate results for all samples from Riwi are provided in Table 3. The total dose rates

for all the samples show only a modest amount of variation, ranging between 1.56 ± 0.05
(Riwi-26) and 1.84 ± 0.06 Gy/ka (Riwi-6).

3.5 OSL age estimates
The final ages for all samples are listed in Table 3, together with the supportingDe and dose rate
estimates. Uncertainties on the ages are given at 1σ (standard error on themean) and were derived
by combining, in quadrature, all known and estimated sources of random and systematic error.
We were able to obtain reliable ages for all 37 samples collected from Riwi. The ages range from
~7 ka for samples from SU2 to ~50 ka for samples near the base of the deposit in SU12.

4. 14C andOSLAgeComparisons in a Bayesian Framework

4.1 Constructionof Bayesian models
The unusually large number of 14C and OSL age estimates obtained at such high resolution
provides an opportunity to make meaningful comparisons between the techniques. Bayesian
models were built using the OxCal v.4.2 platform (Ramsey 2009a) to reduce the uncertainty of
age estimates for particular events and to allow assessment of the correspondence between ages
obtained using the same and/or different dating methods. In the text, all modelled age ranges
are given at 95.4% probability, unless otherwise stated.
Two separate models were constructed using ages obtained by the two dating methods. All

14C ages were calibrated against SHCal13 [30] in OxCal v.4.2 [31]. Where two radiocarbon
dates exist on the same sample, the result of the weighted average was calibrated using the func-
tion R_Combine. Each OSL age was input as a C_Date in calendar years before 1950 with an
associated 1σ error. OSL ages do not have fully independent uncertainties;many of the errors
are shared among all the OSL ages (i.e., systematic errors). When ages with common systematic
errors are combined, only the random errors (given in brackets in Table 3) should be included,
and so only the random errors were included in the Bayesian model [62].
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For the 14C model, each stratigraphic unit (SU) was modelled as a Phase in which the mea-
sured ages are assumed to be unordered and uniformly distributed. In contrast to the radiocar-
bon dates undertaken on charcoal across the excavated area, the majority of OSL samples were
collected in a continuous columnmeaning that depth is likely to relate to age. Therefore, each
stratigraphic unit was modelled as a Sequence, assuming that ages from the bottom of the SU
are older than those at the top. A Boundary was placed at the start and end of each Phase or
Sequence. The modelled probability distributions of these Boundaries provide an estimate for
the start and end of a SU. These components were then arranged into a Sequence, assuming
that the lowest context (SU12) is older than those stratigraphically higher. Holocene and Pleis-
tocenemodels were run separately so that the models converged faster.
For both models, a General t-type Outlier Model [63] was used to assess the likelihoodof

each OSL or radiocarbonmeasurement being consistent. Each date was assigned a prior outlier
probability of 5%. During the modeling process, the posterior outlier probability is calculated
and the date down-weighted accordingly. For example, if the posterior probability is found to
be 5%, the date is included in 95% of the model iterations, but if it is found to be 50% it is
included in only 50% of model iterations.

4.2 The 14C model
The 14C model is shown in Fig 6 and S4 Table. 36 dated charcoal samples were included in the
model, including both the newly obtained (Table 2) and published ages (Table 1). Wk-7607 is
not finite and could not be included in the model.We also omitted one very obvious outlier
from the relatively bioturbated stratigraphic unit SU1 (SANU-38220, square 4, which
decreased the convergence of previous models), and two samples found at the interface
between the two Holocene SUs (SANU-38221 from square 4 and SANU-39505, square 3).
Although not included in the model, these are plotted in Fig 6.
A further six samples were identified as outliers by the model (at more than 80%). Interest-

ingly, all were detrital charcoal pieces found outside hearth features. No charcoal sample col-
lected from a hearth feature was identified as an outlier. It is likely that these outliers suggest
minor movement of charcoal through the sediment. Although the potential for movement of
charcoal through sediments is frequently commented upon, it is rarely observed in contexts
where stratigraphic units and features can be identified. Riwi provides a clear example of this
phenomenon, stressing the importance of sampling from discrete charcoal lenses or hearths.

4.3 The OSLmodel
The OSL Bayesian modelled sequence is shown in Fig 7 and data provided in S5 Table. 33 OSL
age estimates listed in Table 3 were included in the Pleistocenemodel. A Holocene model was
not run as only two dates are available. Riwi-2 and Riwi-6 were omitted from the model as they
contained grains frommore than one age population (S1 Fig).
The OSL ages are relatively consistent with each other and the stringent stratigraphic priors

applied. The model identified five ages as having more than 10% posterior probability of being
an outlier. However, none of the samples have an outlier probability of more than 18%, samples
are found to be both too old and too young, and the samples were spread throughout the stra-
tigraphy, suggesting that inaccuracies are random and of a small magnitude.

4.4 Comparing themodels
TheDifference functionwas used to examine whether the 14C and OSL age estimates produced
consistent age models. This function subtracts one probability distribution function from
another. If zero is included in the 95.4% probability range, the probability distribution
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functions are regarded as indistinguishable at 95.4%. It needs to be kept in mind that for OSL
ages to be compared with other independent ages, the systematic errors omitted from individ-
ual age uncertainties to run the model, must now be added to the errors on the modelled start
and end dates obtained for each SU.
To estimate the total OSL uncertainty, the mean and standard deviation of each Boundary

within the OSL model was calculated in OxCal. This is reasonable as the probability distribu-
tions of the Boundaries within the OSL model approximate a normal distribution (Fig 7). The
average relative systematic error (3.5% of the age estimate), representative for all stratigraphic
units, was then combined with the modeled standard deviation in quadrature providing an
estimate of the total error. The effect of this is illustrated in Fig 8A.
The results of theDifference function are given in Table 4 and Fig 8B. When the systematic

uncertainty of the OSL dates is added to the OSL model Boundaries, the two models are consis-
tent as all Boundaries overlap at 95.4% probability. Uncertainties in the accuracy of the radio-
carbon calibration curve around 40 ka [64] are not significant within the typical precision of
the OSL chronology (5000 yrs at 95.4% probability), and it is therefore likely that the agree-
ment suggests both techniques produced accurate dates. As expected, when the systematic
uncertainty is not considered the agreement is not as strong; theDifference between four
Boundaries does not include zero. However, the offsets between the models are not systematic.
At times the radiocarbonmodel is older than the OSL (Start 11), and at others the radiocarbon
is younger (End 9 –End 8). It should also be noted that no radiocarbondates were obtained
from SU8 where the strongest deviation occurs.

4.5 The chronology of Riwi
Given the agreement between the 14C and OSL chronologies, the chronology of the deposits at
Riwi can be discussed considering the different types of information provided by each tech-
nique. Layer 12 started to form after 50.9–46.0 ka (Boundary Start 12, OSL model). The first
hearth feature was found at or on the top of layer 12. Radiocarbondates on charcoal from this
feature provide a direct date of human activity. The model suggests that the hearth started to
form at 46.4–44.6 cal kBP (Transition 12 mid/ 12 top, Radiocarbonmodel), giving the earliest
secure date of human occupation in the cave. Some lithic artefacts were found at a greater
depth, but it is not possible to test whether they are slightly earlier than the hearth feature or if
they were associated with the hearth, e.g. were lying on an uneven surface or pushed to a
greater depth through trampling. However, given the rapid sedimentation at the top of layer 12
as indicated by the OSL dates, the maximum possible age of these is similar to the hearth
feature.
The age estimate for the start of sediment deposition at Riwi (Boundary Start 12, OSL

model) and the first in situ occupation (Transition 12 mid/ 12 top, Radiocarbonmodel) are
indistinguishable at 95.4% probability (-7340–1230 yrs), and sediment accumulation was
instantaneous within the precision of the models. However, it is likely that there is between
920–5210 yrs (68.2% probability) of archaeologically sterile sediment present prior to the first
arrival of people at Riwi.

Fig 6. Bayesian model of the radiocarbondates fromRiwi.Dates have been calibrated against SHCal13 [30]
andmodelled in OxCal v.4.2 [31]. Pale probability distributions represent the calibrated, unmodelled date, whilst
dark grey distributions represent themodelled date. The two brackets beneath the distributions represent the
68.2% and 95.4% probability ranges. Prior and posterior outlier probabilities are given in brackets following the
sample name in the form [O: posterior/prior]. A ‘?’ implies the date was not included in the model.

doi:10.1371/journal.pone.0160123.g006
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Fig 7. Bayesianmodel of theOSL dates fromRiwi.Only randomerrors are included. For explanation of
figure interpretation, see Fig 6.

doi:10.1371/journal.pone.0160123.g007
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Sedimentationwas rapid between SU12 top–SU4, with around 0.5 m of sediment deposited
in 16.8–13.8 cal kyr (68.2% probability; RadiocarbonTransition 12 mid/ 12 top and Radiocar-
bon End 4). During this period, occupation appears relatively continuous until around 30 cal
kBP, with hearth features (Fig 3A and 3B), lithic artefacts and bone present throughout the
deposit. After this relatively continuous sedimentation, a series of chronological hiatus’ are
present, either due to erosion events, or more likely, a slowing of sedimentation due to the fill-
ing of the cave. The hiatus’ occur between c.30–21 cal kBP, between c.21–7 cal kBP and
between c.7–1 cal kBP (Fig 8), and are interspersed with short, discrete pulses in
sedimentation.

Fig 8. A comparison of Boundariesgeneratedby the radiocarbonandOSLBayesianmodels. (A)
illustrates the Boundaries of the radiocarbon and OSLmodels, alongside the estimatedBoundaries if the
systematic error is included in the OSLmodel, and (B) theDifference between the Boundaries calculated in
the radiocarbon model and the OSLmodel with and without the systematic error estimation.

doi:10.1371/journal.pone.0160123.g008

Table 4. Difference betweenBoundaries from themodels of the radiocarbon andOSL ages calculated
in OxCal. If zero is included in the probability range the two probability distributionsare considered
indistinguishable.

Name Difference

68.2% probability range 95.4% probability range

from to from to

Radiocarbon—OSL total error

Difference End 6 -1700 1650 -3370 3310

Difference Start 6 -1480 1450 -2930 2920

Difference End 7 -1160 1900 -2700 3410

Difference Start 7 -1980 1350 -3650 2990

Difference End 8 -3980 -800 -5580 760

Difference Start 8 -3120 -10 -4680 1520

Difference End 9 -3060 0 -4590 1520

Difference Start 9 -3030 130 -4590 1730

Difference End 10 -2400 1250 -4230 2990

Difference Start 10 -1510 2160 -3300 4050

Difference End 11 -250 3310 -2120 5030

Difference Start 11 -30 3340 -1720 5020

Difference End 12 -230 3340 -2000 5140

Radiocarbon—OSL random error

Difference End 6 -1240 730 -2160 2380

Difference Start 6 -840 750 -1610 1620

Difference End 7 -500 1280 -1460 2140

Difference Start 7 -1340 760 -2370 1680

Difference End 8 -3110 -1590 -3960 -910

Difference Start 8 -2240 -820 -3040 -150

Difference End 9 -2150 -890 -2810 -270

Difference Start 9 -2170 -820 -2810 0

Difference End 10 -1610 660 -2740 1380

Difference Start 10 -810 1250 -1590 2650

Difference End 11 810 2550 -530 3190

Difference Start 11 1050 2360 310 2960

Difference End 12 770 2410 -130 3220

doi:10.1371/journal.pone.0160123.t004
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Without a sedimentary archive, it is not possible to say whether occupation continued
throughout these hiatus’ at Riwi. Given the earlier hypotheses suggesting that the arid zone was
not occupied during the LGM [15, 26, 27], the pulse in sedimentation dating to the LGM (SU3)
is of particular interest. SU3 is found only in the SE corner of square 3 (Fig 8) where it’s preser-
vation may be related to the presence of mudnest building by mud dauber wasps, which created
a hard capping. In the remaining excavated area, the older Pleistocene sediments (SU7, 6 and
4) are directly in contact with Holocene deposits (SU1 and 2). The preservation of a single
hearth feature dating to the LGM provides a glimpse that people were present during at least
one episode within the major discontinuity, and highlights the old adage that an absence of evi-
dence is not evidence of absence. In this case, without archaeologically sterile sediments dated
to the LGM, it is not possible to say that occupation did not occur.

5. Conclusion
At Riwi, high resolution sampling of sand for OSL and charcoal for radiocarbondating in the
Late Pleistocene (c.30 – c.50 ka) have enabled Bayesian models for each method to be built and
compared. Agreement between the techniques is excellent, giving confidence that both are
likely to be accurate and have appropriate estimates of precision. Riwi contains ideal samples
for both OSL and radiocarbon. Sediments are rich in clean quartz sand, whilst charcoal, though
poorly preserved, is abundant in hearth features and is not contaminated with young carbon.
Therefore, whilst we have demonstrated agreement between the methods in the best-case sce-
nario, future work comparing the methods in more challenging deposits must continue.
Careful consideration of precision is required when addressing specific archaeological and

palaeoenvironmental questions. Discussions over the earliest colonization of Australia rarely
consider precision of the chronologies, or what precision is required to answer the question
being asked. For example, Allen and O’Connell [65] use the term ‘central tendency(ies)’ nine
times in a review of the age of the earliest colonization, without considering the uncertainties
of several thousand years in each case. At Riwi, we have dated the start of the first occupation
to 46.4–44.6 cal kBP, in accordance with the prevailing view of colonization at or prior to 47–
48 ka. The importance of the age estimate is in its precision; just 1800 cal yrs at 95.4% probabil-
ity. This is currently the most precisely dated ‘early’ occupation, and able to test the chronology
of the arrival of humans in Australia. As further sequences in Australia and SE Asia are dated
using similar techniques, high resolution sampling and statistical analyses, it will be possible to
compare site chronologies to estimate when people arrived, rates of spread and connections to
palaeoenvironmental changes, and enter these into larger models of early modern human
dispersals.
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S1 Fig: Radial plots of single-grain De values for each of the samples measured from Riwi, presented 

in stratigraphic order. The shaded bands are centred on the weighted mean De values determined 

using CAM or FMM. The De values identified as outliers are shown as open triangles. The weighted 

mean De used in final age calculation and the overdispersion values for each sample are also 

provided. 
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De = 63.3 ± 1.2 
OD = 33 ± 2 

Riwi-8 
N = 212 
De = 67.0 ± 1.1 
OD = 30 ± 2 

Riwi-9 
N = 185 
De = 64.1 ± 1.4 
OD = 34 ± 2 

Riwi-10 
N = 183 
De = 69.3 ± 1.4 
OD = 30 ± 2 

Riwi-11 
N = 207 
De = 68.0 ± 1.4 
OD = 27 ± 2 

59% 

41% 



   

   

 

   

 

Riwi-12 
N = 202 
De = 68.9 ± 1.3 
OD = 29 ± 2 

Riwi-13 
N = 198 
De = 72.9 ± 1.9 
OD = 36 ± 2 

Riwi-14 
N = 220 
De = 71.4 ± 1.2 
OD = 35 ± 2 

Riwi-15 
N = 183 
De = 68.6 ± 1.6 
OD = 34 ± 2 

Riwi-16 
N = 182 
De = 68.2 ± 1.3 
OD = 29 ± 2 

Riwi-17 
N = 173 
De = 77.4 ± 1.8 
OD = 33 ± 2 

Riwi-18 
N = 185 
De = 70.9 ± 1.5 
OD = 30 ± 2 



   

   

 

   

 

Riwi-19 
N = 214 
De = 72.3 ± 1.5 
OD = 30 ± 2 

Riwi-20 
N = 203 
De = 69.2 ± 1.4 
OD = 31 ± 2 

Riwi-21 
N = 174 
De = 73.0 ± 2.2 
OD = 35 ± 2 

Riwi-22 
N = 178 
De = 77.5 ± 1.8 
OD = 35 ± 2 

Riwi-23 
N = 208 
De = 73.4 ± 1.8 
OD = 32 ± 2 

Riwi-24 
N = 258 
De = 67.7 ± 1.2 
OD = 34 ± 2 



   

   

 

   

 

Riwi-25 
N = 217 
De = 72.9 ± 1.2 
OD = 28 ± 2 

Riwi-26 
N = 135 
De = 66.2 ± 1.3 
OD = 29 ± 2 

Riwi-27 
N = 142 
De = 68.2 ± 1.5 
OD = 27 ± 2 

Riwi-28 
N = 141 
De = 71.6 ± 1.8 
OD = 35 ± 2 

Riwi-29 
N = 130 
De = 76.8 ± 2.1 
OD = 37 ± 3 

Riwi-30 
N = 158 
De = 74.0 ± 1.5 
OD = 29 ± 2 



   

   

 

   

 

Riwi-31 
N = 160 
De = 76.6 ± 1.6 
OD = 32 ± 2 

Riwi-32 
N = 156 
De = 73.3 ± 1.5 
OD = 24 ± 2 

Riwi-33 
N = 136 
De = 78.5 ± 1.9 
OD = 34 ± 3 

Riwi-34 
N = 140 
De = 69.4 ± 1.9 
OD = 42 ± 3 

Riwi-35 
N = 117 
De = 75.8 ± 2.3 
OD = 29 ± 2 

Riwi-36 
N = 130 
De = 84.6 ± 1.8 
OD = 29 ± 2 



   

 

 

 

Riwi-37 
N = 128 
De = 80.2 ± 2.6 
OD = 38 ± 3 



 S1 Table: Number of single-grains measured, rejected and accepted, together with the reasons for their rejection. 

Sample 

name 

No. of grains 

measured 

TN signal 

<3xBG 

0 Gy dose 

>5% of LN 

Poor 

recycling 

ratio 

No LN/TN 

intersection 

Depletion by 

IR 

Sum of 

rejected 

grains 

Acceptable 

individual De 

values 

Riwi-1 500 203 8 26 28 8 273 227 

Riwi-2 500 240 28 30 7 10 315 185 

Riwi-3 500 247 12 32 22 8 321 179 

Riwi-4 500 160 27 33 0 12 232 268 

Riwi-5 500 146 42 64 0 14 266 234 

Riwi-6 500 212 17 40 7 7 283 217 

Riwi-7 500 223 10 19 22 6 289 211 

Riwi-8 500 235 10 22 16 5 288 212 

Riwi-9 500 238 3 37 26 11 315 185 

Riwi-10 500 248 7 35 16 11 317 183 

Riwi-11 500 222 7 27 30 7 293 207 

Riwi-12 500 246 8 22 16 6 298 202 

Riwi-13 500 230 3 30 29 10 302 198 

Riwi-14 500 243 6 11 10 10 280 220 

Riwi-15 500 245 6 37 17 12 317 183 

Riwi-16 500 259 5 20 23 11 318 182 

Riwi-17 500 247 10 25 40 5 327 173 

Riwi-18 500 224 9 17 39 26 315 185 

Riwi-19 500 211 9 20 39 7 286 214 

Riwi-20 500 186 7 55 32 17 297 203 

Riwi-21 500 245 7 21 45 8 326 174 

Riwi-22 500 264 6 18 26 8 322 178 

Riwi-23 500 216 7 30 35 4 292 208 

Riwi-24 500 151 1 53 34 3 242 258 

Riwi-25 500 186 0 59 35 3 283 217 

Riwi-26 500 311 1 23 26 4 365 135 

Riwi-27 500 298 1 22 31 6 358 142 

Riwi-28 500 290 0 23 40 6 359 141 

Riwi-29 500 297 8 26 25 14 370 130 

Riwi-30 500 274 11 26 25 6 342 158 

Riwi-31 500 272 6 25 27 10 340 160 



Riwi-32 500 280 10 24 22 8 344 156 

Riwi-33 500 307 5 27 17 8 364 136 

Riwi-34 500 286 8 31 29 6 360 140 

Riwi-35 500 330 1 25 20 7 383 117 

Riwi-36 500 325 2 13 24 6 370 130 

Riwi-37 500 312 0 30 26 4 372 128 

Total 18500 9109 308 1078 906 314 11724 6776 

% total  49.2 1.7 5.8 4.9 1.7 63.4 36.6 

% accept   3.3 11.5 9.6 3.3  72.2 

TN is the OSL signal measured in response to the test dose given after measurement of the natural OSL signal. 

LN is the natural OSL signal. 

Recycling ratio is the ratio of the sensitivity-corrected OSL signals measured from duplicate doses to test the efficacy of the test dose correction used in the 

SAR procedure. 

IR is the infrared stimulation used to erase any part of the signal that may be derived from IR-sensitive (e.g., feldspar) grains. 
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S2 Table: Fitting details, De values for each component and the proportion of grains in each component for the two samples with mixed De 
distributions for which the finite mixture model was use. 
 

  

Sample OD (%) k De-1 (Gy) 
Proportion 

(%) 
De-2 (Gy) 

Proportion 
(%) 

De-3 
(Gy) 

Proportion 
(%) 

De-4 
(Gy) 

Proportion (%) 

Riwi-2 25 4 49.9 ± 1.7 53 ± 4 15.3 ± 0.8 27 ± 3 4.8 ± 0.5 9 ± 2 1.7 ± 0.1 11 ± 3 

Riwi-6 15 2 46.1 ± 0.8 59 ± 3 12.7 ± 0.3 41 ± 3 
    

 



S3 Table: Weighted mean De values and overdispersion values for each sample following two 

different scenarios: (a) including all De values in each samples, or (b) rejecting outlier values 

identified as log De values with normalised median absolute deviations (nMADs) greater than 1.5. 

Also provided in the final column is the ratio of the latter over the former.  

Sample 
All values included After outlier rejection 

De ratios 
De (Gy) OD (%) De (Gy) OD (%) 

Riwi-4 13.1 ± 0.3 30.4 ± 1.4 13.0 ± 0.1 13.0 ± 0.8 0.99 ± 0.02 

Riwi-5 12.1 ± 0.3 35.0 ± 1.7 11.7 ± 0.2 18.1 ± 1.1 0.97 ± 0.03 

Riwi-1 54.0 ± 1.3 32.3 ± 1.8 57.8 ± 1.0 19.2 ± 1.4 1.07 ± 0.03 

Riwi-3 48.1 ± 2.4 65.2 ± 3.7 57.4 ± 1.4 25.7 ± 1.9 1.19 ± 0.07 

Riwi-7 63.0 ± 1.6 32.5 ± 1.9 63.3 ± 1.2 20.5 ± 1.5 1.00 ± 0.03 

Riwi-8 65.4 ± 1.6 31.5 ± 1.9 67.0 ± 1.1 17.3 ± 1.4 1.02 ± 0.03 

Riwi-9 60.5 ± 1.8 36.0 ± 2.2 64.1 ± 1.4 23.1 ± 1.7 1.06 ± 0.04 

Riwi-10 68.3 ± 1.7 30.3 ± 2.0 69.3 ± 1.4 21.5 ± 1.7 1.02 ± 0.03 

Riwi-11 67.4 ± 1.6 28.6 ± 1.8 68.0 ± 1.4 22.9 ± 1.6 1.01 ± 0.03 

Riwi-12 67.2 ± 1.7 30.9 ± 1.9 68.9 ± 1.3 19.2 ± 1.5 1.03 ± 0.03 

Riwi-13 72.1 ± 2.2 37.3 ± 2.3 72.9 ± 1.9 29.3 ± 2.0 1.01 ± 0.04 

Riwi-14 67.4 ± 1.8 35.4 ± 2.0 71.4 ± 1.2 17.9 ± 1.4 1.06 ± 0.03 

Riwi-15 66.3 ± 1.9 34.9 ± 2.3 68.6 ± 1.6 23.7 ± 1.8 1.04 ± 0.04 

Riwi-16 66.1 ± 1.7 30.9 ± 2.0 68.2 ± 1.3 18.8 ± 1.5 1.03 ± 0.03 

Riwi-17 72.6 ± 2.1 33.7 ± 2.2 77.4 ± 1.8 22.6 ± 1.9 1.07 ± 0.04 

Riwi-18 69.3 ± 1.8 29.9 ± 2.0 70.9 ± 1.5 21.9 ± 1.7 1.02 ± 0.03 

Riwi-19 69.6 ± 1.7 31.5 ± 1.9 72.3 ± 1.5 23.5 ± 1.7 1.04 ± 0.03 

Riwi-20 66.8 ± 1.7 32.4 ± 1.9 69.2 ± 1.4 24.5 ± 1.6 1.03 ± 0.03 

Riwi-21 71.2 ± 2.2 35.7 ± 2.3 73.0 ± 2.2 19.7 ± 1.7 1.02 ± 0.04 

Riwi-22 77.5 ± 1.8 29.7 ± 2.0 76.2 ± 1.9 25.9 ± 1.8 0.98 ± 0.03 

Riwi-23 77.6 ± 1.4 30.4 ± 1.9 73.4 ± 1.8 18.6 ± 1.5 0.95 ± 0.03 

Riwi-24 66.3 ± 1.6 34.6 ± 1.8 67.7 ± 1.2 23.2 ± 1.4 1.02 ± 0.03 

Riwi-25 71.9 ± 1.6 29.7 ± 1.6 72.9 ± 1.2 19.1 ± 1.3 1.01 ± 0.03 

Riwi-26 65.8 ± 1.7 27.5 ± 2.0 66.2 ± 1.3 18.0 ± 1.6 1.01 ± 0.03 

Riwi-27 68.8 ± 1.8 28.5 ± 2.0 68.2 ± 1.5 20.7 ± 1.7 0.99 ± 0.03 

Riwi-28 73.0 ± 2.3 34.9 ± 2.3 71.6 ± 1.8 26.1 ± 2.0 0.98 ± 0.04 

Riwi-29 74.3 ± 2.7 37.4 ± 2.7 76.8 ± 2.1 25.3 ± 2.2 1.03 ± 0.05 

Riwi-30 72.7 ± 2.0 30.9 ± 2.1 74.0 ± 1.5 18.6 ± 1.6 1.02 ± 0.03 

Riwi-31 74.4 ± 2.0 31.3 ± 2.1 76.6 ± 1.6 21.0 ± 1.7 1.03 ± 0.04 

Riwi-32 74.9 ± 1.8 25.8 ± 1.9 73.3 ± 1.5 19.0 ± 1.7 0.98 ± 0.03 

Riwi-33 79.8 ± 2.6 34.5 ± 2.5 78.5 ± 1.9 22.4 ± 1.9 0.98 ± 0.04 

Riwi-34 68.6 ± 2.7 43.2 ± 2.9 69.4 ± 1.9 26.4 ± 2.2 1.01 ± 0.05 

Riwi-35 76.2 ± 2.5 32.1 ± 2.5 75.8 ± 2.3 29.3 ± 2.3 0.99 ± 0.04 

Riwi-36 81.1 ± 2.3 29.9 ± 2.2 84.6 ± 1.8 17.8 ± 1.7 1.04 ± 0.04 

Riwi-37 76.2 ± 2.7 37.9 ± 2.7 80.2 ± 2.3 27.1 ± 2.2 1.05 ± 0.05 

 



S4 Table: Bayesian model of radiocarbon dates. Where dates have not been included in the 

model, no Modelled probability age range is given.  

Name Unmodelled (cal BP) Modelled (cal BP) C 

68.2% probability 

range 

95.4% probability 

range 

68.2% probability 

range 

95.4% probability 

range 

 

from to from to from to from to 

Boundary End 1  640 385 660 -580 94.7 

R_Date SANU43337 640 560 650 555 650 565 655 555 99.2 

R_Date D-AMS 004068 720 675 730 670 720 675 735 665 99.9 

R_Date D-AMS 004064 905 770 915 760 900 765 910 740 99.4 

R_Date SANU-38221 7415 7275 7420 7270     99.9 

R_Date SANU-39505 7320 7180 7415 7170     99.9 

R_Date SANU-38220 22855 22625 22960 22525     99.8 

Phase 1  

Boundary Start 1  1150 765 2530 700 97 

Boundary End 2  7125 6865 7155 5585 79.8 

R_Date D-AMS 004067 7415 7305 7420 7270 7345 7265 7420 7180 96.5 

R_Date D-AMS 004062 7250 7170 7275 7025 7250 7175 7275 7030 99.9 

R_Date D-AMS 004061 7170 7015 7245 7000 7175 7025 7245 7010 99.5 

R_Date Wk 7605 6175 5925 6195 5905 7335 6155 7430 5915 65.1 

R_Date D-AMS 004069 7155 6950 7160 6935 7160 6995 7165 6950 97.9 

R_Date D-AMS 004065 7155 7005 7175 6935 7160 7045 7235 6950 98.8 

R_Date D-AMS 004063 7320 7180 7415 7170 7315 7180 7405 7165 99.5 

R_Date SANU-38223 7170 7020 7245 7000 7170 7025 7245 7005 99.5 

Phase 2  

Boundary Start 2  7430 7280 7685 7195 91.6 

Sequence_Holocene 

Boundary End 3  20440 19150 20570 16470 84.1 

R_Date SANU-38225 22370 22130 22420 21960 22370 22100 22470 21860 92.5 

R_Combine SANU-38226 

38814 

20460 20250 20540 20140 20480 20260 20620 20040 95.7 

Phase 3  

Boundary Start 3  24880 22090 29140 20440 75.3 

Boundary End 4  31320 28730 31390 24690 95.5 

R_Date SANU-39509 31280 31060 31400 30940 31280 31040 31470 30830 98.7 

Phase 4  

Boundary Start 4  31840 31090 32800 30930 97.7 

Boundary End 5  32830 31610 33330 31230 98.5 

R_Date SANU-39507 34810 34370 35010 34140 33210 32120 33520 31520 98.0 

Phase 5  

Boundary Start 5  33480 32510 33710 31790 98.7 

Boundary End 6  33690 33210 33970 32830 99.4 

R_Date Wk 7896 33970 33440 34200 33030 33970 33570 34180 33350 99.8 

R_Date D-AMS 004070 34300 33980 34490 33850 34200 33910 34370 33780 99.8 

R_Date SANU-35920 34310 33910 34540 33770 34180 33860 34380 33720 99.7 



R_Date SANU-35907 34040 33710 34230 33560 34030 33730 34180 33580 99.9 

R_Combine SANU-39506 

39510 

33610 33220 33730 32980 33750 33400 34040 33170 99.5 

Phase 6  

Boundary Start 6  34460 34000 34920 33850 99.3 

Boundary End 7  35860 34930 36040 34130 98.5 

R_Date Wk 7606 36190 35230 36730 34770 36210 35460 36650 35050 99.0 

R_Date D-AMS 004066 35980 35550 36160 35340 36010 35590 36200 35360 99.4 

R_Date SANU-35916 33990 33670 34170 33500 36550 35370 37160 34030 89.6 

R_Date SANU-37707 39290 38540 39780 38290 36710 35500 37370 34960 98.2 

R_Combine SANU-35914 

35921 35924 

37440 36700 37830 36480 37120 35650 37360 35260 98.1 

Phase 7  

Boundary Start 7  37410 35840 37670 35590 97.6 

Boundary End 8  37810 36800 38130 36010 99 

Phase 8  

Boundary Start 8  38170 37300 38430 36620 99.6 

Boundary End 9  38420 37840 38600 37360 99.6 

R_Date SANU-35913 38670 37880 38960 37200 38580 38100 38780 37740 99.6 

R_Date SANU-35919 38840 38090 39230 37460 38610 38120 38850 37740 99.6 

R_Date SANU-35906 38410 37450 38610 36850 38530 38050 38710 37680 99.7 

Phase 9  

Boundary Start 9  38860 38190 39590 37790 98.9 

Boundary End 10  41240 39180 41530 38130 94.1 

R_Date SANU-35918 38090 37050 38410 36650 41870 39910 42490 38140 92.4 

R_Date SANU-37706 41670 40870 41970 40400 41620 40760 41990 40230 99.0 

Phase 10  

Boundary Start 10  42650 40940 44060 40490 98.7 

Boundary End 11  44770 43470 45080 42110 97.6 

R_Combine SANU-35911 

and 35922 

45450 44500 45990 44030 44870 44150 45210 43650 99.4 

R_Date SANU-35910 34080 33750 34270 33590 44890 43890 45260 42830 98.4 

R_Date ANUA-13005 45680 43810 46900 43040 44860 44010 45180 43410 99.4 

Phase 11  

Boundary Start 11  45060 44340 45420 43900 99.3 

Boundary End 12 top  45330 44640 45690 44270 99.5 

R_Combine SANU-35917 

and 35925 

45470 44530 46000 44060 45490 44810 45860 44500 99.8 

R_Date SANU-35909 45680 44330 46480 43600 45500 44800 45900 44470 99.7 

Phase 12 top  

Boundary Transition 12 

mid/ 12 top 

 45720 44910 46350 44560 99.6 

R_Date ANUA-13006 45350 43160 47070 42420 46130 45070 47130 44680 99.7 

Phase 12 mid  

Boundary Start 12 mid  46880 45130 48990 44730 95.1 



Sequence Pleistocene  

 

 



S5 Table: Bayesian model of OSL dates, including random error only. Dates are in years before 1950 

to enable comparison with radiocarbon age estimates. 

 

Name Unmodelled (yrs) Modelled (yrs) C 

68.2% probability 

range 

95.4% probability 

range 

68.2% probability 

range 

95.4% probability 

range 

from to from to from to from to 

Boundary End 6  34640 32720 35500 31140 93.9 

C_Date Riwi-1 35390 33670 36250 32820 34750 33300 35470 32530 99.6 

Sequence 6          

Boundary Start 

6 

 35100 33610 35830 32810 99.6 

Boundary End 7  35650 34150 36390 33370 99.6 

C_Date Riwi-3 34140 31990 35210 30920 35890 34530 36560 33790 99.7 

C_Date Riwi-7 36170 34340 37080 33430 36360 35150 37000 34540 99.8 

C_Date Riwi-8 38690 36790 39630 35850 37310 35850 38070 35210 99.7 

Sequence 7  

Boundary Start 

7 

 37960 36170 38750 35400 99.4 

Boundary End 8  39130 37720 39660 36820 99.1 

C_Date Riwi-9 39010 36840 40090 35760 39200 38030 39730 37370 99.8 

C_Date Riwi-10 41910 39630 43050 38500 39390 38340 39890 37800 99.8 

C_Date Riwi-11 41240 39050 42340 37950 39570 38520 40070 37980 99.8 

Sequence 8  

Boundary Start 

8 

 39740 38640 40270 38090 99.6 

Boundary End 9  40140 39040 40660 38480 99.7 

C_Date Riwi-12 39980 37970 40980 36970 40320 39270 40830 38740 99.8 

Sequence 9  

Boundary Start 

9 

 40620 39510 41120 38950 99.7 

Boundary End 

10 

 41130 40090 41580 39540 99.4 

C_Date Riwi-13 41320 38810 42580 37550 41170 40220 41630 39730 99.8 

C_Date Riwi-14 41910 39860 42930 38840 41240 40360 41680 39910 99.8 

C_Date Riwi-15 41060 38720 42230 37560 41310 40480 41750 40060 99.8 

C_Date Riwi-16 39310 37310 40310 36320 41410 40600 41840 40200 99.8 

C_Date Riwi-17 45580 42980 46870 41680 41580 40770 42000 40370 99.8 

C_Date Riwi-18 43050 40710 44220 39550 41710 40880 42160 40470 99.8 

C_Date Riwi-19 43980 41610 45160 40430 41850 40960 42320 40540 99.8 

C_Date Riwi-20 42160 39890 43300 38750 41990 41040 42500 40590 99.8 

Sequence 10  

Boundary Start 

10 

 42140 41070 42700 40640 99.2 

Boundary End 

11 

 42890 41850 43410 41340 99.2 



C_Date Riwi-21 44460 41420 45970 39910 42930 41960 43460 41510 99.8 

C_Date Riwi-22 46370 43550 47770 42140 43000 42070 43510 41630 99.8 

C_Date Riwi-23 44330 41710 45640 40410 43080 42160 43580 41730 99.8 

C_Date Riwi-24 41200 39140 42230 38110 43150 42230 43660 41810 99.8 

C_Date Riwi-25 45030 42850 46120 41770 43260 42320 43790 41880 99.8 

C_Date Riwi-26 43470 41160 44630 40010 43380 42380 43920 41930 99.7 

Sequence 11  

Boundary Start 

11 

 43490 42430 44120 41960 99.1 

Boundary End 

12 

 44460 43070 45250 42510 99.5 

C_Date Riwi-27 43560 41130 44770 39920 44720 43420 45440 42840 99.7 

C_Date Riwi-28 44620 41880 45990 40510 45140 43890 45750 43310 99.8 

C_Date Riwi-29 47990 44880 49530 43340 45630 44480 46190 43910 99.8 

C_Date Riwi-30 46490 44020 47720 42790 46010 44920 46550 44360 99.8 

C_Date Riwi-31 50120 47320 51520 45920 46440 45330 47000 44790 99.7 

C_Date Riwi-32 46420 43930 47660 42690 46720 45600 47300 45040 99.8 

C_Date Riwi-33 49800 46820 51280 45340 47080 45890 47720 45300 99.7 

C_Date Riwi-34 44860 41930 46320 40470 47400 46120 48090 45470 99.6 

C_Date Riwi-35 47990 44660 49650 43000 47950 46460 48800 45710 99.6 

C_Date Riwi-36 52730 49850 54160 48410 48720 46840 49760 45900 99.3 

C_Date Riwi-37 50470 47150 52120 45490 49110 47060 50280 46040 99.3 

Sequence 12  

Boundary Start 

12 

 49630 47030 50860 46020 86.2 

Sequence  

U(0,4) 3.99E-17 4 3.99E-17 4 0.164 3.94 5.38E-17 3.948 99.8 

T(5) -1.135 1.135 -2.65 2.65  99.9 

Outlier_Model 

General 

 -1051 2720 -4418 4357 99.9 
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a b s t r a c t

The Pleistocene continent of Sahul was first settled by people who arrived by watercraft from Island
South East Asia about 50,000 years ago. Some of the oldest archaeological sites in Sahul are located in the
southern Kimberley, in northwest Australia. This area lies within the southern zone of influence of the
tropical monsoon and thus has always been highly sensitive to changes in monsoon dynamics over time.
How these climatic changes have affected the colonisation and occupation of Australia is an important
research theme in Australian archaeology. This paper illustrates the contribution and challenges of
micromorphology in deciphering palaeoenvironmental and anthropogenic markers in a still largely
unexplored Australian context. Micromorphological analysis of two archaeological sequences in the
Napier Range (Carpenters Gap 1 and 3) provides a complementary and comprehensive reconstruction of
the human-climate history in this area spanning nearly 50,000 years of Australian human presence. The
results demonstrate an opportunistic use of sites by people through time, surprisingly independent of
local climatic variation, suggesting highly flexible subsistence strategies.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The Pleistocene continent of Sahul was first settled by people
who arrived by watercraft from Island South East Asia, most
probably about 50,000 years ago (O'Connell and Allen, 2015). Rapid
dispersal across the continent is indicated by an overall distribution
of Pleistocene sites older than 40 ka across the Sahul landmass
(Balme, 2013; Allen and O'Connell, 2014; O'Connell and Allen,
2015). To move from tropical Wallacea, an area rich in marine re-
sources, to varied continental Sahul environments (Fig. 1), the
colonisers had to be economically, technologically and socially
flexible (Balme et al., 2009; Balme and O'Connor, 2014). Despite this
apparent flexibility many sites, particularly in the northwest coast
and arid centre of Australia, appear to have a lower density of
occupation over the Last Glacial Maximum (LGM) e a period
generally marked by cooler and more arid conditions (Hope, 2005;

Turney et al., 2006;Williams et al., 2009). The relationship between
human history and environmental forcing is an important research
theme in Australian archaeology that has been investigated by
many authors (Veth, 1989; Hiscock and Kershaw, 1992; Morwood
and Hobbs, 1995; Lourandos and David, 1998; O'Connor et al.,
1999; O'Connor and Veth, 2006; Smith et al., 2008; Williams
et al., 2010, 2015; Smith, 2013). The complexity of responses to
environmental changes in regional northern Australia was drawn
to attention by O'Connor and Veth (2006:35) who refer in partic-
ular to two sites in the southern Kimberley, Carpenters Gap 1 (CG1)
and Carpenters Gap 3 (CG3) which, although only three kilometres
apart, present very different archaeostratigraphical sequences. The
location of these two sites (Fig. 1) is of particular interest because,
although the Kimberley region today has a tropical monsoon
climate (Waples, 2007; Pepper and Keogh, 2014), the southern part
of the Kimberley is an area of fluctuating transition between the
tropical zone and themore arid centre of Australia and it has always
been highly sensitive to changes in the Indonesian-Australian
summer monsoon dynamics (Kershaw et al., 2003; Kershaw and
van der Kaars, 2012; Reeves et al., 2013b). During the LGM, both
of the sites would have beenwithin the expanded arid zone (Hesse
et al., 2004; Fitzsimmons et al., 2013; Smith, 2013) and it may have
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been a more challenging environment in which to live. It has been
suggested that the establishment of arid conditions may explain
the sparse evidence for occupation in CG1 and CG3 throughout the
Pleistocene and in particular during the LGM (McConnell and
O'Connor, 1997; O'Connor and Veth, 2006; O'Connor et al., 2014).
However, these observations were not made with the benefit of a
geoarchaeological analysis that can provide a more detailed un-
derstanding of site formation history, help reveal discrete anthro-
pogenic signatures and provide information on local
palaeoenvironmental history (Goldberg and Sherwood, 2006). No
micromorphological analyses of archaeological sequences has ever

been undertaken in this area of Australia and only very few across
Australia as a whole.

1.1. Study area and regional setting

Both sites are located on the northern side of the Napier Range,
in Windjana Gorge National Park (Fig. 2). The range is part of an
extensive Devonian limestone reef system built around 350 million
years ago (Playford et al., 2009). Erosion has exposed the limestone
and created caves, tunnels and gorges across the range where some
perennial rivers flow (such as the Lennard River through Windjana
Gorge, Fig. 2). Both sites are located on an outcrop of the range, only
a short walking distance from the Lennard River. The landscape
surrounding the two sites is composed of low hills overlooking
large floodplains covered by savannah woodland, dominated by
Eucalyptus spp. and boab trees (Adansonia gregorii) with spinifex
and tussock grasses (Payne and Schoknecht, 2011). The tropical
semi-aridmonsoonal climate in the Kimberley consists of a hot, wet
season from November until April and a warm, dry season from
May until October. In the southern Kimberley annual rainfall is
approximately 600e800 mm, almost all of which falls during the
wet season when there are regular floods (McKenzie and May,
2003; Bureau of Meteorology (2015)). Geologically, the range in
this area is composed of successive sedimentary beds grading from
fine limestone, siltstone to sandstone and conglomeratic facies, the
coarser facies being more easily eroded, resulting in the formation
of numerous overhangs and caves (Playford et al., 2009: 337). Both
CG1 shelter and CG3 cave have formed at the sedimentary un-
conformity within a Pillara limestone platform facies (Dp, Fig. 2).

1.2. Materials and methods

Micromorphological and sediment samples were collected from
excavations within CG3 cave in August 2012 and from CG1 shelter
during April 2014. Oriented sediment samples were extracted from
the section profile using plaster bandages (Goldberg and Macphail,
2003, 2005a; see Fig. 4, Fig. 5, Fig. 13, Fig. 14). Resin impregnation of
the undisturbed sediment monoliths was undertaken at the
geotechnical facilities of the School of Earth and Environment at the
University of Western Australia. Standard fabrication processes for

Fig. 1. Map of modern Australia in relation to Last Glacial Sahul, Wallacea and Sunda
areas. The study area is located in the Kimberley region (Western Australia), at the
transition between the tropical and semi-arid modern climate zones (modified from
Williams et al., 2015).

Fig. 2. Geological setting of Carpenters Gap 3 cave and Carpenters Gap 1 shelter (modified from Playford et al., 2009).
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soil thin sections preparation were followed (FitzPatrick, 1984;
Courty et al., 1989; Camuti and McGuire, 1999). Small pre-cut
chips (54 � 63 � 10 mm) were sent to Spectrum Petrographics
(Vancouver, Washington, USA) to be thin sectioned. Thin sections
were digitally scanned for archive and publication purposes (De
Keyser, 1999; Arpin et al., 2002). Thin section observations and
microphotography were carried out using a Nikon polarizing
petrographic microscope at the Microscope laboratory in the
School of Earth and Environment at the University of Western
Australia. Observations were made under different magnifications
(10x, 25x, 50x, 100x, 500x) and different lights (PPL ¼ plane
polarized light, XPL ¼ cross-polarized light). Descriptions follow
standardized terminology (Stoops, 2003). Identification and inter-
pretation of components and pedofeatures are based on the
micromorphology literature available (primarily Bullock et al.,
1985; Courty et al., 1989; Goldberg and MacPhail, 2005a; Stoops
et al., 2010b) and case studies (as cited in the text). Microfacies
are named after the thin section number in which they were
identified (eg.: CG603B: “CG” for Carpenters Gap, “3xx” for CG3,
“6xx” for CG1, “B” for the second microfacies identified in thin
section from the bottom of the slide). Sediment samples for particle

size analysis were collected in section adjacent to the monoliths.
Particle size analysis was performed on fraction <2 mm on dry and
non-pretreated sediment samples at the archaeology laboratory of
the University of Western Australia. Bulk sediment analysis was
performed without pretreatment as calcium-carbonated and
carbonized silty sized particles constitute an important proportion
of the sediment and play a dominant role in site formation in
limestone rockshelters and caves (Brochier, 1983b). The pH was
measured using a simple colormetric method with a Manutec Soil
pH test kit. Radiocarbon ages are given as calibrated values calcu-
lated using OxCal 4.2, using SHCal 13 or Marine13 calibration
curves (Ramsey and Lee, 2013).

2. Carpenters Gap 3 (CG3)

2.1. Site presentation, stratigraphic sequence and chronology

The entrance to Carpenters Gap 3 stands approximately 20 m
above the valley (Fig. 3A) and includes an extensive overhang, two
levels of terrace and a deep cave (Fig. 3B and C). The overhang
provides excellent shelter from the elements and the heat, and a
panoramic view of the valley. A rich gallery of rock art on the main
terrace indicates the cultural importance of this place. The karstic
system is still active, being reactivated each year during the wet
season, as indicated by the numerous speleothems and flowstones
present inside and outside the cave. Access to the cave is beneath a
hard limestone bridge that is part of the upper terrace (Fig. 3B and
C). The main chamber of the cave is approximately 5 m by 15m and
5 m high (Fig. 3C). The cave floor is sloped at the entrance,
becoming sub horizontal in the main chamber. Dried shallow gul-
lies were observed on both sides of the cave, running parallel to the
walls (Fig. 3C). The floor surface has some polygonal cracks indi-
cating seasonal waterlogging inside the cave. A 2 m � 1 m exca-
vation was undertaken where the floor is relatively flat (see
location in Fig. 3B and C). The enclosed character of the cave has
worked as a natural trap and resulted in a thick accumulation of
sediments (bedrock was reached at a depth of 240 cm).

The CG3 sequence covers the Pleistocene and Holocene with
evidence for the first occupation dated to around 33 ka (O'Connor
et al., 2014: 14, see also Fig. 4 and 6). A chronological gap from
27,640e23,360 to 15,550e15,060 cal. BP (at 68.2% probability,
O'Connor et al., 2014: 14), was revealed by the Bayesian chrono-
logical model but no clear association with a specific stratigraphic
boundary was made (referred as the “LGM paraconformity” in
Fig. 6). More chronological data is discussed in the interpretation of
the sequence below.

The sequence is relatively homogenous in colour (Fig. 5), pri-
marily brown (7.5YR5/4), but close inspection and photography
with flash reveals some subtle colour differences (see stratigraphic
unit “SU” descriptions in Fig. 4). Texturally, the sediment is poorly
sorted and primarily composed of fine and very fine sand. Particle
size of the 2 mm fraction shows an average distribution of 40e50%
of fine and very fine sand (63e250um fraction), 30% of medium and
coarse sand (250ume2mm) and 20% of silt and clay throughout the
profile (Fig. 7). The sediment is coarser at the top and the bottom of
the sequence and in SU12. This is generally related to a higher
presence of coarser inclusions such as gravel and rocks in these
levels. The sediments are uniformly alkaline (pH 8.5) throughout
the sequence and reflect the general calcium-carbonated geological
setting. Dissolution and precipitation of secondary calcium car-
bonates have taken place throughout the history of the cave and
have differentially affected the deposit. This is particularly evident
in the western side of the deposit (Fig. 4). Bioturbation, in the form
of insect channels and roots, is visible in the upper layers. Thick
roots have penetrated through the sediment into the deepest

Fig. 3. Carpenters Gap 3 sections and plan. A: Topographic profile of CG3 outcrop and
valley with non-permanent water creek, B: detail of CG3 cave section, C: CG3 plan (B
and C modified from O'Connor et al., 2014: 11).
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layers, where moisture seems to remain even during the dry sea-
son, giving the sediment a darker colour (Fig. 4).

2.2. Micromorphological analysis

Seventeen thin sections covering the main stratigraphic units
identified in the field were analyzed (see Fig. 4 for sample loca-
tions). Detailed descriptions of major microfacies identified are
given in Appendix A. Fig. 7 provides a summary of the main sedi-
mentological and micromorphological characteristics observed in
each stratigraphic unit (SU).

2.2.1. Sedimentary sources and dynamics
Field and micromorphological observations show a relative

homogeneity of the mineral components and sediment organiza-
tion throughout the CG3 sequence that indicates no substantial
change in geogenic source. The mineral components are poorly
sorted with a majority of subangular quartz, ranging from coarse
sand to silt size (Fig. 8A and B), some feldspars, mixed with elon-
gated micas (biotite and muscovite, Fig. 8C and E) and limestone
dust giving the matrix a random speckled and calcitic crystallic
birefringence fabric under XPL (Fig. 8A and B). The proportion of
clay is very low through the profile (<2%). The presence of clay
seems to be the product of biotite in situ chemical weathering into
vermiculite (Zauyah et al., 2010:51-53) with more advanced stages
of weathering down the profile (Figs. 7 and 11C and D). The coarse/
fine distribution ranges from double space fine enaulic to single
spaced fine enaulic (Fig. 8A and B). When gravel or roof spalls are
present, these are usually sandstone, limestone, dolomite or
micaceous rock fragments (Fig. 8DeF). Gravel sized fragments of

sandstone spall show typical weathering patterns of calcium-
carbonate dissolution on their external faces. This contributes to
the release of quartz, mica and calcareous particles forming the
bulk of the sediment (Fig. 8D). The mineral fraction has a similar
lithology and sorting to that of the limestone, calcareous sandstone
and conglomerate beds in which the cave was formed. Rock
chemical weathering, activated by water dissolution of calcium
carbonates on the cavewalls, induces rock breakdown that releases
fine particles and sometimes rock fall. The main source of sedi-
mentation in CG3 is originated from local disaggregation and slow
exfoliation of the cave walls.

The dense crumb microstructure shows a weak porosity (10%)
resulting from the close packing of the sedimentary components
(Fig. 8A and B). The lack of microstructure development is related to
the dominant proportion of sand and silty materials and the little
clay and organic content, attesting minimal pedogenic evolution of
the deposit. Poor sorting is also characteristic of colluvial deposit/
slopewash and in situ weatheredmaterial (Stoops et al., 2010a: 17).

Other inclusions were also identified in the sediment. At the
bottom of the sequence, in SU14 and base of SU13, fragmented soil
crusts were observed in thin section (CG317, CG316, CG315, Fig. 7).
These micro-fragments average 1 mm, have generally subangular
boundaries and are composed of brown-reddish micro-layered clay
to silty material (Fig. 9D). These depositional crusts result originally
from the low energy surface deposition of fine material by run-off
water rich in suspended fine material on low slopes or drains after
rainy events (Pagliai and Stoops, 2010: 429), later displaced. The
dried crust gets fragmented by shrinking and can be further
dismantled bymechanical processes such as trampling or deflation.
Because of the dipping geometryof the deposit in this level (Fig. 4), it

Fig. 4. Carpenters Gap 3 section with descriptions of stratigraphic units and the location of sediment and micromorphological samples (modified from O'Connor et al., 2014: 12).
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is unlikely that these sedimentarycrust fragments are a remnantof a
soil crust formedwithin the cave itself. Itmore likely results fromthe
translocation and input of allochtonous material within the cave
through the main entrance of the cave or through cracks. A 3 cm
fragment of surface sedimentary crust showing clear multi layering
was also observed in SU12 (CG310B, Fig. 9C). This fragment contains
a 1 cm bone fragment and some micro-charcoal, although the sur-
rounding sediment contains very little of suchmaterial. Its rounded
shape and the association with an overall coarser surrounding
fraction in this level might indicate higher transport energy.

The presence of iron-manganese nodules was noted in several
stratigraphic units. Two types of nodules were observed: typic
nodules and concentric nodules, both with sharp boundaries
(Figs. 7 and 9E and F). Concentric nodules were predominantly
observed in SU13 and SU11, and some in SU12 and SU4 (CG315,
CG314, CG313A, CG312, CG308, CG307, Fig. 7). Typic nodules are
less numerous and only observed at the top of SU13 and in SU4
(CG315, CG310B, CG301B, Fig. 7). Iron-manganese nodules form and
are common in water-saturated soils (Kovda and Mermut, 2010:
117). While the deposit of CG3 seems to retain some moisture even
during the dry season, the formation of these nodules is not likely
to have occurred in situ. Their allochtonous/disorthic nature as well
as their antiquity is attested to by their sharp boundaries (Lindbo
et al., 2010: 141), the absence of other redoximorphic features
within the surrounding groundmass and the fact that some are
fragmented, which implies displacement. These particles are
considered here as relict pedofeatures and their alternation in the
profile could be interpreted as an indicator for changes in past
climatic conditions with typic nodules reflecting more constant
wet conditions, and concentric nodules repeated seasonal wet/dry
cycles (Kovda and Mermut, 2010: 117).

The results point to two major accumulation mechanisms
responsible for the building of the sequence: gravity driven pro-
cesses and colluvial discharge. Gravity driven processes include
grain breakdown of cave walls or roof fall (often initialized by
chemical weathering) and mass movement induced by the desta-
bilization of the slope at the entrance of the cave (possibly accel-
erated by animal or human trampling). Seasonal flooding of the
cave by rain water percolating through the entrance and cave
cracks brought exogenous inclusions into the cave.

2.2.2. Biogenic and anthropogenic particles
Anthropogenic elements in CG3 sequence at a microscopic

scale are mainly represented by biogenic inclusions such as

Fig. 5. Micromorphological sampling in progress at Carpenters Gap 3, eastern section
of squares A and B. Note the very homogenous sequence and rocky layer 9a.
(Photography by Dorcas Vannieuwenhuyse, 2012).

Fig. 6. Carpenters Gap 3 age depth curve (dates from O'Connor et al., 2014) and stone
artefact density through the sequence of square A (XU ¼ excavation unit,
SU ¼ stratigraphic unit).
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charcoal, microbones (most bones are 1 mm long and no larger
than 5 mm), eggshell and, more rarely, lithic artefacts (Figs. 7 and
10). With the exception of the lithic artifact, the anthropogenic
origin of these particles can be argued as they could also be the
result of animal input, bird roosts or natural bush fires (Goldberg
and MacPhail, 2005b; Goldberg and Sherwood, 2006). Apart from
the bones, the overall density of the biogenic inclusions observed
in thin sections correlate well with the frequency of lithic artifact
discard found in the sequence, with a similar low frequency of
archaeological material in the Pleistocene units followed by a
peak in SU4 and 2, layers dated to the late Holocene (O'Connor
et al., 2014; see also Fig. 6). No in situ combustion feature was

recognized in thin section, although some were distinguished
during the excavation in the top levels of the sequence.

Observation under the microscope of the transition between
stratigraphic SU13 and SU12b has highlighted the presence of a
2 cm layer containing a high density of coarser biogenic in-
clusions (CG313B, Fig. 10). The concentration of several different
elements (microcharcoal, animal microbones and teeth, a lithic
artefact and an eggshell fragment), deviates from the relative low
density of material in the surrounding layers. This layer is capped
by a concentration of recrystallised carbonates and a thin crust of
fine silt-clayey material, that might have contributed to its
preservation (Fig. 10A and B). The calcium-carbonated

Fig. 7. Carpenters Gap 3 particle size distribution and micromorphological results. The graph indicates the presence/absence of various particles and post-depositional features
observed in the different microfacies and their relative proportion/development intensity. The association of various criteria was interpreted in terms of more or less past humid
environmental conditions.
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concentration is likely to have different origins: secondary
recrystallization of calcium-carbonated rich groundmass, forma-
tion of rhizoliths or alternatively, it could be recrystallised ash.
The thin silty capping was formed by slope-wash and the
random distribution of coarser elements in this layer demon-
strates that it has probably been reworked. Nevertheless, the
components in this layer indicate a discrete, but higher anthro-
pogenic character. The age of this layer is approximately 31 ka,
according to the closest radiocarbon dates available from the
sequence.

2.2.3. Post-depositional processes
Post-depositional alteration of the deposit is visible through

differential strength of chemical weathering within the profile. For
example, there is an increasing degree of alteration of biotite
below SU5 with more and more of this mineral losing its original
structure and being transformed into chlorite (Figs. 7 and 11C and
D). Development of secondary calcium carbonates in the profile is
related to impregnation of the deposit by calcium-carbonated-rich
waters percolating through cracks in the cave walls. The main
source of calcium carbonates in the deposit comes from the

weathering of the limestone/siltstone/sandstone bedding
composing the cave's geological setting. Biogenic inputs, such as
bone and shell, are minor components and are generally well
preserved in this alkaline environment. Field observations reveal
that wall flowstone is present on the western wall of the cave and
consequently, the cementation of the deposit underneath is more
developed in the western side of the excavation. At a macroscale,
several layers display a strong degree of carbonate cementation
characteristic of floor flowstones or cave breccias (SU14, 10, 9, 6
and 3, Fig. 4). Under the microscope, these facies show recrystal-
lized micritic calcite developed within the groundmass but also as
coatings in voids and around bones (Fig. 11A). SU9, in particular,
shows a lateral change from a rocky heavily calcium-carbonated
facies in the western side to a rock fall layer on the east wall
that probably indicates a phase of wetter conditions (Fig. 4).
Contrary to cave dynamics under temperate or cold climates, roof
falls are more likely to have occurred during wetter periods under
strong seasonal tropical environments as chemical weathering is
more active during the wet season. Secondary carbonates
impregnation of the sequence is typical in cave settings (Goldberg
and MacPhail, 2005b: 177) and while their interpretation as

Fig. 8. Carpenters Gap 3 thin section scan of CG305 and microphotographs showing details of matrix and various geogenic sources. A and B: poorly sorted matrix with a majority of
quartz [q] within a calcareous dust showing a random speckled and calcitic crystallic birefringence fabric in XPL, double space fine enaulic to single spaced fine enaulic c/f dis-
tribution (CG305, PPL & XPL, scale 1000 mm). C: detail of matrix with elongated mica, note the high birefringence of the muscovite [m] (CG308, XPL, scale 100 mm). D: sandstone
fragment showing chemical alteration on the top left and cracking. Note the different minerals composing the sandstone: quartz grains [q], muscovite [m] and calcite [ca] (CG305,
XPL, scale 1000 mm). E: micaceous fragment composed of muscovite [m] and biotite [b] crystals (CG316, XPL, scale 1000 mm). F: dolomite carbonate rock fragment. Note the low
birefringence order (CG314, XPL scale 1000 mm). G; detail of cave wall showing conglomeratic facies from what most of the deposit derives.
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palaeo-climatic indicators can be argued due to their possible
diachronic formation within the sediment (Goldberg, 1979), the
distinction between less-cemented and highly cemented layers in
CG3 sequence seems to point to an alternation of humid and less
humid periods.

While moisture seems to penetrate the profile, apart from the
top of the sequence, no illuviation processes were observed in thin
sections. The top of SU2 (CG301B) displays a higher proportion of
clay and very fine particles, associated with a lenticular micro-
structure with dusty capping on aggregates, which was not
observed anywhere lower in the sequence (Fig. 9A). This type of soil
organization is generally associatedwith freezeethaw cycles (Vliet-
Lano€e, 2010) which is unlikely to have occurred in this tropical area
in recent times. Similar platy microstructure may form in de-
pressions, as a result of the lateral runoff and water pooling
(Gerasimova and Lebedeva-Verba, 2010: 358). This micromorpho-
logical facies has more probably developed under a seasonal wet-
tingedrying cycle and affects only a few centimetres below the
surface. Associated with this microstructure is a micro-layered
crust (microfacies CG301B, Fig. 9B) that can be associated with
the soil polygon cracking visible on the modern surface floor of the
cave. Its tilted position and sharp boundary suggests local

fragmentation and dismantlement of the ground surface (most
probably by animal trampling) during the dry season. All this evi-
dence suggests that the top of the sequence may reflect the
installation of strong annual seasonality climate pattern in the
recent times.

Bioturbation in the form of fauna galleries is present in several
stratigraphic units (Figs. 7 and 11B). The channels have a regular
diameter of 5 mm and show fine particle coatings on their wall,
typical of consolidated faunal galleries in loose packed soil
(Kooistra and Pulleman, 2010: 408). The channels are mostly filled
with groundmass indicating some degree of fine fraction sediment
mixing throughout the profile. The insect responsible for the gal-
leries has not been identified, but could be wasps, as some were
observed in the cave. Insect channels are only present below SU4
(approximately 30 cm below the surface) and show variable in-
tensity of development. The highest concentrations were observed
at the transition between SU12a and 12b (Fig. 7, CG311A and
CG311B) and from SU11 to SU7 included (CG309 to CG304). Their
presence in these layers can be associated with period of stabili-
zation of the surface or lower sedimentation rates generally leading
to more formation of syn- and post-depositional bioturbation
processes.

Fig. 9. Carpenters Gap 3 thin sections scans of CG301 and CG310 and microphotographs showing details of sedimentary crusts and iron-manganese nodules. A: lenticular
microstructure with dusty capping at the top of the sequence (SU2), possibly resulting from seasonal wettingedrying cycle (CG301B, PPL, scale 1000 mm). B: recent fragmented
sedimentary crust at the top of the sequence (CG301B, PPL, scale 1000 mm).C: details of silty laminations within a sedimentary crust fragment including microcharcoal [ch] and
bones [bo] in SU12a (CG310B, PPL, scale 1 cm). D: sedimentary crusts from the bottom of the sequence in SU14 (CG317, XPL, scale 500 mm). E: broken disorthic iron-manganese
concentric nodule from SU13 (CG314, PPL, scale 500 mm), F: iron-manganese typic nodule from SU11 (CG308, PPL, scale 100 mm).
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2.3. Synthesis of CG3 site formation history: building a human-
environmental perspective

The Carpenters Gap 3 sequence is mainly composed of geogenic
sediment, with only a weak anthropogenic signature, especially
during the Pleistocene. The micromorphological analysis identified
discrete signals that indicate subtle changes in deposition dynamics
over time. These changes are interpreted as responses to changes in
past climate patterns and variation between more or less humid
periods (Fig. 7). The changes may be grouped into four phases, the
first of which is the period from before 34 ka to about 23 ka. Before
34 ka, intense humid conditions are indicated by the destruction
and remobilization of soil crusts within the cave (SU14). Between
about 34 ka to 30 ka the presence of concentric nodules suggests
more inter-seasonal differences (SU13). A similar pattern is
repeated several times between 30 and 23 ka, with return to more
humid conditions for short periods of time followed by periods
with more seasonal variability (SU12b, SU12a, SU11 and SU10)
indicating a non linear shift in climate in the area. During this first
phase the anthropogenic signal is weak reflecting the low numbers
of archaeological materials recovered during the excavation (Fig. 6).
The lowest artefact found is associated with a date around 33 ka
(Fig. 6, O'Connor et al., 2014) and there is only one discrete

anthropogenic layer detected in the micromorphological samples
around 31 ka. The second phase is a chronological gap in the
radiocarbon sequence between 23 ka and 17 ka which could indi-
cate a slow down or cessation of deposition (paraconformity). The
absence of sedimentary changes at this level of the sequence im-
plies that sedimentary processes have remained constant before
and after the discontinuity. The timing of this discontinuity corre-
sponds to the onset of the LGM period of lower temperatures and
reduced precipitation in tropical northern Australia (Reeves et al.,
2013a, 2013b). This lower precipitation regime probably induced
fewer weathering processes and thus, less sediment accumulation
within the cave. The third phase, beginning when sedimentation
resumes after 17 ka, is marked by a very humid episode as indicated
by the presence of roof spall and intense cementation of the matrix
by secondary calcium-carbonates (SU9). This stratigraphic unit,
bracketed by radiocarbon dates between 17 ka and 13 ka, probably
reflects the return of the full monsoon regime in the northwestern
part of Australia (Wyrwoll andMiller, 2001; Denniston et al., 2013b,
2013c). The terminal Pleistocene and Holocene layers (SU8-1) are
characterized by an increase in anthropogenic signals in the sedi-
ment (Fig. 7) and in artefact discard (Fig. 6). In the final phase,
sediment organization and cracking of the top layers seem to reflect
a stronger variability in seasonality during the Holocene (SU2-SU1).

Fig. 10. Carpenters Gap 3 thin section scan of CG313 and microphotographs from the transition between SU13 and 12b (thin section CG313) showing concentration of biogenic and
anthropogenic particles. A and B: calcitic concentration with a vesicular porosity topped by a fine layer of well-sorted silt indicating water standing (PPL & XPL, scale 1 cm). C:
probable quartz [q] lithic artefact, note the bone [bo] underneath (PPL, scale 1000 mm). D: concentration of charred particles [ch] and bones [bo] (PPL, scale 1000 mm). E: eggshell
fragment (PPL, scale 500 mm), F: animal tooth (XPL, scale 500 mm).
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3. Carpenters Gap 1 (CG1)

3.1. Site presentation, stratigraphic sequence and chronology

Like CG3, CG1 faces north-east and overlooks the valley. Posi-
tioned 20e30m above the floodplain and accessible by traversing a
30� talus slope (Fig. 12A), the shelter has a floor surface of more
than 50 m2 but has a low ceiling in some areas (less than 1 m at the
rear of the shelter; Fig. 12B) making access relatively difficult to
parts of the floor. Massive limestone boulders lie at the mouth of
the shelter behind which sediment has accumulated (Fig. 12B). The
shelter floor is relatively flat in the central area behind the boulders
and slopes gently away both towards the rear and the entrance,
where natural bedrock is exposed (Fig. 12B). The rear of the shelter
and the central deposit are well protected from the elements with
the dripline lying approximately 10 m away and no visible major
water infiltration or dripping through the limestone affecting the
inner part of the shelter. Rock art is prolific in this site with
numerous engravings, cupules and paintings displaying a variety of
motifs, including animal and spirit representations. CG1 is one of
the oldest archaeological sites in tropical northern Australia with
occupation dating back to 45,000 cal. BP (O'Connor, 1995; Fifield
et al., 2001).

The geometry and thickness of the deposit observed in the five
1 � 1 m squares excavated is variable. Only the western section of
squares A and A1 and southern section of square A1 are presented
here as micromorphological samples and stratigraphic observa-
tions (Fig. 13) were taken from these profiles during the re-opening
of the excavation in 2014. Examination of the 1990s section

drawings indicates similar patterns in deposition in most squares
and reassures that the sequence analysed here is representative of
the filling history of CG1.

Eight stratigraphic units were identified in the field (description
given in Fig. 13, see also photo of the profile Fig. 14). The sequence is
divided in twomajor groups of stratigraphic units based on changes
in sedimentary characteristics and chronology: the Pleistocene
sequence (from bottom to approximately 30 cm below the surface,
SU8 to SU4) and the Holocene sequence (SU3 to SU1). The lower
sequence represents an exceptional continuous record spanning
from 42 to 15 ka, including the LGM (Fig. 15). The top three layers in
these two squares are dated to the late Holocene (<3 ka) and lie
unconformably on top of the Pleistocene layers. In some other
excavation squares, some layers were dated in between this time
interval, which indicates lateral differences in preservation of the
deposit.

The Pleistocene lower layers consist of a 1 m thick accumulation
of orange-brown (10YR4/4) sandy sediment grading into dark
greyish brown (10YR3/2) towards its upper part as the deposit
progressively darkens as the charred components proportion in-
creases. This thick layer is divided in four sub-units basedmainly on
colour changes. These layers are capped by a pinkish grey layer
predominantly composed of ash (SU4) which is well preserved in
square A and gradually disappears on the south-west corner of
square A1 (Fig. 13).

Texturally, SU8 to SU5 are moderately well sorted. The particle
size of the 2mm fraction indicates a proportion of fine and very fine
sands (63e250 mm) exceeding 50%, and 20e30% of silt and clay
(Fig. 16). A net increase in the silt-clayey fraction (40%) is visible in

Fig. 11. Carpenters Gap 3 microphotographs showing examples of post-depositional processes. A: secondary calcium carbonates developing around bone [bo] in SU9a (CG307, XPL,
scale 1000 mm). B: insect channels with coated walls filled with matrix in SU14 (CG317, PPL, scale 1000 mm). C and D: weathered micaceous fragment from the bottom of the
sequence (SU13), note the lost of birefringence of the biotite [b] in XPL while muscovite [m] is more stable (CG316B, PPL & XPL, scale 500 mm).
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SU4, related to the higher proportion of ash in these levels. The
Holocene sequence shows some lateral variation with well-defined
layering dipping towards the entrance of the cave on the southern
side (SU2B and sub-units, Fig. 13) and a more disturbed level in the
western profile, with the presence of several dug anthropogenic
features and bioturbation (SU2). The Holocene layers have a more
variable grain size distribution depending on the ratio of biogenic
(ash/charcoal) and detritic components but are also dominated by
very fine sand particles (35e45%, Fig. 16). The surface of the deposit
is loose (SU1). The sediments are more alkaline at the top of the
sequence (pH 7.5 to 9) slowly decreasing below stratigraphic SU4
and stabilizing into a basic environment (pH 7) towards the middle
of the Pleistocene lower sequence (Fig. 16). This trend reflects the
composition of the detrital matrix derived from the surroundings
calcium-carbonated geological facies and the high proportion of
ash in the upper levels.

3.2. Micromorphological analysis

Twelve thin sections were obtained from monoliths sampled
from the south and west profiles (see Fig. 13 for sample location).
Samples were taken at the boundaries between major stratigraphic
units and across both profiles to assess lateral variation in the de-
posit (Fig. 14). Fig. 16 provides a summary of the main sedimento-
logical and micromorphological characteristics observed in each
stratigraphic unit (SU). Detailed descriptions of each microfacies
are given in Appendix B.

3.2.1. Sedimentary sources and dynamics
Both Pleistocene and Holocene deposits have similar mineral

fractions with most differences between facies deriving from the
variable proportion and nature of the organic inclusions (Fig. 16).

Most microfacies have a dense crumb microstructure indicating
close packing of the sediment components. Porosity is 10e20%
through the profile but decreases at the bottom of the sequence
where the sediments are more compacted (porosity 5%). Under
XPL, the groundmass displays a calcitic crystallic birefringence
fabric (Fig. 17) resulting from the calcitic limestone dust detrital
background and in some levels, the high proportion of ash particles
(Fig. 19A). Coarser particles are mixed within a fine groundmass
showing a more or less open fine enaulic distribution. Petrographic
identification of mineral and rocks indicates the presence of quartz
sand (80%), limestone (calcite), micas (biotite and muscovite) and
various feldspars. The clay fraction is small and probably derives
from chemical weathering of feldspars into sericite and biotite into
chlorite, with some evolved as a ferruginous organo-mineral
complex composing most of the fine matrix. The larger fraction of
the sediment is composed of gravel-sized and larger blocks of
micaceous sandstone and siltstone fragments.

Like CG3, the principal source of mineral in the CG1 deposit is
the product of the chemical and physical breakdown of siltstone
and sandstone bedrock and shelter walls. The particle size analysis
show a moderately well sorted sediment with 50e60% under the
size of 125 mm (Fig. 16) which could be characteristic of aeolian
creep transport (Cooke et al., 2006) but is also related to the
important fraction of silty particles (including ash). Aeolian pro-
cesses have probably contributed to a certain extent in CG1 site
formation processes by remobilizing fine particles at the surface of
the deposit within the shelter. Water-related processes are not
likely to have contributed to the building of the deposit, as no
particular water-born microstructures were recognized in thin
section, nor are there pedofeatures associated with long-term hu-
midity within the sequence. Instead, the deposit displays dryness
signs of a well-protected shelter. Other discrete components,
including biogenic inputs such as coprolites, bones and eggshell,
can all be related to animal occupation of the shelter and/or cultural
input (Fig. 16).

3.2.2. Disentangling natural and anthropogenic site formation
processes
3.2.2.1. Pleistocene sequence (SU8 to SU4). SU8 and SU7 are mainly
composed of detrital sediment from the in situ disaggregation of
sandstone visible in horizontal lenses of poorly sorted coarser
material (CG608B, CG607B, CG603A, CG603B, CG603D, see CG608
thin section microfacies B in Fig. 17). There are low quantities of
micro-charcoals and some phytoliths in these levels (CG601A,
CG607A-B, CG608A-C, CG609A-B, Fig. 16). The proportion of char-
red material and botanical tissue residues increases dramatically
towards the top of the level (SU6 and SU5, CG603B-E, CG613A-B)
making phytoliths difficult to distinguish (Fig. 16). Overall, the
organic matter is highly fragmented (Fig. 18E and F). Biogenic re-
mains, such as microbones, are present throughout the Pleistocene
levels, with coprolites and phosphatic fragments identified
sporadically (CG601A, CG603D, CG607A, CG609C, CG610B, CG610C,
Fig. 16, Fig. 19C and D). Differentiating between phosphatic frag-
ments and weathered bones was sometimes difficult as they
display similar optical characteristics (Karkanas and Goldberg,
2010: 525). There are no anthropogenic features in the Pleisto-
cene layers visible in section apart from in the southern wall
(Fig. 13), where a discrete reddish feature was identified and
sampled for micromorphology (thin section CG608). Under the
microscope, heated rubefied sediment (CG608B, Fig. 17C and D) is
topped by a micritic, calcitic-rich masse, probably the remnants of
ash (CG608 B/C, Fig. 17A and B). This sequence is typical of hearths
(Mentzer, 2014: 634), and was probably a small combustion feature
lit directly on the ground. The association with a coarser fraction of
the sediment also points to a stabilization of the floor surface

Fig. 12. Carpenters Gap 1 shelter section and plan. A: Topographic profile of CG1
shelter section and slope, B: CG1 plan (B modified from Wallis, 2001).
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showing in situ disaggregation of gravel roof spall. This feature is
dated by extrapolation of the dates available below and above this
level to around 24e25 ka.

The transition between SU5 and SU4 (ashy layer) was observed
principally in thin section CG604. While the boundary observed at
the macroscale is relatively sharp, under the microscope a 1 cm
thick zone of light mixing is observed at the interface (CG604 A/B).
SU4 is composed of 50e70% of ash particles (Fig. 18C, cf. Brochier
and Thinon, 2002; Canti, 2003), giving the sediment a strong
calcitic crystallic birefringence fabric in XPL (Fig. 19A). The quasi
absence of dark organic matter makes phytoliths more visible
(Fig. 18D) and as such, their proportion is probably over-estimated
in this level in comparison with the underlying levels (Fig. 16). Ash
particles are well preserved with various polygonal shapes
observed, sometimes still in anatomic connection. Burnt bones and
possibly burnt fragments of eggshell were also observed (Fig. 16).
Gypsum is strongly developed at the base of this unit (Figs. 16 and
19A).

Several hypotheses can be advanced about the formation pro-
cess of SU6 to SU4. One hypothesis is that there is a continuum
between the charcoal-rich layers (SU6-SU5) and the ashy layer
(SU4) despite their visual difference. This hypothesis is based on
several lines of evidence: there is no chronological gap separating
them (Figs. 13 and 15); there is no change in the botanical assem-
blages between the two stratigraphic contexts (Wallis, 2001); and
articulated ashes are likely to be the product of in situ burning
(Mallol et al., 2007; Mentzer, 2014). Radiocarbon dating shows a

positive relationship between age and increasing depth (Fig. 15),
which supports the idea that botanical remains were incorporated
into the sequence as the sediment built up. However, their
carbonization could have occurred during a later phase as radio-
carbon dating only gives a time for the death of the organic matter,
not carbonization (Wood, 2015). The uniformity in botanical spe-
cies is also observed under thin section with similar shapes of
botanical tissue residues visible both in SU5 and SU4 (Fig. 18C and
F), the only difference being that in SU4, more complete combus-
tion has freed the phytoliths making them more visible (Fig. 18C
and D). Phytoliths are not destroyed by combustion as they have a
high temperature melting point (Jones and Beavers, 1963; Wattez,
1992; Macphail and Goldberg, 2010). During burning, most vege-
tal organic matter is carbonized between 400 and 450 �C and turns
to ash above this (Scott, 2010). Intense burning (600 �C) on the floor
surface of the shelter could have produced ash down to a level
where oxygen is available (in this case SU4). Lower in the profile,
reductive conditions and diminished heat radiance led to down-
graded carbonization of the organic components (SU5 and SU6).
Botanical assemblages in the site have both anthropogenic (with
known ethnographic use, likely brought in by people) and natural
origins (McConnell, 1997; McConnell and O'Connor, 1997;
McConnell, 1998; Wallis, 2000, 2001; Frawley and O'Connor,
2010b). Wallis (2001: 110) for example identified the importance
of the role of macropod faeces in the introduction of phytoliths and
some organic components to the CG1 deposit. The micromorpho-
logical evidence suggests that layers SU6-SU4 result from the in situ

Fig. 13. Carpenters Gap 1 stratigraphic section with stratigraphic unit descriptions and the location of sediment and micromorphological samples.

D. Vannieuwenhuyse et al. / Journal of Archaeological Science xxx (2016) 1e2212

Please cite this article in press as: Vannieuwenhuyse, D., et al., Settling in Sahul: Investigating environmental and human history interactions
through micromorphological analyses in tropical semi-arid north-west Australia, Journal of Archaeological Science (2016), http://dx.doi.org/
10.1016/j.jas.2016.01.017



Author's personal copy

high intensity burning of an organic rich deposit and share simi-
larities with facies qualified of “burnt bedding” observed in South
African caves and associated geoarchaeological experiments
(Goldberg et al., 2009; Miller and Sievers, 2012; Miller et al., 2013).
This is probably anthropogenic in origin as such intense burning
events are unlikely to result from natural fires because there is
insufficient fuel load on the surface of protected shelters to
generate the firing temperatures required to produce this type of
feature (Ken Aplin pers. comm. 2016). The anthropogenic activity
associated with this intense burning could have been generated by
the need for clearing the shelter or repeated and intense use of this
part of the shelter. Repeated occupation can also create thick
accumulation of ash, resulting from activities such as fire mainte-
nance and cleaning (sweeping, raking or ash dumping away from
the fire areas) such as observed in Kebara Cave, Israel (Meignen

et al., 2007) and Sibudu rockshelter, South Africa (Goldberg et al.,
2009). However, these activities typically produce specific layer-
ing and microfacies identifiable microscopically that were not
observed in the Pleistocene ashy layer SU4. The Holocene layers
SU2B (see section Fig. 13) are more typical of this kind of
accumulation.

3.2.2.2. Pleistocene/Holocene transition (SU3). Truncation of the
deposit occurs between 15 ka and 3 ka, visible by a sharp erosional
contact between the Pleistocene and Holocene layers (Fig. 13). The
causes of erosion are not clear but could result from one or a
combination of factors. One explanation lies in the low ceiling
height that makes circulation difficult (Fig. 12). Periodic intense
tropical rain could have also contributed to the slope-wash of the
deposit as suggested by Watchman et al. (2001). Their study
revealed micro-unconformities in the sequence of oxalate crusts
within the shelter that point to an intense erosion phase during the
early Holocene. However, as no water-borne sediment organization
was identified in the sequence and the shelter is well-protected
from the elements it seems unlikely that high energy water flow
reached the inside area of the shelter where the excavation squares
are. Trampling is most likely to be the main agent of erosion as the
shelter reached equilibrium between its capacity to retain sedi-
ment and accessibility below the roof. This hypothesis is reinforced
by the presence of a fragment of mud dauber wasp nest broken in
situ (Fig. 19B) and another half truncated found at the transition
between SU5 and SU2 in the southern section (CG610 B/C).

SU3 shows the characteristics of a trampled and decomposed
organic matter rich layer associated with small phosphatic frag-
ments that could be associated with the formation of a vegetal mat
of decomposing macropod faecal pellets and reflects a period of
abandonment after 15 ka. However, the age of this layer is uncer-
tain as no in situ radiocarbon samples are available in this level.

3.2.2.3. Holocene layers e top sequence (SU2 and SU1).
Erosion allowed space for an extra surge of sediment deposition
around 3 ka, constituted principally of anthropogenic inputs. Some
lateral differences were observed between the southern and
western parts of the deposit (Fig. 13) therefore both sections were
sampled for micromorphology. In the southern corner of square A,
SU2B displays a complex layering with a approximately 12� angle of
slope (Fig. 13) that probably reflects a dome accumulation resulting
from the dumping of material from cleaning up combustion fea-
tures in the central occupation zone (Mentzer, 2014 and references
therein). The composition and colour of each layer varies according
to their particular proportion of ash and charcoal particles. Under
the microscope, three microfacies can be identified: pure ashes
(CG611B, CG612C, Fig. 18A and B), massive charcoals (CG610D,
CG611A, CG611C and CG612A, CG612D, CG612E) and mixed facies
(CG612B, CG613D, CG613E). In the western section of square A, SU2
(CG606) does not display well defined layering, is more homoge-
neous in colour at the macroscale and is more turbated (Fig. 13).
However, in thin section a series of fine laminations are perceptible
with the superposition of well-sorted fine sandy layers (CG606C
and CG606E) and a coarser layer (CG606D) that indicate trampling
and intra-site aeolian reworking of fine particles.

Near the surface the Holocene deposit is partially eroded and
flattened by more recent occupation of the shelter and the creation
of numerous anthropogenic dug features that disturbed the top of
the deposit. The surface (SU1) is highly disturbed by animal and
human trampling over the dry sediment surface in the modern
period. Sediment is not very cohesive and shows some local aeolian
reworking that might indicate recent drier conditions.

Fig. 14. Micromorphological sampling in progress at Carpenters Gap 1. A: southern
section of square A1, B: western section of square A. Numbers refer to stratigraphic
units: SU 1-3 are Holocene and SU 4-7 are Pleistocene.
(Photographs by Dorcas Vannieuwenhuyse, 2014).
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3.2.3. Post-depositional processes and taphonomic considerations
Several chemical and physical post-depositional processes were

identified in the Carpenters Gap 1 sequence. Gypsum is only weakly
developed in the lower orange-brown Pleistocene sequence (Fig. 16)
but localised concentration of gypsum aggregates are present in SU7
(CG610B, CG609A) and corresponds to whitish lenses visible in
section at a macroscale (Fig. 13). Gypsum is generally related to
penetration of moisture from the top of the deposit followed by fast
evaporation, a common process in arid and semi-arid soils (Poch

et al., 2009, 2010). Gypsum is probably more strongly developed
in the ashy levels (SU4, Fig. 19A) because the ashes provide an
abundant source of calcium. However the source of the sulphides is
less clear. In other geoarchaeological studies, the occurrence of
gypsum has been mostly explained by context, such as burning of
certain wood creating anhydrite-rich ashes (Shahack-Gross and
Finkelstein, 2008) in association with organic sulfur from the
decomposition of bodies (Bergad�a et al., 2015) or degradation of
guano (Shahack-Gross et al., 2004). At CG1 the gypsum ismost likely

Fig. 15. Carpenters Gap 1 age-depth curve and stone artefact density through the sequence (squares A1 and A). Data and dates are fromMcConnell and O'Connor, 1997; Fifield et al.,
2001; O'Connor and Fankhauser, 2001; Wallis, 2001 and O'Connor unpublished data (XU ¼ excavation unit, SU ¼ stratigraphic unit).

Fig. 16. Carpenters Gap 1 particle size distribution, pH and micromorphological results. The graph indicates the presence/absence of various particles and post-depositional features
observed in the different microfacies and their relative proportion/development intensity. The association of various criteria was interpreted in terms of more or less humid
environmental conditions.
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related to oxidation of sulphur to sulphate originating from the
parent material of the cave (Watchman et al., 2001). While only
weak percolation of water has been observed inside the shelter
during the wet season, the air moisture concentration can be high
and creates a warm and moist microenvironment. This process can
enhance chemical reaction and crystal growth, as demonstrated by
Watchman et al. (2001). However, the good preservation of ash
particles, the presence of gypsum and the quasi absence of sec-
ondary carbonate formation (only weakly developed at the bottom
of SU4), point to the relative dryness of the deposit through time.
Faunal bioturbation was identified by the presence of mud dauber
wasp nest fragments (Fig.19B). Thesewasps usually build their nests
on the ground surface, but can also do so underground. Neverthe-
less, the mud used to build the nest creates a hard cap preserving
underlying layers (McConnell, 1997). As such, their presence points
to stabilization of the surface in the more recent periods.

Both herbivore and carnivore faeces were identified in the
sequence suggesting animal occupation of the shelter. The herbi-
vores' faecal pellets are porous and display a filamented fabric with
some tissue fragments (Fig. 19D and F) resulting from the digestion
of the grasses fibre, mainly spinifex (Wallis, 2001). When observed
at very high magnification, some calcareous spherulites can be
identified by their typical cross of extinction under XPL (Fig. 19E).
These particles are typical of herbivores' digestive system (Brochier,
1983a; Canti, 1997, 1998; 1999) and are reported for the first time
from an Australian archaeological context. At the base of SU7
(CG6010A), chemical alteration of the old spherulites is observed as
calcitic needles (Fig. 19F) suggesting rapid dissolution-
recrystallization and high moisture evaporation rates that could
have reached these levels of the sequence. Faecal pellets were
found sporadically down to the lowest level in the sequence
(Fig. 16) and their preservation reinforces the idea of an overall
dryness of the deposit through time.

3.3. Synthesis of CG1 site formation history

The filling history of Carpenters Gap 1 shelter starts around 45

ka, and encompasses some of the oldest occupation record for the
northwest Australia region. The anthropogenic signal is weak in the
lower Pleistocene sequence, and increases towards the top of
the sequence, both in the sediment and the archaeological material
density (Figs. 15 and 16). The Pleistocene sequence has a high
geogenic component, with the proportion of botanical remains
increasing towards the top. Sedimentation was probably not
continuous, as shown by the presence of in situ breakdown of
gravel, incorporating horizontal coarser particles within the de-
posit, and the presence of malacofauna (Fig. 16), generally associ-
ated with a lower rate of sedimentation. Occupation of a stable
surface floor is visible from the evidence of a combustion feature
interspersed between the natural deposits. The Pleistocene
sequence indicates increasing dryness through time (Fig. 16). The
angular unconformity visible between Pleistocene levels and Ho-
locene layers indicates that deposition was overcome by erosion
processes sometime between 15 and 3 ka, with only pockets of
sediment preserved in some parts of the deposit, as shown by levels
dated between this time interval in other squares (Sue O'Connor,
personal communication). Intense trampling is probably one of the
major causes of erosion in this shelter. Deposition resumed after 3
ka during an intense period of occupation of the shelter with
sedimentation mainly resulting from anthropogenic activities.

4. Discussion and conclusion

The results of the micromorphology study at two southern
Kimberley sites provide a fine grained interpretation of their
archaeostratigraphical records. In particular it suggests that the
differences in occupation patterns suggested by the archaeological
material can largely be explained by their different depositional
histories.

Chronologically, both sequences cover different periods with
sediment accumulation in CG1 beginning around 45 ka and at CG3
a little before 34 ka (Fig. 20). Geogenic accumulation dominates in
both sequences before 24 ka. The palaeoenvironmental interpre-
tation of the Pleistocene units in both sites suggests increasing local

Fig. 17. Carpenters Gap 1 thin section scan of CG608 and associated microphotographs showing remnants of a Pleistocene combustion feature within SU7 (square A1, southern
section). Note the coarser fraction in microfacies B. A and B: top layer of recrystallized calcitic ash particles [ca] (PPL & XPL, scale 1000 mm). C and D: fragment of heated sediment
containing charred organic matter [ch]. Note the gypsum [gy] growing around the fragment (PPL & XPL, scale 1000 mm).
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aridity but this phenomenon seems not to be linear as the inter-
pretation of palaeoenvironmental markers in CG3 indicates more
humid conditions between 27 and 25 ka (Figs. 7 and 20). This
variation has also been detected in a local speleothem record from
Ball Gown Cave in the same range (Denniston et al., 2013a). At both
sites, anthropogenic signatures within the sediment are low during
the Pleistocene and are generally associated with a paucity of cul-
tural materials (Fig. 6, Fig. 15, Fig. 20, McConnell and O'Connor,
1997; O'Connor et al., 2014). Some discrete anthropogenic signals
were enlightened by micromorphology around 31 ka for CG3 and
25e24 ka in CG1. Periodic human occupation seems to occur
regardless of climate conditions starting to deteriorate in the region
(from 40 ka until it reaches the maximum aridity about 21 ka),
indicating people's occupation patterns as relatively short-term
visits.

During the onset of the LGM (22e17 ka), changes in sedimen-
tation dynamics are visible in both sites. At CG3 a chronological
hiatus (conformable contact) indicates a cessation of sediment
accumulation during this time whereas CG1 shows an increase in
botanical inputs dominated by dry species (McConnell, 1997;
Wallis, 2001; Frawley and O'Connor, 2010a). The cessation in
accumulation of sediment in CG3 is driven by a decline in water

availability associated with the establishment of cooler and drier
conditions in northern Australia (Reeves et al., 2013a, 2013b),
which in turn probably decreases the rate of exfoliation of the
cave's walls and sediment input. Occupation signals in both sites
throughout the LGM are very discrete (Fig. 6, Fig. 15, Fig. 20,
McConnell and O'Connor, 1997; O'Connor et al., 2014). The
increasing number of Australian sites with occupation spanning the
Pleistocene, even during the more arid timing of the LGM (David
et al., 2007; Morse et al., 2014), is starting to change our percep-
tion of Australian population dynamics, as climate pattern does not
seem to be the main driver of presence or abandonment by people,
at least not in areas that might be considered as refugia such as the
Kimberley (Williams et al., 2013).

After 17 ka, CG3 sedimentation resumes while CG1 seems to
reach its maximum capacity of sediment accumulation and enters a
phase of erosion. This period is probably related to more unstable
environmental conditions while the monsoon regime gets rein-
forced in the region during the Terminal Pleistocene and Early
Holocene (Fig. 20, Wyrwoll and Miller, 2001; Denniston et al.,
2013b; Reeves et al., 2013b) e an event that is recorded in the
cemented SU9 in CG3 sequence. The archaeostratigraphical hiatus
in CG1 between 15 ka and 3 ka (observed in the stratigraphical

Fig. 18. CarpentersGap1 thin section scanof CG610 andmicrophotographs showingdetails of botanical components. A: ash particles (SU2B, CG612C, PPL, scale 100mm). B: ashparticles
in anatomic connection (SU2B, CG611, PPL, scale 100 mm). C:microfacies rich inmicrobotanical remains: ashes, phytoliths, partially carbonized organicmatter andmicrocharcoals (SU4,
CG605A, PPL, scale 100 mm). D: detail of phytoliths at highmagnification (SU4, CG604A, PPL, scale 50 mm). E: sharp transition between charred organic rich layer SU5 and ash rich layer
SU2B in south section (CG610C/D, PPL, scale 1000 mm), F: carbonized and partially carbonized organic matter particles and bones (SU5, CG603B, PPL, scale 500 mm).
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sections analyzed for this study) makes it difficult to document
human occupation patterns during this time interval for this site
but the CG3 sequence records a slow increase in anthropogenic
input peaking during the Mid Holocene (Figs. 6 and 20).

The late Holocene layers in CG1 demonstrates a high anthro-
pogenic signature (Figs. 15 and 20) that could also explain the
truncation of sub-jacent layers by trampling in the squares
analyzed. During the late Holocene, more variable palaeoclimate
patterns are recorded in both sequences, in accordance with other
palaeoenvironmental proxies from the region (McGowan et al.,
2012; Denniston et al., 2013b). They reflect the establishment of
the modern tropical regime in the region induced by intensifica-
tion of both El Ni~no and Southern Oscillation phenomenon
(Reeves et al., 2013b). This timing appears to correspond with
technological changes and innovations noted in northern Austra-
lian lithic industries and a hypothesized increase in population
(Clarkson, 2008; Williams et al., 2010; Williams, 2013; Maloney
et al., 2014).

Micromorphology studies of archaeological sequences in
Australia are rare but this study demonstrates the potential of

applying a geoarchaeological approach to help deciphering natural
and anthropogenic processes in archaeostratigraphic sequences.
CG1 and CG3, although only three kilometres apart, present very
different site formation histories. Their observed differences can be
mostly related to the morphology and hydrologic regime of each
shelter. The capacity of the shelter/cave to retain sediment in-
fluences the geometry and the thickness of the deposit. The CG3
cave acted as a giant trap resulting in a thick sequence in com-
parison with CG1 where accumulation is limited by the height of
the roof and circulation patterns. Moisture regime plays an
important role by physically and chemically releasing particles
from sandstone and siltstone walls that compose most of the
mineral fraction of both sequences. Bearing in mind that in situ
weathering of rocks within the matrix releases grains that have not
been exposed to sunlight, there could be potential issues in dating
these type of deposits using OSL (Roberts et al., 2015). Moisture
influences post-depositional evolution of the deposit. In CG3, water
infiltration is important and results in post-cementation of the
deposit whereas the dry environment of CG1 shelter limits chem-
ical post-depositional processes.

Fig. 19. Carpenters Gap 1 thin section scan of CG604 and microphotographs showing post-depositional processes and animal faeces. A: gypsum aggregates [gy] developed in ashy
matrix in SU4, note the calcitic crystallic birefringence fabric of the ashy matrix (CG604C, XPL, scale 1000 mm). B: insect channel broken in situ by trampling (top SU2, CG606D, PPL,
scale 1000 mm). C: carnivore coprolite, with organic matter and bone [bo] (SU6, CG610B, PPL, scale 100 mm). D: macropod coprolite rich in evolved organic matter fiber (SU2B,
CG612, PPL, scale 1000 mm). E: detail of the same macropod faecal pellet at high magnification showing the presence of spherulites, identified because of their typical cross of
extinction (SU2B, CG612, XPL, scale 50 mm), F: secondary carbonate crystallization within a macropod faece at the bottom of the sequence, possibly recrystallized from spherulites
(base of SU7, CG601A, XPL, scale 100 mm).
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Some environmental changes are perceptible in both sites and
follow relatively similar patterns through time (Fig. 20). When
compared to the speleothem records available from northwest
Australia (Denniston et al., 2013a, 2013b, 2013c), the palae-
oenvironmental signals detected in the CG3 and CG1 sequences
follow similar trends over the long term (Fig. 20). However, cor-
relations between environmental and anthropogenic signal in-
tensity changes over time are less evident (Fig. 20). This is
especially complex for the Pleistocene, where archaeological evi-
dence is sparse at both sites and the archaeostratigraphic record
sometimes discontinuous, as it is often the case in caves (Stein,
1987; Campy and Chaline, 1993; Mallol et al., 2012). The cultural
signal in both sites increases slowly over time (Fig. 20), regardless
of the climate fluctuations and suggests that occupation at the two
sites might be largely independent of local climatic variation. This,
in turn, suggests that by placing such emphasis on the effect of
environment on the ability to occupy areas, Australian archaeolo-
gists may underestimate the highly flexible subsistence strategies
of the first Australians.
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Appendices

Appendix A. Carpenters Gap 3 micromorphological description by
stratigraphic units and microfacies.

Fig. 20. Diagram showing the north Australian palaeoclimate trends over the last 50 ky. Some speleothems palaeo-records from the Kimberley area are presented: Ball Gown Cave,
a few kilometers from CG1 and CG3 (data from Denniston et al., 2013a) and KNI-51, in the Kimberley northern coast (data from Denniston et al., 2013c). The palaeoenvironmental
interpretation and archaeological data from CG1 and CG3 are presented on the same time scale to illustrate the periods covered by each sequence. While some general trends can be
noted, in particularly increasing aridity during the Late Pleistocene into the LGM, the records show that the changes are not linear. The cultural signal increases slowly over time,
regardless of the climate fluctuations. ASM ¼ Australian Summer Monsoon. ENSO ¼ El-Ni~no Southern Oscillation.
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Appendix B. Carpenters Gap 1 micromorphological description by
stratigraphic units and microfacies.

SU Microfacies Micromorphological descriptions

All Characteristics common to all microfacies: mineral components generally poorly sorted with a majority of subangular quartz, ranging from coarse
sand to silt size, some feldspars, mixed with elongated micas (biotite and muscovite) and calcareous dust giving the matrix a random speckled and
calcitic crystallic birefringence fabric under XPL. Coarse/fine distribution: double space fine enaulic to single spaced fine enaulic. Dense crumb
microstructure, weak porosity (close packing, 10%)

Holocene layers
1 This unit was too loose to be sampled for micromorphology but share some characteristics with SU2 at a macroscale.
2 301B Coarser fraction, few biogenic inclusions, apart for some malacofauna. Looser microstructure and increased porosity (10e20%) than lower levels. At

the top of the thin section, themicrostructure evolves from dense crumb to lenticular microstructure with dusty capping. Presence of a crust fragment
at the top.

3 301A Coarser fraction, low proportion of biogenic inclusions, some concentric ferruginous nodules.
4 302B Increase in microcharcoals proportion and presence of ferruginous nodules.
4/5 302A High proportion of coarser inclusions (small gravel and coarse sand fraction), size of bones bigger than surroundings layers too. Probable lithic artefact

identified. No chemical weathering visible from this level and up to the top of the sequence.303B
5 303A Microcharcoals and microbones proportion start decreasing from this level to lower levels in the sequence, presence of eggshell and malacofauna

remains.
7 305B High proportion of microcharcoals, some small gravel visible at the transition with SU8.
Pleistocene layers
8 305A Medium proportion of charcoals and high proportion of microbones, weak development of secondary carbonates in the matrix.
9 306 Secondary carbonates strongly developed, intense insect channelling. Proportion of microcharcoals and microbones decreases significantly from this

level and lower. Preservation in this level is good with the presence of plant tissue, bigger bones and phosphatic fragments.
11 307 From this level towards upper levels, there are more microbones and frequent presence of eggshell. The chemical weathering of biotite is also less

pronounced. Development of secondary carbonates is variable. Numerous ferruginous concentric nodules were found in this unit. Bioturbation
increases at the top.

308

12a 309 Coarser mineral fraction, few biogenic inclusions but their proportion increases towards the top with more bones, as well as the presence of an
eggshell (CG310A) and some phosphatic fragments (CG309). Bioturbation at bottom and base. Secondary carbonates weakly developed and no
ferruginous nodule.

310A
311C
310B Microfacies CG310B is a big chunk of strong orange sedimentary crust fragment mainly composed of very fine quartz sand in a rich silt and clay

ferruginous matrix, with a double spaced porphyric coarse/fine distribution. Two parallel graded microlayers are distinguishable. The fragment
contains bones and microcharcoals as well as a phosphatic fragment.

12a/
12b

311B Transition between SU12a and 12b with intense insect channelling especially below and at transition with unit 12a (microfacies CG311A, CG311B,
CG311C).

12b 311A Few organic components, variable development of secondary carbonates in the matrix and around bones and discrete presence of concentric nodules
(only in CG312).312

313C
12b/

13
313B Transition between SU12b and SU13: 2 cm thick layer rich in coarser mineral and biogenic inclusions such as microcharcoals, bones and teeth,

eggshell and a probable lithic angular quartz artefact. On top, the matrix is highly calcium-carbonated with a vughy porosity and topped by a graded
very fine to silty mica-rich microlayer.

13 313A Sedimentary crust micro- fragments present in variable quantity. Very few organic components; only fewmicrocharcoals andmicrobones. Secondary
carbonates weakly to strongly developed, depending on the thin sections. Concentric and normal ferruginous nodules present in low quantity in
CG313A. Presence of numerous concentric ferruginous nodules in medium part (CG314), one of them fragmented. Some concentric ferruginous
nodules and sedimentary crust micro-fragments present in CG315.

314
315

14 316 Numerous sedimentary crust micro-fragments. Only a few microbones. Secondary carbonates strongly developed in the matrix and around bones.
Calcium-carbonated gravel and biotite fragments show advanced weathering patterns. Some insect channels.317

SU Wall Microfacies Micromorphological description

All Characteristics common to all microfacies: Crumbmicrostructure showing a calcitic crystallic birefringence fabric due to
the high content of limestone dust/calcium-carbonated ash particles, close packing porosity (10e20%), mostly single
spaced fine enaulic coarse fine distribution. Moderately well sorted. Minerals are mostly subangular quartz (90%), micas,
feldspars from breakdown siltstones and sandstones.

Holocene layers
1 W 606F Loose fabric dominated by detrital material mixed with microcharcoals, tissue residues, bones and malacofauna. Ash

particles, if present, are hard to distinguish from the limestone calcitic dust.
2B-5 S 612E Microfacies massive charcoals (CG610D, CG611A, CG611C and CG612A, CG612D, CG612E). This microfacies displays a

double space fine enaulic distribution, with a fine ashy matrix associated with big pieces of charcoal (up to 2 cm size)
weakly fragmented. Burnt and non-burnt fragments of bones and wood are observed.

2B-5 S 612D
2B-6 S 612C
2B-6 S 612B
2B-7 S 612A Mixed facies (CG612B, CG613D, CG613E). These units contain more fragmented charred particles and lower proportion

of ash particles and display a single spaced fine enaulic distribution.2B-7 S 611C
2B-8 S 611B

(continued on next page)
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(continued )

SU Wall Microfacies Micromorphological description

Microfacies pure ash (CG611B): open fine enaulic distribution due to the low content of detrital components, tissue
residues and charcoals other than ash particles.

2B-9 S 611A
2B-10 S 610D
2B-10 W 613E
2B-10B W 613D
2up W 606E Speckled orange brown colour under PPL. Superposition of well-sorted and moderately sorted subangular fine quartz

sand and silt. High proportion of plant tissue residues. Presence of non-charred wood. High proportion of phytoliths
visible. Small proportion of microcharcoals and ashes. Small bones (<5 mm) and phosphatic fragments. Gypsumweakly
developed.

2up W 606D
2up W 606C

2base W 606B Speckled brown colour under PPL, open fine enaulic distribution of well-sorted subangular fine quartz sand and silt
within an organo-mineral matrix. High proportion of plant tissue residues. Charcoals are more or less fragmented.
Presence of non-charred wood. High proportion of phytoliths visible. Small proportion of microcharcoals and ashes.
Small bones (<5 mm) and phosphatic fragments. Gypsum weakly developed.

2base W 606A

3 W 605C Speckled brown colour under PPL, open fine enaulic distribution of well-sorted subangular fine quartz sand and silt
within an organo-mineral matrix. High proportion of plant tissue residues. Charcoals are more or less fragmented.
Presence of non-charred wood. High proportion of phytoliths visible. Small proportion of microcharcoals and ashes.
Small bones (<5 mm) and phosphatic fragments. Gypsum weakly developed.

Pleistocene layers
4 W 605B Ashy microfacies. Yellow-grey colour under PPL, open fine enaulic distribution of well-sorted subangular fine quartz

sand and silt within a very high proportion of silt size ash particles. Very few microcharcoals and plant tissue residues.
Phytoliths are well visible. Small bones (<5 mm) some visibly burnt, eggshell (probably burnt) and coprolites. Gypsum
strongly developed.

W 605A
W 604D
W 604C
W 604B
W 613C

5 S 610C Organic rich microfacies. Speckled brown black to dark brown colour under PPL, moderately well-sorted subangular fine
sand and silt. Very high proportion of fragmented charcoals and charred elongated or arched shape plant tissue residues,
sometimes horizontally bedded in a rich evolved organo-mineral matrix. Phytoliths probably hidden by evolved organic
matter. Few small bones (<5 mm) and coprolites/phosphatic fragments. Gypsum weakly developed in porosity.
Concentric Fe nodules in formation.

W 613B
W 604A
W 603E
W 603D

W 603C
W 603B

6 S 610B Organic rich microfacies. Speckled orange brown to brown colour under PPL, moderately sorted subangular fine sand
and silt. High proportion of fragmented charcoals and charred elongated or arched shape plant tissue residues, in a rich
evolved organo-mineral matrix. Some phytoliths visible. Few small bones (<5 mm) and coprolites/phosphatic
fragments. Some shell (malacofauna) in 602. Gypsum generally weakly developed in porosity but present as small
aggregates in 610-B. Insect galleries visible in 609-C.

S 610A
W 613A
W 603A
W 602D
W 602C
W 602B
W 602A
S 609C

7top S 609B Speckled orange brown to orange colour under PPL, moderately to poorly sorted subangular fine sand and silt, 608-C
being coarser with rounded grains. Few microcharcoals and plant tissue residues, in a rich evolved organo-mineral
matrix. Some phytoliths visible. Few fragmented and weathered small bones (<5 mm). 608-B shows reddening due to
heat and ashes on top.

S 609A
S 608C
S 608B
S 608A

7mid S 607B Orange under PPL, moderately to poorly sorted subangular fine sand and silt, 607-B being coarser with rounded grains.
Few microcharcoals and plant tissue residues, in a rich evolved organo-mineral matrix. Some phytoliths visible. Few
fragmented and weathered small bones (<5 mm). Coprolites and Fe nodules.

S 607A

7base W 601A Same as 7mid but more compact
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Abstract

Carpenters Gap 3 (CG3), a limestone cave and shelter complex in the Napier Range, Western Australia, was occupied 

by Aboriginal people intermittently from over 30,000 years ago through to the historic period. Excavations at CG3 

provide only slight evidence for occupation following first settlement in the late Pleistocene. Analysis of the radiocarbon 

dates indicates that following this there was a hiatus in occupation during the Last Glacial Maximum. In common 

with most Australian sites, the evidence for occupation increases sharply from the mid-Holocene. Faunal remains, 

interpreted predominantly as the remains of people’s meals, all suggest foraging of the immediate surroundings 

throughout the entire period of occupation. Fragments of baler shell and scaphopod beads are present from the early 

Holocene, suggesting movement of high value goods from the coast (over 200 km distant). Flakes from edge-ground 

axes recovered from occupation units dated to approximately 33,000 cal. BP, when overall artefact numbers are low, 

suggest that these tools formed an important component of the lithic repertoire at this time. 

Introduction

Carpenters Gap 3 (CG3) is a limestone cave and overhang 

complex in the Napier Range, southern Kimberley, Western 

Australia (WA) (Figure 1). It is located on the north side of 

the range, a few hundred metres east of the Lennard River, 

where it cuts through the range forming Windjana Gorge. 

CG3 includes an extensive overhang about 30 m above 

the plain containing a spectacular gallery of painted art, 

and a lower cave—which appears to have been formed by 

solution—that extends at least 30 m into the range. The floor 

of the overhang has extensive evidence of human occupation, 

such as in situ ground and incised surfaces, stone artefacts 

and freshwater mussel shell valves, but contains only small 

pockets of sediment with little excavation potential and in 

places the floor comprises bare rock. The main deposit at 

CG3 is found within the lower cave which, in places, shows 

extensive surface cracking, indicating that it is subject 

to seasonal or periodic wetting and drying. No cultural 

material was visible on this relatively level surface. 

CG3 was first excavated by O’Connor in 1993 as part of 

a regional archaeological investigation programme, at 

which time a 1 m square (Pit A) was excavated about 17 m 

inside the drip-line within the lower cave (Figure 2). Pit 

A was excavated to a maximum depth of 168 cm without 

reaching bedrock (Figure 3), at which time excavation 

was discontinued and the pit was backfilled. Radiocarbon 

age estimates obtained on charcoal, seeds and freshwater 

shell demonstrated occupation spanning over 30,000 years 

and, although since incorporated into regional syntheses 

(e.g. O’Connor and Veth 2006:36), neither the CG3 dates nor 

details of the excavation were ever fully reported. In August 

2012 we returned to CG3 in order to extend Pit A, including 

for the purposes of reaching bedrock. The original pit was 

emptied and the excavation was continued to a maximum 

depth of 2.4 m, where bedrock was encountered (Figures 3 

and 4). Here we present the full suite of radiocarbon dates 

and finds from CG3 Pit A from both the 1993 and 2012  

field seasons. 

Figure 1 Location of CG3 in Windjana Gorge National Park and other 

sites mentioned in the text.
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Excavation and Recovery at CG3: The 1993 and 2012 

Field Seasons 

The 1993 excavation was carried out in 2–5 cm excavation 

units (spits). In the upper part of the deposit, excavation 

units (XUs) averaged 3 cm, whereas in the lower deposits 

excavated in 1993, as well as those during the 2012 field 

season, and in which little or no cultural material was 

encountered, XU thicknesses were greater. This is reflected 

clearly in the volumes of excavated sediment (Figure 3). The 

stratigraphic layers sloped towards the southeast corner of 

the excavation, with a slope gradient decreasing from bottom 

to top. Owing to the difficulty in identifying stratigraphic 

changes during excavation, XUs were horizontal, resulting 

in some cross-cutting stratigraphic layers (Figure 3). All 

excavated materials were dry sieved on-site through nested 

6 and 3 mm sieves during the 1993 field season, and 5 and 

1.5 mm sieves during the 2012 season. All dated organic 

material was recovered from the sieve residues. 

CG3 Sediments and Depositional Processes

The CG3 sediments are relatively homogeneous, primarily 

brown (7.5YR4/4), though close inspection reveals some 

subtle colour differences (Figure 4). Texturally, the 

sediment is fine sandy silt in the upper part of the deposit 

(Stratigraphic Layers 1–11), becoming increasingly sandier 

below Layer 12. Loose gravels and rocks occur throughout. 

The sand fraction is primarily composed of quartz, though 

mica particles also occur through the profile in various 

proportions. All the sediment components seem to derive 

from the surrounding parent material of complex bedded 

limestone and sandstone, and have accumulated via run-

off, aeolian or mechanical means. The cave’s entrance is 

steeply sloped and this would have facilitated the movement 

of materials and sediments from the upper terrace into the 

lower cave. The enclosed character of the lower cave has 

worked as a natural trap for sediment, resulting in a greater 

accumulation of sediments than other excavated sites in the 

area (e.g. O’Connor 1995). 

Figure 3 Profile of CG3 excavation Square A, showing XU depths as they relate to stratigraphic layers, depth of 1993 excavation and volume of 

sediment removed for each XU.

Figure 2 CG3 cross-section (top) and site plan (bottom) showing cave, 

overhang, and 1993 and 2012 excavations.
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Three major depositional strata can be distinguished in 

the deposit (Figure 4). The first includes Layers 14–12 

(sediments of a sandy silt texture with large limestone 

cobbles), which corresponds to the initial accumulation 

episode in the cave. The second, comprising Layers 11–8, 

is a homogeneous, thick accumulation, except for Layer 

9. The latter is represented on the east wall by rock fall 

(Layer 9a) and on the west wall as a carbonate cemented 

layer (Layer 9b). The latter may indicate a phase of wetter 

conditions where more water was entering or pooling in 

the cave. The last stratum (Layers 7–1) consists of several 

thin laminated layers, of which Layers 7 and 4 are greyer 

than the others, possibly due to larger amounts of organic 

matter and/or the presence of small charcoal particles. 

Future micromorphological and geochemical analyses may 

help determine whether these differences are related to 

increased anthropogenic activity or other causes.

Thick roots have penetrated through the sediment into the 

deeper layers, where moisture seems to be present all year 

long. Bioturbation, in the form of insect channels and small 

roots, is also visible in the upper layers. Processes resulting 

in the dissolution and precipitation of calcium carbonate 

have taken place throughout the history of the cave and 

have differentially affected the deposit. This is particularly 

evident in the western side of the deposit, which is heavily 

cemented below Layer 4. Speleothems and flowstones are 

present in both the cave and shelter, and are still actively 

forming during the wet season. 

Owing to the high carbonate content in the sediments the 

pH is uniformly 8.5 (alkaline) throughout. Consequently, 

preservation is excellent, although organic cultural materials 

and stone artefacts were variously carbonate encrusted and 

had to be treated to remove the carbonate. 

Radiocarbon Dating

Radiocarbon age estimates were obtained on a variety of 

cultural materials, including charcoal, freshwater mussel 

shell and Celtis sp. seeds (Table 1).

Small fragments or comminuted charcoal were recovered from 

most XUs (Figure 5b), though at depth the charcoal did not 

occur within the context of definite cultural features, such as 

hearths. In view of sediment cracking, bioturbation and root 

activity, these small fragments were regarded as unreliable 

for dating. Celtis sp. seeds and freshwater mussel shell also 

occurred in most XUs and, owing to their larger size, were 

considered less likely to have been displaced and, in the latter 

case, may be linked to human use of the cave (see below). 

However, the freshwater bivalves were once living within the 

limestone catchments and therefore have an unknown but 

potentially large freshwater reservoir effect (Keaveney and 

Reimer 2012; Lanting and van der Plicht 1998). 

The endocarp of Celtis sp. seeds contains up to 70wt% 

carbonate (Wang et al. 1997). As seeds, they represent 

a single year of growth and derive their carbon from the 

atmosphere, and have been successfully used for dating 

elsewhere (Wang et al. 1997). Although they are regularly 

found in archaeological deposits in limestone caves, they 

are not likely to enter the cave as a result of human activity. 

Precisely how they enter the caves is unknown; they may be 

windblown, washed in by water or brought in by rodents, but 

if the latter they exhibit no gnawing damage. 

Methods

Like shells and coral, Celtis sp. is subject to diagenesis, 

primarily through recrystallisation which can lead to 

the incorporation of carbon of a different age. As the 

stable polymorph of carbonate, calcite will be deposited 

Figure 4 CG3 stratigraphic profiles of Pits A (1993) and B (2012). 
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on recrystallisation. The carbonate of the endocarp is 

aragonite, meaning that recrystallisation, and therefore 

possible contamination, can be readily identified with x-ray 

diffraction (XRD). Celtis sp. seeds treated at The Australian 

National University (ANU) (i.e. laboratory codes prefixed 

SANU in Table 1) were subject to a 10% acid leach in 0.1M 

HCl at 80oC after removal of the surface with a scalpel. The 

cleaned carbonate was homogenised and divided into two 

aliquots. Approximately 8 mg was weighed into a blood 

collection vacutainerTM, placed under vacuum and reacted 

with 0.5 mL 85% phosphoric acid. The CO
2
 generated was 

cryogenically purified and graphitised over an iron catalyst 

with H
2
 before measurement in a NEC SS-AMS (Fallon et 

al. 2010). The remaining material was used to screen for 

calcite. Approximately 10 mg of sample was crushed to a 

fine powder and suspended in an x-ray transparent glue 

on a plastic film. XRD analysis was performed in a STOE 

Stadi-P diffractometer operating at 30 mA and 40 kV. CoK 

radiation was used with a step size and time of 0.5o and 60 s 

between 24–60o 2 on the Bragg scale. SiroquantTM was used 

to quantify the calcite content, with a detection limit of ca 

1% calcite. Of the five samples treated, three contained <1% 

calcite. One contained 5% calcite and was therefore not 

dated. A fifth sample (SANU-29939) contained more than 

90% calcite, possibly suggesting the seed was burnt. Its date 

is not as reliable as the other dated seeds, though is similar 

in age to the sample from the XU above (SANU-30277). The 

pretreatment method used on the Celtis sp. seeds sent to 

ANSTO for dating is not known, though we do know that 

these seeds were not screened for calcite prior to analysis 

(i.e. laboratory codes prefixed OZF and OZD in Table 1).

Freshwater mussel shells dated at ANU (i.e. laboratory 

codes prefixed SANU) were treated using the same methods 

as the Celtis seeds. These shells naturally contain calcite 

and aragonite, but in one case (SANU-35003), nacre, made 

solely of aragonite, could be separated from the shell. 

Charcoal and freshwater mussel shell samples were dated 

using conventional radiocarbon techniques at the ANU  

(i.e. laboratory codes prefixed ANU in Table 1). The charcoal/

sand mixture of ANU-10606 was washed in 10% HCl prior to 

dating, whilst the surface of a freshwater mussel shell (ANU-

10784), coated in a carbonate concretion, was ground with a 

dental drill and washed in water in an ultrasound bath. 

Dates were calibrated in OxCal v.4.2 (Bronk Ramsey 2009a) 

against SHCal13 (Hogg et al. 2013). A Bayesian chronological 

model was constructed to calculate dates for the transition 

between stratigraphic layers and to identify and down-

weight outliers (Bronk Ramsey 2009a, 2009b; Bronk 

Ramsey et al. 2010). The latter is particularly important 

where radiocarbon dates on a variety of materials have been 

dated using different methods, and where quality indicators, 

such as XRD, are not available. Terms relating specifically to 

OxCal are given in italics. 

Numerous examples and explanations of the OxCal 

programme are available (e.g. Bayliss et al. 2007; Bronk 

Ramsey 2009a, 2009b; Higham et al. 2011). Briefly, the 

programme allows information about the relative chronology 

provided by stratigraphy to be combined with radiocarbon 

dates. The radiocarbon dates are grouped within phases 

(stratigraphic layers), and these phases are arranged within 

a sequence. Between each phase is a boundary that provides 

an estimate for the date of transition between the two phases. 

XU Layers Material Laboratory Code
Radiocarbon 

Age (BP)

Calibrated Date  

cal. BP (95.4% 

Probability)

% Calcite

1 1 Charcoal and sand ANU-10606 99.9±1.8 pMC Modern

10 5–8
Charcoal 

Celtis inorganic

OZF-033 

OZF-325

260±40 

4790±40

441–75 

5589–5326

12 5–8 Celtis inorganic SANU-30229 5625±40 6436–6298 <1

16 5–8 Celtis inorganic SANU-29413 9850±70 11,590–10,876

18 5–8 Freshwater mussel OZD-163 12,650±190 15,540–14,140

24 8–9b Celtis inorganic OZF-327 11,520±50 13,447–13,201

29 8–11
Celtis inorganic 

Charcoal

OZF-324 

OZF-359

13,870±70 

14,100±300

17,014–16,442 

17,870–16,249

30 8–11 Freshwater mussel ANU-10784 10,486±179 12,715–11,709

32 9a–11 Celtis inorganic SANU-29414 13,300±30 16,101–15,762 1.1±0.2

37 11 Celtis inorganic SANU-30227 14,020±60 17,208–16,658 <1

38 11 Celtis inorganic SANU-29939 14,150 ±60 17,429–16,928 93.1±0.5

39 11 Freshwater mussel OZD-166 18,550±280 23,040–21,729

49 11–12 Freshwater mussel OZD-167 21,450±270 26,202–25,143

58 12–13
Charcoal 

Freshwater mussel

OZD-164 

OZD-165

25,100±3590 

24,900±570

46,660–23,955 

30,372–27,846

61 13
Charcoal D-AMS-001665 25,875±103 30,484–29,624

Freshwater mussel (nacre) SANU-35003 27,400±160 31,467–31,010 <1

64 13–14 Freshwater mussel SANU-35007 29,280±190 33,992–33,147

67 13–14 Freshwater mussel SANU-35006 29,450±200 33,847–32,970

Table 1 Radiocarbon dates from CG3 calibrated against SHCal13 (Hogg et al. 2013) using OxCal v4.2 (Bronk Ramsey 2009a).
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It is these boundaries, or ‘transition dates’, that are plotted 

in Figure 6b and listed in Table 2. As noted above, at CG3 

most XUs cut through several stratigraphic layers, so a series 

of overlapping sequences were cross-linked to a primary 

sequence containing all boundaries (Figures 6a and 6b). 

With the exception of those on mussel shells, the radiocarbon 

dates were assigned a prior outlier probability of 5% within 

the General t-Type Outlier Model, a flexible model which 

allows outliers to be either too young or too old (Bronk 

Ramsey 2009b). The mussel shells may have been affected 

by a freshwater reservoir effect, and have been assigned a 

higher prior probability of 50%, while one young charcoal date  

(OZF-033) has been excluded from the model. The prior 

outlier probability is revised during modelling, and a date’s 

influence on the model is weighted according to the resulting 

outlier probability.

For a robust model, convergence should be above an arbitrary 

limit of ca 95% (Bronk Ramsey 2009a). Owing to the lack 

of stratigraphic constraints towards the top of the model, 

convergence of the final two boundaries (Transitions 7/5 and 

5/4) is unacceptably low and these modelled date estimates 

should not be used (Table 2). Despite the variety of materials 

dated, the only samples found to have a much greater posterior 

probability of being an outlier than expected are OZD-166 

and ANU-10784 (Figure 6c), both mussel shell. ANU-10784 is 

slightly young for its location, whilst OZD-166 is much older 

than expected. The significance of these dates has been down-

weighted in the model, and they should not be used in discussions 

of the site chronology. Unfortunately, without XRD analysis, it 

is impossible to establish whether these outliers are the result 

of contamination, or whether the anomalously old sample may 

indicate that the shells are affected by a freshwater reservoir. 

Whilst the imprecision of some boundaries in the Holocene 

limits their significance, others are more precise, particularly 

between Layers 8–12, where the highest number of dates have 

been obtained and XUs cross-cut fewer layers. The earliest 

occupation is found at the top of Layer 14 or, more likely, given 

the absence of any macroscopic or microscopic evidence of 

occupation in Layer 14, at the base of Layer 13. The earliest 

dates are on mussel shell in the spits cutting the top of Layer 

14 and base of Layer 13. These place the first occupation 

after 34,440–31,340 cal. BP (at 68.2% probability, boundary 

‘Base’), although this may be a slight overestimation because 

the base of the model is heavily dependent on shell dates.

At the end of Layer 12 there appears to be a hiatus 

from 27,640–23,360 to 15,550–15,060 cal. BP (at 68.2% 

probability, boundaries ‘End 12’ and ‘Start 11’), before 

deposition restarted. One sample, not identified as an outlier,  

OZD-167, falls within this gap. Unfortunately, this date is 

poorly constrained by the model, falling somewhere between 

the Transitions 13/12 and 11/9 boundaries (Sequence 4, 

Figure 6a). This means that the date could vary by 15,000 

years and not be identified as an outlier by this model. The 

accuracy of the date is impossible to assess independently 

of the model as it is not accompanied by quality assurance 

data (e.g. XRD), and therefore this single date does not 

provide robust evidence for occupation during the otherwise 

apparent gap.

The Stone Artefact Assemblage

A total of 2119 flaked lithic artefacts was recovered at CG3 

from the 6 mm sieve fraction. The 3 mm fraction has not yet 

been analysed. The lowest lithic artefact was recovered from 

Figure 5 Weights of recovered remains from CG3 by XU: (a) mussel shell; (b) charcoal; (c) bird eggshell; and (d) Celtis sp. seed. 

14



A
R

T
IC

L
E

S

June 2014, Volume 78:10–23

Sue O’Connor, Tim Maloney, Dorcas Vannieuwenhuyse, Jane Balme and Rachel Wood

Figure 6a Bayesian model for the chronology of CG3. A series of single-phase sequences with radiocarbon dates, which have been cross-linked to the 

primary sequence in Figure 6b.
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XU67 (Figure 7, Table 3). Figure 7 shows that the distribution 

of all stone artefacts and of the minimum number of flakes 

(MNF) correspond closely. The MNF is calculated by adding 

together the number of complete flakes, the higher number 

of proximal or distal fragments and a count of longitudinal 

fragments (after Hiscock 2002:254). This correlation 

demonstrates that lithic artefact accumulation is a real 

cultural trend and is not greatly affected by the tendency of 

quartz assemblages to have a greater 

relative frequency of flaked pieces. 

Although significantly more 

sediment was removed per XU in 

the lower Pleistocene units, lithic 

artefact frequency is low (Figure 

3). The majority of lithic artefacts 

occurred in XUs 4–10 (Figure 7), 

from the mid- to late Holocene. 

The timing of this peak in artefact 

discard appears to correspond with 

distinct technological changes and 

innovations in flaking strategies, 

such as is seen in other excavated 

assemblages from northern Australia 

(e.g. Clarkson 2008). In contrast to 

the CG3 assemblage, in the Victoria 

River region Clarkson reported two 

distinct peaks in artefact discard from 

excavations, one in the early Holocene 

and another in the late Holocene. The 

CG3 deposit records only one peak in 

the mid- to late Holocene. 

The dominant raw material throughout the CG3 assemblage, 

accounting for >85% of lithic artefacts, is high quality 

translucent crystal quartz in the form of crystals and 

waterworn pebbles (Figure 8). Crystal quartz is occasionally 

found in formed crystals in the limestone, but can be more 

readily acquired from gullies and creeks where it has eroded 

from the conglomerate deposits of the Napier Ranges. The 

Figure 6c The probability the model found (the posterior probability) of each radiocarbon date 

being an outlier (red bar) compared to the prior likelihood of being an outlier (black line).

Figure 6b Summary of the ‘transition dates’ between layers. In Figures 6a and 6b the pale distribution represents the calibrated date, and the dark 

distribution the modelled date. The bar beneath each distribution denotes the 68.2% probability range.
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Lennard River gravels contain a consistent component of 

crystal quartz waterworn pebbles; however, only occasionally 

are they of the same high quality crystal quartz discarded 

at CG3 (2008:Figures 13.9 and 13.10). The cortex of cores 

and flakes indicate focused exploitation of formed crystals 

and waterworn cobbles and only occasional use of white vein 

quartz, which is locally abundant but substantially lower in 

quality. Vast sheets of rounded quartzite cobbles and pebbles 

are found within 5 km of the site and occur in conglomerate 

bands within the CG3 complex. Two volcanic outcrops also 

occur within 10 km southeast of the site, and the limestone 

conglomerate of the Napier Range has similar volcanic 

inclusions. The low frequency of chert and chalcedony 

artefacts, together with the dominance of crystal quartz, 

suggests that people generally avoided utilisation of locally 

abundant, poor quality material in favour of higher quality 

materials that were either exotic or far less abundant.

After the early to mid-Holocene, flakes at CG3 gradually 

became more elongate, with marginal angles (the expanding 

or contracting of flake margins) approaching or exceeding 

0 (ANOVA df = 855, f = 1.829, p = 0.0001). This trend is 

illustrated in Figure 9 and shows that, above XU16, there is a 

tendency for flakes to be more elongate, with either parallel 

or contracting margins. Flake mass relative to cutting edge 

(cf. Mackay 2008) also becomes gradually more standardised 

during this period (ANOVA df = 831, f = 1.166, p = 0.007). 

This is likely an indication of greater effort to control flake 

production, probably deriving from a combined need to 

maximise the economic utility of core and flake mass, as 

well as produce suitable blanks for point production. 

The lowest bifacially flaked ‘point’ is made on hornfels and 

occurred in XU9, with three other bifacial points in XU8 

(Figure 10). Five unifacially retouched points were also 

recovered above XU8. All nine points appear to be made on 

elongate flakes and none exhibit marginal pressure flaking 

(cf. Akerman and Bindon 1995:89). 

Figure 7 Lithic artefact frequency and minimum number of flakes by XU. Figure 8 Crystal quartz and other raw materials by XU.

Boundary  

Between Layers

Modelled Date  

(cal. BP, 68.2% Probability)

Modelled Date  

(cal. BP, 95.4% Probability) Convergence (%)

From To From To

Transition 5/4 2578 -3002 … -7869 35.5

Transition 7/5 5857 -1027 9187 -4636 79.6

Start 7 10,094 4189 11,163 -30 96.0

End 8 11,399 9622 11,482 7343 96.8

Transition 9/8 14,030 12,885 14,142 10,771 99.1

Transition 11/9 15,177 14,628 15,276 13,550 98.9

Start 11 15,552 15,058 21,631 14,886 98.4

End 12 27,641 23,359 28,068 17,232 97.2

Transition 13/12 28,293 27,326 29,199 26,180 99.6

Transition 14/13 30,537 28,088 32,536 27,796 90.8

Base 34,443 31,343 38,151 28,734 90.6

Table 2 Probability distributions of the boundaries between stratigraphic layers modelled in Figure 6. 
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Retouched artefacts (n=74) are found in low frequency 

throughout the deposit and do not show any significant 

changes in the amount of retouch through time, as gauged 

by the Index of Invasiveness (Clarkson 2002) (ANOVA 

df = 25, f = 1.438, p = 0.158) and the Geometric Index of 

Unifacial Reduction (Kuhn 1990; see Hiscock and Clarkson 

2005) (ANOVA df = 31, f = 1.438, p = 0.991). With the 

exception of points, these retouched artefacts are made on 

a wide range of flakes and exhibit marginal retouch mostly 

on one face. There is no correlation between the platform 

area of retouched flakes and non-retouched flakes (ANOVA 

df = 23, f = 0.582, p = 0.910), which suggests that blank 

morphologies come from the entire range of flakes produced, 

as represented in the 6 mm sieve fraction.

Cores (n=56) occur throughout the deposit and also suggest 

that reduction levels were generally greater in the Holocene. 

The number of core rotations, as an indication of the degree 

of reduction (Clarkson and O’Connor 2006:174), shows a 

significant correlation with depth (ANOVA df = 25, f = 1.908, 

p = 0.046). Cores with more than two rotations are mostly 

found in the Holocene levels. 

XUs 62 and 65 contained edge-ground flakes made on a fine 

grained volcanic material of a basaltic type (Figures 11 and 

12). Both were recovered below XU61, which produced a 

calibrated age range of 30,484–29,624 cal. BP, while XUs 63 

and 67 have overlapping age ranges of 33,992–33,147 cal. BP 

and 33,847–32,970 cal. BP (Table 1). 

Table 4 lists metric values of size and shape for the two 

edge-ground flakes. Cemented carbonate is attached to 

the surface of both and, in order to preserve any possible 

surface residues, has not been removed. The platforms 

of both exhibit ground surfaces, with visible striations 

on the polished surfaces. The flakes were therefore most 

likely removed from the ground margin of an axe and were 

not modified after their detachment. The nearby site of 

Carpenters Gap 1 (O’Connor 1995), about 2 km to the west, 

contains grinding grooves in sandstone beds with widths 

that are equivalent to a complete axe found on the surface 

of the CG3 overhang. These sandstone outcrops are sparely 

distributed in the Napier Range and are likely foci for edge-

ground axe manufacture and maintenance. An additional 

edge-ground flake was recovered from XU10, seemingly 

made on the same fine grained volcanic material as the two 

Pleistocene flakes. 

Organic Materials

The upper XUs of CG3 contain the greatest quantities of 

macrobotanics, including charcoal and Celtis sp. seeds 

(Figure 5 and Table 3). 

The distribution of Celtis sp. seeds throughout the deposit 

is not correlated with that of the stone artefacts or other 

material of definite anthropogenic origin. As such, we 

suggest these seeds more likely reflect the changing 

vegetation conditions through time in the immediate 

environment outside the cave (Figure 5). Celtis sp. seeds 

occur in XUs 59–47, decline dramatically during the Last 

Glacial Maximum (LGM), then increase from the terminal 

Pleistocene after about 13,000 years BP. XUs 1–3 contain 

the most Celtis sp. seeds, as well as abundant charcoal, the 

better preservation in these spits no doubt due to their more 

recent deposition. 

The freshwater mussel in CG3 is identified as Lortiella 

froggatti (Iredale 1934), which is the only species found 

in the Kimberley. They were most likely collected from the 

adjacent Lennard River. Mussel shell was found in almost 

all XUs to the base of the site, including within the LGM 

units (Figure 5). There is a marked decrease in mussel shell 

in XUs 41–39, suggesting that the freshwater pools in the 

Lennard shrank or dried completely at times. 

Pit A also included some marine shells, including two 

fragments of baler (Melo sp.) in XUs 4 and 14, and two 

small segments of scaphopod in XUs 12 and 14. XU12 

dates to 6436–6298 cal. BP. The scaphopod segment from 

XU14 is bracketed by this date and another from XU16 of 

11,590–10,876 cal. BP, suggesting it is of early Holocene age.  

The scaphopod shells were probably worn strung as beads, 

or as hair adornments. The baler shell fragment in XU4 has 

possible evidence for abrasion along part of the margin. 

Based on their distance inland, the baler shell finds are 

presumed to be the remnants of high value goods reduced 

through use and breakage and eventually discarded.

Small quantities of bones from large to medium-sized 

macropods were recovered from the Holocene units.  

Below this the majority of the bones were from small 

fauna and were likely derived from bird roosts above Pit A  

(see below). Unfortunately, during a pretreatment to remove 

carbonate encrustations from the bone from the 1993 

excavation the wrong acid treatment was used and the bone 

was dissolved or badly damaged. No identifications could 

be made, or reliable weights obtained, on the fragments 

remaining. Thus no comparison was possible with the fauna 

excavated during the 2012 field season and this category of 

find has not been quantified.

Small fragments of bird eggshell were also recovered but 

have not been further identified. As noted above, in the 

lower part of Pit A much of the bone is thought to derive 

from a bird roost overlying the test pit, and thus the eggshell 

may not have an anthropogenic origin. 

Discussion and Conclusions

CG3 has evidence for intermittent occupation from 34,440–

31,340 cal. BP through to the historic period. First habitation 

appears to coincide with the top of Layer 14, or more likely 

the base of Layer 13, with XUs 68–70 being culturally 

sterile. Scuffage and disturbance by people or animals 

in the upper shelter may have resulted in some cultural 

Figure 9 Mean complete flake marginal angle by XU.
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XU
Number of Lithic 

Artefacts
Mussel Shell (g) Charcoal (g) Bird Eggshell (g)

Celtis sp.  

Seed (g)

Sediment  

Volume (L)

1 41 1.18 22.57 0 9.69 11.5

2 29 0.71 22.70 0.05 16.65 12.0

3 44 1.00 5.07 0.14 16.70 15.5

4 82 0.31 1.41 0.20 1.15 21.0

5 187 1.06 0.52 0.36 0.90 21.0

6 283 1.28 0.11 0.18 0.13 20.0

7 414 2.55 0.59 0.66 0.55 24.0

8 251 1.47 0.26 0.88 0 25.0

9 123 1.55 0.49 1.30 0.78 20.0

10 129 1.29 0.31 1.14 1.73 25.0

11 90 1.23 0.31 1.01 1.48 30.5

12 26 0.94 0 0.53 0.30 17.0

13 22 0.97 0.02 0.47 1.28 19.0

14 17 1.13 0.02 0.34 1.77 25.5

15 20 1.98 0.13 0.41 2.34 29.0

16 8 0.49 0.03 0.33 0 18.5

17 36 1.95 0.29 0.58 2.04 27.5

18 21 5.36 0.06 0.55 2.44 30.0

19 7 4.49 0.15 0.51 2.36 18.5

20 11 1.85 0.17 0.25 1.97 21.0

21 8 2.75 0.17 0.32 2.52 23.5

22 5 1.19 0 0.10 2.01 15.5

23 7 2.43 0.37 0.22 2.43 19.5

24 4 6.91 0.13 0.19 0.92 15.0

25 10 1.37 0 0.33 0.92 23.5

26 0 2.47 0.55 0.29 0.90 19.5

27 4 2.99 0.58 0.41 0.46 23.0

28 2 1.58 0.36 0.51 0.27 30.0

29 7 1.65 0 0.53 0.45 15.5

30 7 0.96 0.13 0.50 0.16 20.0

31 9 3.54 0.37 0.56 0.11 25.5

32 7 0.83 0.32 0.61 0.10 22.0

33 7 1.57 0.24 0.54 0.03 20.5

34 3 0.76 0.63 0.37 0.25 18.5

35 5 0.16 0.14 0.34 0.16 21.0

36 3 1.00 0.30 0.23 0.04 18.5

37 2 2.09 0.63 0.42 0 21.5

38 8 0.79 0.17 0.20 0 28.5

39 2 0.29 0.16 0.24 0.10 19.5

40 6 0.15 0.12 0.10 0.14 17.5

41 1 0.01 0.06 0.12 0.04 11.5

42 10 1.31 0 0.25 0.14 25.5

43 3 0.06 0.08 0.10 0.02 17.0

44 1 0.77 0.26 0.22 0.06 25.0

45 0 0.45 0 0.15 0 22.0

46 3 0.70 0 0.28 0 41.5

47 4 0.44 0 0.38 0.54 54.0

Table 3 Stone artefact numbers, weights of organic material and sediment volumes. Continued overleaf.

19



A
R

T
IC

L
E

S

June 2014, Volume 78:10–23

Occupation at Carpenters Gap 3, Windjana Gorge, Kimberley, Western Australia

material displaced into the lower cave; however, the small 

quartz flakes recovered in most XUs indicate that artefact 

maintenance and manufacture was taking place within the 

cave itself. In an earlier publication (O’Connor and Veth 

2006:35), it was suggested that stone artefacts at CG3 might 

be more abundant during the LGM than at nearby CG1, 

owing to the fact that CG3 is located close to the Lennard 

River. However, detailed analysis resulted in the elimination 

as artefacts of many pieces of stone collected during the 

excavation. It is clear from Table 4 that artefact numbers are 

uniformly low from first occupation in XU67 through to the 

terminal Pleistocene. 

There are no radiocarbon dates for the period 21,000– 

18,000 cal. BP at CG3. The Bayesian model indicates an 

even longer break in occupation, between 27,640–23,360 to 

15,550–15,060 cal. BP. In view of the location of CG3 proximal 

to the Lennard River, evidence for habitation is surprisingly 

sparse during the terminal Pleistocene, and it is possible 

that the Lennard ceased to flow or dried completely at 

times during the LGM. There are also indications of extreme 

climate variability throughout this phase which, coupled 

with aridity, may have affected people’s ability to occupy the 

region (Dennison et al. 2013). Nearby CG1 had extremely 

sparse evidence for occupation during this time period, 

while Riwi, ca 200 km to the southeast of CG3, contained 

no evidence for occupation between ca 34,000 cal. BP and  

6000 cal. BP (Balme 2000; McConnell and O’Connor 

1999:26, 32–33). It has been suggested that, due to aridity, 

the landscape may have presented limited opportunities 

for expansion into the margins of the arid zone during the 

terminal Pleistocene (Hiscock and Wallis 2004; O’Connor 

and Veth 2006:36–37). Riwi was re-excavated in 2013, with 

a larger area excavated, much finer XUs, and dating samples 

collected in situ. The results of this work are pending and 

may alter what is currently known of the timing of occupation 

on the northern edge of the Great Sandy Desert. 

Although low numbers of artefacts were discarded during 

the Pleistocene at CG3, the presence of flakes from edge-

ground axes indicates that maintenance of tools was carried 

out within the cave during the earliest period of occupation 

about 34,000 years ago. These artefacts add to the known 

sample of Pleistocene edge-ground axe technology from 

northern Australia. The fact that flakes from axes are 

represented in assemblages with very low numbers of 

artefacts overall suggests that these tools formed an 

important component of the lithic repertoire following 

initial settlement across northern Australia (see Davidson 

and Noble 1992:49, Table 1; Geneste et al. 2010:4). We have 

suggested elsewhere that, like their Holocene counterparts, 

Pleistocene axes and hatchets were likely multipurpose 

tools used for a variety of extraction activities (Balme 

and O’Connor 2014). While they required hafting and the 

working edge required intense curation; the durability, long 

use-life and functional flexibility of these tools would have 

made them particularly useful in colonising situations where 

raw materials, resources and stone supply zones could not  

be anticipated. 

In common with most Australian sites, evidence for 

occupation at CG3 increases sharply in the mid- to late 

Holocene. The timing of this change is poorly resolved at 

CG3 due to the small number of dates covering the upper 

Table 3 continued Stone artefact numbers, weights of organic material and sediment volumes.

XU
Number of Lithic 

Artefacts
Mussel Shell (g) Charcoal (g) Bird Eggshell (g)

Celtis sp.  

Seed (g)

Sediment  

Volume (L)

48 1 0.70 0 0.04 0.46 47.0

49 7 0.35 0 0.86 0.63 67.5

50 2 0.41 0.16 0.42 0.78 62.0

51 2 0.16 0 0.37 0 56.0

52 4 0.59 0 0.12 0.48 68.5

53 2 0.23 0 0.12 0.28 62.5

54 1 0.72 0 0.14 0.77 58.5

55 3 0.25 0 0.18 0.13 57.5

56 12 1.22 1.30 0.32 0.90 85.0

57 7 1.60 0 0.34 0 65.5

58 2 0.63 0 0.11 0 67.0

59 2 0.63 0 0.18 1.69 56.5

60 0 0.55 0 0.59 0 50.5

61 6 1.61 0 0 0 52.0

62 8 1.17 0 0.16 0 48.5

63 4 0.75 0 0 0 42.1

64 3 0.13 0 0 0 34.3

65 4 0 0 0 0 26.0

66 1 0.05 0 0 0.07 40.5

67 1 0.69 0 0 0 41.5

68 0 0 0 0 0 71.7

69 0 0 0 0 0 47.5
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part of the sequence; however, in view of the sediment 

cracking and bioturbation in the upper XUs, additional 

dating is unlikely to clarify the situation. The evidence 

for increased site use is not a taphonomic effect, as it is 

most evident in the frequency of stone artefacts. It is also 

clearly unrelated to the volume of sediment excavated, as 

volumes removed were much greater in the lower XUs than 

in those dated to the mid- to late Holocene. Interestingly, 

the increase in occupation from the mid-Holocene at CG3 

coincides with Holocene reoccupation at Riwi (Balme 

2000), perhaps reflecting a demographic increase in the 

southern Kimberley followed by population expansion into 

the northern margins of the arid zone. Williams (2013:8) has 

recently argued that time-series modelling of all available 

radiocarbon dates from all Australian archaeological sites 

demonstrates population increase on a continent-wide basis 

in the mid- to late Holocene. 

The presence of freshwater mussel shell in almost all 

XUs indicates that the people at CG3 exploited a nearby 

freshwater source, probably the Lennard River, as it is 

unlikely that these bivalves would have been transported any 

great distance. The marked decrease in freshwater mussel 

during the LGM no doubt reflects the effects of aridity and 

retraction of the freshwater pools where this resource was 

procured. In contrast, the scaphopod and baler shell must 

have derived from the coast over 200 km to the west and 

been transported inland along trade/exchange networks. All 

of the marine shell at CG3 occurs in Holocene units, with 

three of the four pieces in XUs 12 and 14 dated between 

Figure 10 Bifacial points from CG3: (a) hornfels bifacial point recovered 

from XU9 showing likely dorsal face with invasive flaking scars; (b) 

likely ventral surface of the same hornfels bifacial point showing scars 

initiated from dorsal surface are truncated by proceeding scars initiated 

from ventral surface; (c) crystal quartz bifacial point recovered from 

XU8 showing dorsal surface with invasive retouch scars; and (d) ventral 

surface of same crystal quartz bifacial point showing invasive retouch 

scars and a marginal break on the proximal end.

Figure 11 Pleistocene ground-edge flake recovered from XU62: (a) 

dorsal surface; (b) ventral surface; (c) 50x magnification of dorsal ridge 

on left distal portion of flake showing striations over polished surface; 

and (d) 100x magnification of platform surface showing multiple 

intersecting striations over polished surface.

Figure 12 Pleistocene ground-edge flake recovered from XU65: (a) 

dorsal surface; (b) ventral surface, ground edge surface is located on 

platform; and (c) 60x magnification of edge-ground platform surface 

showing several striations over polished surface.

Artefact ID Number
Length 

(mm)

Width 

(mm)

Elongation 

(mm)

Thickness 

(mm)

External Platform 

Angle (°)
Mass (g)

XU-62 # 2105 36.3 52.8 0.69 10.4 90 23.6

XU-65 # 2093 24.4 34.3 0.71 6.7 50 10.2

Table 4 Measurements for Pleistocene edge-ground flakes from XUs 62 and 65.
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about 6000 cal. BP and the early Holocene. Scaphopod 

beads have been recovered from CG1 and other sites in the 

southern inland Kimberley and as far east as Riwi, where 

they were in Pleistocene-aged deposits (Balme 2000; 

Balme and Morse 2006). The widespread archaeological 

distribution of such beads in the inland Kimberley suggests 

they were a reasonably common item of personal decoration, 

however, they are not documented in Museum collections 

as ethnographic items from this far inland. The presence 

of baler shell pieces in inland locations at approximately  

32,000 cal. BP at Widgingarri Shelter 1 in the west 

Kimberley (O’Connor 1999:60, 121), and at ca 22,000 cal. BP 

at the Silver Dollar site, Shark Bay, in the Pilbara (Bowdler 

1990), established an early archaeological context for use of 

baler shell in northwest Australia and its movement at least  

70–100 km inland. In historic times, baler shells were traded 

many hundreds of kilometres from coastal regions into the 

desert where they were used in ceremony (Smith and Veth 

2004). As they moved inland they gained value, changed 

meaning (Mulvaney 1976), and reduced in size. 
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Re-excavation of Djuru, a Holocene rockshelter in the Southern Kimberley,
North Western Australia

Tim Maloneya, Sue O’Connora, Dorcas Vannieuwenhuyseb, Jane Balmeb and Jane Fyfeb

aDepartment of Archaeology and Natural History, College of Asia and the Pacific, The Australian National University, Acton, ACT,
Australia; bArchaeology M257, School of Social Sciences, University of Western Australia, Crawley, WA, Australia

ABSTRACT
Re-excavation of a shelter in Windjana Gorge National Park, Southern Kimberley has extended
the known occupation sequence of the site from the mid Holocene to the terminal
Pleistocene. The site was previously excavated in 1994 and a non-basal date of �7,000 cal. BP
was recorded. Significantly, the chronostratigraphic sequence represented in the earlier exca-
vation is substantially different to the recent excavation demonstrating stratigraphic variation
within a relatively small rock shelter and the need for extensive inter- and intersite and intra-
site sampling prior to modeling regional occupation patterning.
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Introduction

In 2012 we re-excavated a rock shelter known by
Bunuba traditional owners as Djuru, meaning outly-
ing or projecting rock (June Oscar and Dillon
Andrews pers. comm. 2012). The site is adjacent to
the Lennard River in the Windjana Gorge National
Park (Figure 1). It has been elsewhere reported as
Windjana Gorge Water Tank Shelter (O’Connor
et al. 2008) and Windjana Gorge 1 (Balme and
O’Connor in press; Maloney et al. 2014). The site
was initially registered in 1988 by Vinnicombe and
Bradshaw, who described it as a large monolithic col-
umn of limestone detached from the range, with
mythological associations, surface artefacts, deposit
and rock art (DAA Site ID 12588). The monolith
and surrounding boulders form two connecting shel-
ters, each with deposit and art panels. The most
westerly had a water tank placed within it that was
removed in 1993, although associated disturbance
such as a plastic water pipe is still visible and extends
at least 40 m to the east, where it follows the drip
line of the second shelter. It is within this second
shelter that the 1994 and 2012 excavations were posi-
tioned (Figure 1).

In 1994, a 50� 50 cm test pit (Square 1) was
undertaken which produced a non-basal occupation
sequence dating from �7,000 cal. BP to the historical
period (O’Connor et al. 2008). Square 1 produced a
sequence with stone artefacts and well preserved
faunal remains. In 2012, a 1 m2 excavation was
placed underneath the main rock art panel
(Figure 2). The purpose of the re-excavation was to
obtain a larger assemblage of archaeological material

from the site as part of a regional archaeological pro-
ject in the area.

2012 Excavation results

Square 2 was excavated in 2 cm excavation units
[XUs] (average¼ 1.45, range¼ 0.85–2.166) within
50� 50 cm quadrants. Stratigraphic changes and fea-
ture outlines were recorded during excavation. All
sediment was dry sieved through 3 mm and 1.5 mm
screens. Sediment samples were taken from each XU
and from individually recorded features. Charcoal,
shell and seeds to be used for dating were plotted in
3-D, as were large stone artefacts.

The deposit is composed predominantly of a
matrix of calcitic silts and quartz fine sands originat-
ing from the surrounding limestone weathering and
the alluvial plain. The sequence shows a complex
layering with subtle changes in colour (light grey,
brown to dark grayish brown) indicative of variable
proportions of ashes, organic matter and charcoal
(Figure 2). The layers have been grouped in eight
main stratigraphical units [SUs]. Bioturbation has
affected some areas of the deposit (burrows and
roots).

The sequence in Square 2 is divided by a chrono-
stratigraphic hiatus in two occupation phases: the
‘early Holocene phase’ and the ‘late Holocene phase’
(Table 1 and Figure 3). The lowest and earliest date
of 13,051 to 12,759 cal. BP (D-AMS 001681) was
obtained from a charcoal sample from directly over
the decomposing limestone bedrock (transition SU8/
7). Multiple radiocarbon dates bracket the early
Holocene phase between 13,000 and 8,700 cal. BP
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(XU 52 to 15 and SU 8 to 5). All charcoal samples
from SU 4 to 1 date within the last 1,300 years and
decrease in age towards the surface. Some late
Holocene dates are out of stratigraphical order and
are not taken into account in our sequence (D-AMS
001670, D-AMS 001671, D-AMS 001672, D-AMS
001673). Thus the mid-Holocene occupation found
in the previous excavation is not represented in this
part of the deposit.

The 2012 excavation recovered bone, mussel shell,
scaphopod beads and other marine shell fragments,
charcoal, ochre, botanical remains, stone artefacts,
and a single bone artefact. These finds are summar-
ised in Table 2. As at other inland Kimberley sites
(Balme and O’Connor in press), marine shell is pre-
sent throughout the Holocene both as ornaments
and unmodified fragments. Two scaphopod shell
beads (Figure 4) were directly dated to �8,000 cal.

Figure 2. Djuru site plan and profile (Dorcas Vannieuwenhuyse).

Figure 1. North Western Australia and Kimberley region showing Windjana Gorge National Park and Djuru/Windjana Gorge
Water Tank Shelter (WGWTS) site location.
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BP (ANU-33034, ANU-33035). Other recovered mar-
ine shells include eight fragments of Melo sp. (baler
shell) dated by association to the early Holocene. A
single fragment of Geloina sp. was recovered from
XU 21, also within the early Holocene occupation
phase. While these marine shell fragments may have
been parts of tools, perhaps similar to others
reported from North Western Australia (O’Connor
1999:81, Figure 5.19; Przywolnik 2003:19), they have
no traces of use. Fresh water mussel shell (Lortiella
froggatti) was found throughout Square 2. Most of it
is burnt and highly fragmented. This species also
occurs in the nearby sites of Carpenter’s Gap 1 and
3, throughout the Pleistocene and Holocene
(O’Connor 1995; O’Connor et al. 2014:18) and was
collected from the Lennard River at the gorge,
approximately 200 m to the west. Figure 5(A)

illustrates the distribution of fresh water mussel shell,
by weight, throughout the sequence. Fresh water
mussel is most prevalent in the late Holocene occu-
pation phase, particularly in the uppermost excava-
tion units. This distribution may, in part, reflect the
effect of poorer preservation with depth; however, a
few peaks in the distribution of shell that appear to
correlate with the distribution of charcoal
(Figure 5D), suggest that preservation is not the only
factor at play. The recovered bone has not been iden-
tified to species, although long bones and teeth of
rodents and small reptile vertebrae are abundant,
and the species composition appears superficially
similar to that reported in 2008. In contrast to the
shellfish and charcoal, the greatest discard peak in
bone occurs in the early Holocene occupational
phase, with a marked decline in the late Holocene.

Table 1. Calibrated radiocarbon dates from Square 2.
S# Lab. Code XU Quad Depth (m) SU Sampling context Material Curve d13C PMC Radiocarbon age C14 Age 2 U
1 D-AMS 001666 1 A 0.0210 1 Sieve residue Charcoal SHcal13 �23.9 96.65 273 ± 23 323–151
2 D-AMS 001667 5 B 0.106 2 In situ Charcoal SHcal13 �22.1 90.22 827 ± 25 736–671
3 D-AMS 001668 10 D 0.196 3 In situ Charcoal SHcal13 �29.2 85.61 1,228 ± 24 1,180–992
4 D-AMS 001669 15 D 0.301 4 In situ Charcoal SHcal13 �26 87.56 1,364 ± 29 1,296–1,185
5 ANU-33034 16 A 0.332 5 top Sieve residue Scaphopod Marine13 8,105 ± 45 8,709–8,431
6 ANU-33035 18 C 0.391 5 top In situ Scaphopod Marine13 8,100 ± 45 8,698–8,426
7 D-AMS 001670 18 D 0.371 Burrow In situ Charcoal SHcal13 �31 87.32 1,067 ± 25 966–820
8 D-AMS 001671 18 D 0.385 Burrow Sieve residue Charcoal SHcal13 �18.8 87.32 1,089 ± 26 1,046–920
9 D-AMS 001672 20 D 0.425 Burrow Sieve residue Charcoal SHcal13 �35.8 83.39 1,459 ± 25 1,359–1,285
10 D-AMS 001673 25 D 0.541 Burrow In situ Charcoal SHcal13 �32.4 88.2 1,009 ± 31 930–797
11 D-AMS 001674 25 D 0.536 5 In situ Charcoal SHcal13 �22.7 37.07 7,972 ± 30 8,980–8,631
12 D-AMS 001676 29 B 0.666 5 Sieve residue Charcoal SHcal13 �25 36.48 8,101 ± 62 9,134–8,649
13 D-AMS 001675 29 B 0.656 5 In situ Charcoal SHcal13 �29.8 33.95 8,678 ± 38 9,690–9,531
14 D-AMS 001677 35 D 0.816 5 bottom In situ Charcoal SHcal13 �27.5 33.41 8,807 ± 50 10,120–9,553
15 D-AMS 001678 35 D 0.822 6 top Sieve residue Charcoal SHcal13 �27.2 32.29 9,081 ± 45 10,285–9,943
16 D-AMS 001679 41 B 0.946 6 bottom In situ Charcoal SHcal13 �21.1 31.86 9,188 ± 50 10,489–10,219
17 D-AMS 001680 45 D 1.041 7 In situ Charcoal SHcal13 �21.2 30.61 9,510 ± 34 11,065–10,578
18 D-AMS 001681 46 C 1.078 Transition 8/7 In situ Charcoal SHcal13 �17.5 25.16 11,085 ± 51 13,051–12,759

Charcoal samples were calibrated using OxCal v. 4.2 (Bronk Ramsey 2009), with the Southern Hemisphere Atmospheric curve [SHcal2013] (Hogg et al.
2013). Marine samples were calibrated using the 2013 marine curve (Reimer et al. 2013).

Figure 3. Stratigraphic drawing of square two (Dorcas Vannieuwenhuyse).
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This contrast may suggest a non-anthropogenic ori-
gin for the bone, especially as the discard rate for
stone artefacts (Figure 6) appears to follow more
closely that of charcoal and shellfish.

The apparent absence of aquatic foods other than
freshwater shellfish in the diet is puzzling given the
site’s proximity to Windjana Gorge (�200 m).
O’Connor et al. (2008:78) noted the lack of fish
bones in the 1994 excavation, suggesting that it may
have passed through their sieves, the smallest of
which had a 3 mm mesh. However, the 2012 excava-
tion used a 1.5 mm sieve. Aquatic resources such as
freshwater crocodiles, barramundi, black bream, eels,
freshwater crustaceans and water birds are abundant
in the gorge. The presence of mussel shell through-
out indicates that the gorge contained standing

freshwater and thus the lack of other aquatic fauna
seems curious.

A bone point tip fragment with striae dates to the
late Holocene (XU5) (736 to 671 cal. BP, D-AMS
001667).

A total of 936 stone artefacts were recovered from
Square 2 of which the dominant raw material is crys-
tal quartz (59%). Water rolled cobbles of crystal
quartz are found within the Lennard River gravel
beds, and formed crystals occasionally occur in con-
glomerate bands in the limestone. White vein quartz
is locally abundant, but was not as frequently
exploited (4.2%) as crystal quartz. Other raw materi-
als include fine-grained quartzite (12.5%) and chert
(12.3%), with basalt, tuff, sandstone and chalcedony
also present (12%).

Table 2. Summary of recovered materials from Square 2.

XU
Total

vol. (L)
XU depth below

surface (m) TNA # MNF #
Charcoal

(g)
Bone

(g)
Painted

limestone #
Pigment

(g)
Lortiella

froggatti (g)
Avian

Shell (g)
Melo

sp. (g)
Scaphopod

(g)
Geloina
sp. (g)

Seeds
(g)

1 32 0.021 33 23 0.10 13.28 8.65
2 30 0.050 47 24 7.02 8.43 1 9.64 2.20
3 27 0.071 53 31 14.88 4.41 12.52 1.29
4 30 0.094 43 22 1.29 2.21 3.87 20.68 0.29 0.33
5 22 0.114 35 16 8.93 5.60 12.52 0.47 0.10
6 25 0.135 33 18 3.04 3.86 7.40 0.31 0.13
7 20 0.153 16 7 2.24 2.78 21.83 0.74 0.14
8 23 0.170 16 9 0.73 3.23 2.64 0.17
9 20 0.188 6 4 2.06 1.97 1.13 0.04 0.51
10 27 0.210 15 11 3.43 0.95 0.16
11 29 0.236 37 22 0.18 7.88 0.35 0.15 0.25
12 26 0.254 20 9 0.65 4.48 0.32
13 26 0.276 12 6 0.02 11.50 1.22 0.02
14 26 0.291 22 13 3.06 17.53 10.53 6.29 0.17
15 29 0.312 17 11 0.69 15.16 4.96 0.60
16 29 0.332 12 6 1.29 7.50 7.6 3.08 0.06 0.40 0.30
17 32 0.358 21 14 4.53 7.10 1.5 4.76 0.49
18 31 0.385 19 9 5.25 0.8 6.36 0.18 0.28
19 25 0.397 14 8 1.87 7.92 2 109.18 2.62 0.12
20 27 0.425 8 6 0.00 12.75 0.56 0.05
21 31 0.451 15 12 3.77 37.34 2 3.29 3.28 2.41
22 22 0.471 9 8 0.79 4.37 0.87 0.26
23 29 0.493 18 8 0.24 8.42 3.21
24 28 0.517 15 11 3.74 8.85 1.09 0.11
25 30 0.541 16 10 1.12 12.80 5.26 1.28
26 40 0.583 4 4 8.50 12.73 2.33
27 37 0.613 21 11 2.10 21.23 3.80
28 31 0.647 14 10 2.80 9.94 1.15
29 31 0.666 3 2 2.37 7.22 0.68 0.52
30 34 0.688 8 2 10.33 0.23 1.91
31 38 0.730 10 9 3.87 10.12 2.34 1.50
32 27 0.752 15 9 2.26 7.45 2.48
33 31 0.776 13 7 13.92 2.5 4.00
34 27 0.793 13 9 11.73 0.7 3.45 0.35 0.27
35 25 0.822 8 6 28.45 0.19
36 34 0.840 13 6 0.49 10.89 2.30
37 32 0.865 13 8 1.07 38.05 0.67
38 22 0.887 39 18 29.44 0.13 0.13
39 24 0.912 67 35 0.19 24.29 0.70 1.38
40 27 0.933 41 24 39.28 0.24 0.08
41 24 0.959 40 20 2.50 15.10 0.42 0.05 0.21
42 31 0.978 18 7 0.50 19.77 0.16 0.08 1.29
43 27 1.008 9 7 5.80 15.19 0.36 0.18
44 17 1.026 3 1 0.52 3.75 0.53
45 20 1.053 5 4 1.92 1.26 0.09
46 3 1.083 1 1 1.39
47 21 1.105 0.19 0.18
48 17 1.115
49 8 1.161 0.10
50 3 1.176 7.02 2.20
51 5 1.196 14.88 1.29
52 7 1.201 1.29 0.33
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The lowest observed stone artefacts are from XU
46 (13,051 to 12,759 cal. BP D-AMS 001681) which
marks the beginning of a stone artefact discard peak
which ends in XU 35 (Figure 6) dated by two over-
lapping radiocarbon dates of 10,120 to 9,553 cal. BP
(D-AMS 001677) and 10,285 to 9,943 cal. BP (D-
AMS 001678). For the rest of the early Holocene

phase stone artefact discard is lower. The late
Holocene occupation deposit reveals an increase in
artefact discard peaking around XU 5, dating to 736-
671 cal. BP (D-AMS 001667). A single pressure
flaked bifacial point is associated with two overlap-
ping dates of 968 to 822 cal. BP (D-AMS 001670)
and 1,049 to 916 cal. BP (D-AMS 001671) (see
Maloney et al. 2014:139, Figure 2). Two other unifa-
cial points were recovered in the late Holocene units.

The shelter wall has an assemblage of painted art
in red, orange and white pigments. The motifs are
mostly snakes (n¼ 18) and eels (n¼ 4), identified by
the presence of fins behind the head. Ochre pieces
and limestone fragments with traces of pigment were
found in both occupation phases (Table 2).

Conclusion

The excavation in Djuru was extended to bedrock,
establishing that the site was used from at least the
terminal Pleistocene 13,000 years ago. Differences in
the chronostratigraphic sequence across the site were
identified. The Square 2 deposit contained two dated
phases of occupation representing the terminal
Pleistocene to early Holocene and the late Holocene.
The period of 7,000 to 1,300 cal. BP identified in
Square 1 (O’Connor et al. 2008), is absent in the

Figure 4. Scaphopod beads. (A) Bead from EU 16; (B) bead
from EU 18.

Figure 5. Discard trends relative to excavation units showing weight (g) combined for both 3 and 1.5 mm sieve fractions. (A)
Fresh water mussel shell; (B) charcoal; (C) faunal remains; (D) correlation of fresh water mussel shell and charcoal.
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part of the site sampled by Square 2. This small shel-
ter, approximately 10� 3 m, illustrates how stratig-
raphy and cultural materials within a site can vary
dramatically over small spatial distances, emphasising
the need for sampling across the floor of deposits if
larger excavations are not possible, and caution in
using the chronological sequences in small excavation
squares to model regional occupation patterning.
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