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Abstract Rockshelters contain some of the most important
archives of human activity in Australia but most research
has focused on artifacts and cultural context. This study ex-
plores geomorphological and geoarchaeological approaches
for understanding a sandstone rockshelter in interior northern
Australia: Gledswood Shelter 1. At this site, magnetic suscep-
tibility and micromorphology techniques were integrated with
bulk sedimentology, soil chemistry and geochronology to bet-
ter understand the record of human impact and site formation
processes. Themicromorphology studies indicate that primary
depositional fabrics, such as graded bedding or laminations,
are absent, and sediment structural development is low
throughout the entire sequence, with most samples exhibiting
a high degree of post-depositional mixing. The sediment mag-
netic susceptibility analysis reveals magnetic changes

coinciding with human occupation, a result of anthropogenic
burning. Specifically we highlight that combustion features
are prevalent in this sandstone shelter and provide critical
insights into the human usage of the shelter.

Keywords Magnetic susceptibility . Micromorphology .

FTIR . Combustion features . Rockshelters . Site formation
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Introduction and aims

Issues with rockshelter studies in Northern Australia

Geomorphic and geoarchaeological applications in rockshelter
environments have become important techniques for under-
standing site formation processes and depositional inputs. Until
recently, however, most studies globally involving these tech-
niques have focused on calcareous rock shelters (e.g. Farrand
1975; Bailey and Woodward 1997), with only a few completed
on sandstone shelters (Abbott 1997). In Australia where old
cratonic sandstone shelters are often the most dominant archae-
ological site type investigated, such applications are even rarer.

Propositions about how and when people colonized the
continent are typically based, with only a few exceptions
(e.g. Bowler and Price 1998; Veth et al. 2009), on sedimentary
and environmental archives preserved in rockshelter sites.
Issues of stratigraphy, particularly recognising and dating dis-
crete episodes of human occupation, are key to the effective
utilisation of such archives (Farrand 2001; Stein and Farrand
2001; Woodward and Goldberg 2001). However, there are
significant gaps in the records as these environments are com-
plex and fragmentary (Bailey and Woodward 1997; Farrand
2001; Woodward and Bailey 2000), and isolating individual
occupation surfaces is difficult because of the reoccurrence of
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habitation (Bailey 2007; Straus 1990, p. 266). Methodological
challenges in sediment analyses as well as the lack of pre-
served archaeological material — particularly in low density
sites — have also hindered interpretation of stratigraphic se-
quences (O’Connor et al. 1999; Straus 1990; Ward and
Larcombe 2003). Finally, ongoing use of a site may result in
vertical displacement of artifacts, a consequence of human
trampling or bioturbation (cf. David et al. 2007; Gifford-
Gonzalez et al. 1985; Hughes and Lampert 1977; Nielsen
1991; Richardson 1992, 1996).

Studies that have used multi-proxy approaches focused on
defining the stratigraphic associations between the deepest
cultural material and the surrounding sediments (e.g. Bird
et al. 2002; David et al. 1997; David et al. 2007). Others have
drawn attention to the importance of high-resolution data for
regional palaeoecology (Smith 2009), how different geomor-
phic records can produce different occupation records for de-
termining temporal distributions (Ward 2004), and that in-
creases in the frequency of site use do not reveal changes in
site function (Marwick 2005).While these studies demonstrate
the importance of analytical techniques, there still appears to be
lack of understanding their potential benefits. This is especially
true for sites that are important to initial colonization (e.g.
Allen and O’Connell 2014; O’Connell and Allen 2004;
Williams et al. 2015), biogeographic models of colonization
(e.g. Bowdler 1977; Fifield et al. 2001; Hiscock 2008, p. 45;
Smith 1989, 1993; Veth 1989) and sites occupied through the
last glacial maximum (LGM) (e.g. Hiscock 1988; Lamb 1996;
Marwick 2002; Morse et al. 2014; Smith 1989, 2009).

Typically, most Australian sandstone rockshelters formed
under tropical and semi-arid conditions, and are part of pre-
served sandstones hills and escarpments which are the rem-
nants of old river deposits (e.g. David et al. 2007; Clarkson
et al. 2015). Collapsed roof/overhangs are common. The shel-
ters sedimentary stratigraphy are generally characterised by
containing loose, charcoal-enriched surfaces mixed with fine
to medium grained sands that often overly slightly more com-
pact medium to coarse grained sands (Ward 2004). These
layers rest on weathered rubble or a bedrock base. Cobbles
from previous roof fall events are generally present through
the stratigraphic sequence of most shelters. Cultural materials
include flaked and stone artifacts, charcoal, ochre, grinding
stones and in some sites particularly where shell middens are
present in the deposit, processed seeds, bone and shell.

Presently, the literature on site formation processes of sand-
stone shelters is limited. Gledswood Shelter 1 (GS1) is a site
located in the interior of semi-arid tropical northern Australia
that can be used as a case study to understand human occupa-
tion in a sandstone environment (Wallis et al. 2009). What
makes GS1 particularly unique is that it fits the biogeographic
models of colonization and could be a site potentially occu-
pied through the last glacial maximum. In this paper, we ex-
amine the record of occupation and site formation processes

that took place in GS1 using geoarchaeological analysis with
particular emphasis on micromorphology and magnetic sus-
ceptibility. We address two themes: (1) how low-intensity oc-
cupation may be expressed, particularly when primary com-
bustion features such as in situ hearths are absent and (2) why
applying a mix of proxies is ideal for old cratonic sandstone
environments.

Integrated approaches to the study of sedimentation
in rockshelter sites

Micromorphology is a valuable tool for understanding archae-
ological site formation processes and complex stratigraphy in
cave and rockshelter sites (Goldberg and Macphail 2006;
Goldberg and Sherwood 2006; Vannieuwenhuyse et al.
2016). The technique may be coupled with analyses of loose
sediments, such as grain size, mineral magnetics and soil chem-
istry, to reconstruct down profile trends within an archaeologi-
cal sequence. Furthermore, micromorphology is an ideal tech-
nique for the identification of geogenic, biogenic and anthropo-
genic inputs to a site, as well as post-depositional processes that
impact the preservation of features and archaeological mate-
rials. In situ geochemical analyses, such as Fourier transform
infrared microspectroscopy (μ-FTIR) and microscopic x-ray
fluorescence (μ-XRF) may be conducted directly on primary
and secondary components of archaeological sediments in mi-
cromorphological samples using the microcontextual approach
(Goldberg and Berna 2010; Mentzer and Quade 2013).

Sediment magnetic susceptibility has also been widely
adopted as a means to explore issues about depositional mech-
anisms and human occupation of rockshelter and cave sites
(Ellwood et al. 1997; Ellwood et al. 2004; Herries 2006;
Herries and Fisher 2010), yet few such studies have been
completed on Australian sites (exceptions include Davidson
et al. 1993; Keys 2009; Marwick 2005; Rosendahl et al.
2014). Magnetic susceptibility is a measure of the ease with
which a material can be magnetized in the presence of a mag-
netic field (Thompson and Oldfield 1986, p. 25), and can be
used to detect magnetic minerals present in sediments (Evans
and Heller 2003). Iron-rich materials are the primary cause for
magnetic enhancement and their presence can be due to both
cultural or natural processes (i.e. fires, pedogenesis or chem-
ical weathering) (Dalan and Banerjee 1998; Fassbinder et al.
1990; Le Borgne 1960; Linford et al. 2005; Maher and Taylor
1988).

The two techniques are complementary and several re-
searchers (e.g. Allen and Macphail 1987; Woodward et al.
2001) have advocated their combined use in archaeological
sites of varied age to study ancient agriculture, weathering
processes and human use of fire (e.g. Ajas et al. 2013;
Dockrill and Simpson 1994; Marmet et al. 1999;
Stahlschmidt et al. 2015; Tsatskin and Nadel 2003; Tsatskin
and Zaidner 2014). Magnetic susceptibility provides
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information about minerals that are difficult to identify using
basic optical properties in thin section. Likewise, micromor-
phology provides information about the post-depositional his-
tory of sediments targeted for magnetic analyses.

In particular, it is important to understand whether magnet-
ic minerals have been mobilized within a sequence following
their deposition. Microscopic fabrics and structures indicative
of mixing due to bioturbation, human and animal trampling or
pedoturbation can be observed in thin section (Banerjea et al.
2013; Kooistra and Pulleman 2010; Kovda andMermut 2010;
Miller et al. 2009). Gravitational settling, seasonal down pro-
file seepage and redistribution of water can cause downward
movement of fine sedimentary particles, which can also be
observed using micromorphology. Furthermore, chemical dia-
genesis can impact the interpretation of magnetic signals in
archaeological sediments. Pedogenic processes can induce the
neoformation of strongly magnetic phases such as magnetite
and maghemite (Maher 1998) and, for this reason, soil micro-
morphology and magnetic susceptibility measurements are
integrated in paleoclimatic studies (e.g. Derbyshire et al.
1995). Additional chemical processes that impact magnetic
mineral phases include redox reactions induced by groundwa-
ter fluctuations and biomineralization (Bazylinski and
Moskowitz 1997; Ghiorse and Ehrlich 1992), which may be
identified in thin section as iron impregnation and depletion
features (Lindbo et al. 2010).

Archaeologically, the integration of the two methods have
proven most powerful for the identification of heated sedi-
ments and combustion features (Herries and Fisher 2010;
Stahlschmidt et al. 2015). Micromorphology is frequently
employed in the study of traces of fire in archaeological sites,
because the technique facilitates the identification of micro-
and macroscopic burned materials and intact or reworked
combustion features and human activity (Mentzer 2014;
Roebroeks and Villa 2011). In this study, we further explore
the potential of coupling magnetic susceptibility measure-
ments with microcontextual analyses on micromorphological
samples. To date, no such integrated study has been conducted
in Australia.

Environmental and geomorphic setting

Local geology and soils

The GS1 site is located in semi-arid tropical inland northeast
Sahul, on the west of the Great Dividing Range in northwest
Queensland (Wallis et al. 2009) (Fig. 1a). The local bedrock is
the Jurassic-age fluvial and shallow water marine coarse
Hampstead Sandstone of the Blythesdale Group that formed
part of a thick sequence of sediment infilling the paleo-
Carpentaria Basin (Smart 1973, p. 12; Fig. 1b). Regional uplift
began in the Late Cretaceous, with higher rates in the east. In
combination with downwarping of the Carpentaria Basin, the

uplift resulted in the establishment of north-south trending
faults expressed on the modern land surface as a series of
plateaus bounded on their western flanks by escarpments.
The south-facing GS1 overhang occurs in the westernmost
of these escarpments, 480 m above sea level (asl). The site is
located at a topographic boundary, with the foothills of the
Gregory Ranges (600–900 m asl) to the east, and the
Strathpark Plains (300–400 m asl) sloping gently to the west
and south. Meandering its way across the Strathpark Plains,
the Norman River is located 1.5 km to the south, while the
Woolgar River is located 25 km to the southeast. The head-
waters for both rivers are in the Gregory Ranges, and both
ultimately drain westward into the Gulf of Carpentaria
(Fig. 1a).

Around GS1, the soil temperature regime is hyperthermic,
with an average maximum summer air temperature of 34.5 °C
and an average maximum winter temperature of 26 °C
(Bureau of Meteorology 2013). The area has a semi-arid soil
moisture regime, with annual rainfall averaging 480 mm
(Bureau of Meteorology 2013). The thin, weakly developed
local soils are classified as Tenosols under the Australian Soil
Classification system, characterised by A-horizons atop either
unweathered parent material or weak B-horizons containing
less than 15 % illuvial clay. In the immediate vicinity of the
site, the soil parent material is the sandstone bedrock which is
overlain by a quartz sand sheet that abuts the shelter wall.
Active soil modification processes in and around GS1 include
surface hollowing by macropods, cattle and pigs, and termite
activity. The surrounding vegetation primarily comprises
Georgetown box (Eucalyptus microneura) woodland, with
lancewood (Acacia shirleyi) and ironwood (Erythophleum
chlorostachys). Other common species include quinine bush
(Petalost igma banksi i ) , Bauhinia cunninghamii ,
Dolichandrone heterophylla, Carissa lanceolata, Terminalia
spp. and Melaleuca spp. The grass layer is dominated by a
mixture of three-awn (Aristida spp.), ribbon (Chrysopogon
fallax), blue (Dicanthium spp. and Bothriochloa spp.), kanga-
roo (Themeda australis) and spear grasses (Heteropogon
contortus), with rocky areas dominated by spinifex (Triodia
spp.).

The study site

GS1 is a small overhang formed as a result of cavernous
weathering (tafoni) at the base of a weathered 8-m-high
Mesozoic sandstone outcrop. It is surrounded by several sand-
stone outliers and exposed bedrock outcrops (Fig. 2). The
shelter is located on the outcrop’s southern face. The interior
space is about 7 m wide, with a height to the roof of 3–5 m at
the drip-line, providing a protected living area. The shelter’s
walls contain stencilled art and pecked geometric motifs, and
the shelter floor is sandy, supporting minimal vegetation.
Beyond the drip-line, the lightly wooded ground surface
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extends 60 m south and west from the outcrop before
dropping down about 15 m on to the Strathpark Plains.

Between the shelter wall and drip-line, six adjoining 1 × 1-
m test pits (Squares B0, B1, C0, C1, D0 and D1) were exca-
vated in ∼5-cm layers (or spits) to a maximum depth of ca
2.6 m. Square C1 is the main square discussed in this paper.
Stratigraphic units (SU) were defined on the basis of field
observations of textural and sediment morphological

characteristics (Figs. 3 and 4; Table 1). Two depositional areas
were also defined. First, the deposits in the more southerly
excavation squares are dominated by large quantities of sand-
stone gravel and cobbles that appear to have fallen from the
top of the outcrop just forward of the drip-line. Second, lateral
facies changes associated with the morphology of the back
wall and living space have resulted in division of the middle
sequence into units proximal (SU6a) and distal (SU6b) to the

Fig. 1 Map showing the location of Gledswood Shelter 1 in northern Australia (a) and view of shelter taken in front of site (b). Note from the very top of
the shelter to the floor is ∼5 m

Fig. 2 Site plan map of GS1,
showing excavations, shelter
dimension and drip-line
(Wallis et al. 2009, Fig. 1)
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rear wall. Directly below the drip-line, a series of roof fall
events have taken place resulting in a large concentration of
rock material in Square B1.

SUs 8 and 7 are culturally sterile, with stone artifacts first
appearing in low quantities in the middle of SU6, and increas-
ing substantially in abundance at the top of this unit. Stone
artifacts are present through SUs 4–1 in varying quantities, as
are fragments of ochre and charcoal (Carah 2010; Wallis et al.
2014). Other remains, such as bone and organics, are minimal
owing to the acidic conditions. SU5 had been initially defined
in the field but was later combinedwith SU4. Four 50 × 50-cm
area control test pits outside the shelter (i.e. ‘off-site’) were
excavated up to 1.2 m depth for the purposes of providing
‘natural’ samples to compare to the archaeological overhang
sediments and to understand the local environment. These
sediments consisted of dark greyish brown (10YR 4/2) near
the surface to light yellowish brown (10YR 6/4) near the bot-
tom, fine- to medium-sized poorly sorted sands (Table 2 and
see Fig. 4).

Initial radiocarbon measurements at the site dated the
archaeological deposits to about 28,000 years ago (Wallis
et al. 2009). Ages were calibrated using OxCal v.4.2
(Bronk Ramsey et al. 2010) and SHCal13 (Hogg et al.
2013) with ages reported at the 95.4 % confidence level
(2σ) (Table 3).

Materials and methods

Detailed sedimentary analysis included stratigraphic descrip-
tion, particle size analysis, loss on ignition (LOI), biologically
available phosphorous (P) (the soluble and labile inorganic P
component), phytolith analysis, wood charcoal, FTIR and μ-
FTIR on loose sediments, micromorphology and analyses of
magnetic mineralogies. Bivariate plots were used to help dis-
tinguish cultural from natural inputs to the archaeological de-
posit and to highlight relationships that allowed a better un-
derstanding of the site formation processes.

Micromorphology and μ-FTIR

Twelve oriented blocks of sediment were collected for mi-
cromorphological analysis (see Fig. 3) and processed at
The Australia National University. Samples were first im-
pregnated with polyester resin, and were then sliced into
5 × 7-cm petrographic thin-sections with a standard thick-
ness of 30 μm. The thin sections were analysed at the
University of Tübingen using petrographic and stereomi-
croscopes equipped with plane-polarized, cross-polarized,
reflected and oblique incident light (OIL), as well as
darkfield illumination and blue light fluorescence.
Descriptive criteria followed Stoops (2003).

Fig. 3 Cross-section of the
shelter and stratigraphy showing
Squares D1, C1 and B1
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μ-FTIR analyses were conducted directly on materials in
the micromorphological samples using a Cary 660 FTIR mi-
croscope coupled to a Cary 670 bench (Agilent Technologies)
housed at the University of Tübingen. Mid-IR spectra (4,000–
400 cm−1) were collected in transmission mode and in reflec-
tance mode using a germanium crystal attenuated total reflec-
tance (ATR) objective. Analytical areas were variable in trans-
mission mode, with rectangular apertures ranging from
∼200 × 200 μm to as small as ∼20 × 20 μm, depending on
the morphology of the target material. Circular analytical areas
using the Ge-ATR were fixed at ∼50 μm diameter.
Transmission spectra were generated from 64 co-added scans
at a resolution of 4 cm−1 with a background on glass and
epoxy resin. Because glass and resin absorb strongly over
much of the mid-IR spectral range, only peaks between
3,750 and 3,550 cm−1 were considered in this study. In gen-
eral, this range limits μ-FTIR analyses to peaks associated
with the OH-stretching region of clay minerals (Beauvais
and Bertaux 2002; Robin et al. 2013). Ge-ATR spectra were
generated from 32 co-added scans at a resolution of 4 cm−1

with backgrounds on air. Peaks associated with polyester resin
were removed using the spectral subtraction function in the
Resolutions Pro software package (Agilent Technologies).
Relative to transmission spectra, reliable peaks were present
in the Ge-ATR over a range of 4,000–570 cm−1. Minerals
were identified using a variety of digital search libraries
(Downs 2006; Mentzer, personal collection; Weiner, S.,
personal communication), and published reference spectra
(Chukanov 2013; van der Marel and Beutelspacher 1976).

Observations under OIL and reflected light, as well as the
μ-FTIR analyses, focused on identification of iron-bearing
minerals that contribute to the magnetic susceptibility of the
sediments. Descriptive criteria and important IR peaks are
listed in Table 4.

Magnetic susceptibility

Loose sediment samples were collected from every 5-cm layer
in the archaeological test pits, and every 20 cm in the off-site
test pits and were packed in small non-magnetic Althor P15

Fig. 4 Stratigraphic west wall
section profiles of Squares D1, C1
and B1 (modified from Lowe
et al. 2016)
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boxes (5.28-cc volume). Sediment magnetic properties were
measured in the laboratory using the Bartington Instruments’
MS2B sensor. Low-field mass-normalized magnetic sus-
ceptibility (χ ) readings at the maximum sensitivity were
taken using both low (460 Hz) and high (4,600 Hz) fre-
quencies for frequency dependence of susceptibility
(χfd%). Frequency dependence is the difference between
the measured low (χlf) and high (χhf) frequency and is
often expressed as a percentage loss of the low frequency
value (χfd% = (χ460Hz − χ4,600Hz/χ460Hz × 100)
(Dearing et al. 1996; Maher 1986). This measurement is
used to show the contribution of ultrafine superparamag
netic (SP) grains (Dalan and Banerjee 1998; Dearing
et al. 1996; Maher 1986). Increases in magnetic suscepti-
bility in conjunction with χfd% potentially suggest an in-
crease in the percentage of SP grains (Dearing et al. 1996),
which are often found in burned or well-developed
sediments.

These measurements were followed with anhysteretic rem-
anent magnetization (ARM), saturation isothermal remanent
magnetization (SIRM), hysteresis loops, and high- and low-
temperature tests at the Institute for RockMagnetism (IRM) at
the University of Minnesota. Full details of ARM, SIRM,
hysteresis loops and results are presented in Lowe et al.
(2016). High-temperature (Curie point) and low-temperature
analyses of the sediments were undertaken on 15 selected
samples from the shelter, including from each stratigraphic
unit except SU1 and SU8. The mineralogical transformations
(e.g. oxidation of magnetite, dewatering of Fe-bearing clays)
and temperature dependent magnetic transition (e.g. Verwey,
Morin) observed during these measurements can improve our
understanding of a sample’s dominate magnetic mineral
assemblage.

High temperature measurements were collected on a
Geofyzika KLY-2 KappaBridge AC Susceptibility Bridge.
Each sample was cycled to 600–650 °C to determine the
Curie temperature, which allows the identification of spe-
cific magnetic minerals (Banerjee 1981; King et al. 1982;
Thompson and Oldfield 1986). Curie temperatures were
calculated using the first derivative of the susceptibility
measurements (Lowe et al. 2016). Low-temperature mea-
surements involved the examination of magnetic rema-
nence of the samples as they were warmed and cooled. A
Quantum Designs MPMS-5S (magnetic properties mea-
surement system) was used, and an initial field of 2.5 T
was applied before samples were measured. Samples were
then cooled from room temperature (300 K) to 20 K and
the remanence was measured at 5 K increments in a zero
field. The samples were given another remanence in a field
of 2.5 T at 20 K, and warmed from 20 up to 300 K, mea-
suring remanence in a zero field at 5-K increments. The
mineral magnetite cools through ∼120 K and experiences a
first-order phase transition called the ‘Verwey transition,’T
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where the mineral’s crystalline symmetry changes from
cubic to monoclinic.

Particle size, loss on ignition, phosphorous and FTIR

The dry sieving method of particle size analysis followed that
of Ingram (1971) and McManus (1988) (for details see Keys
2009). Pre-treatment involved drying and weighing a10-g
bulk sediment subsample from each 5-cm level. This was
followed by ashing the samples for ∼12 h in a muffle furnace
at 450 °C to remove any organics and measure LOI values.
Each sample was then screened through nested Endecotts
sieves [1.00–500 μm (medium to coarse sand), 500–250 μm
(fine sand), 250–125μm (very fine sand) and <63μm (silt and
clay)] using a Geolab Systems mechanical sieve shaker.

Bulk sediment sub-samples for available P analyses were
also taken from each 5-cm level, air-dried and sieved through
a 2-mm-mesh sieve. Phosphorus extraction and measurement
was done using a Mehlich 3 extraction technique (acetic acid,
ammonium nitrate, ammonium fluoride and nitric acid; after
Rayment and Lyons 2011, pp. 398–402) using a Varian Vista
Port ICPOES (inductively coupled plasma optical emission
spectrometry) instrument. Sample processing was undertaken
at the University of Queensland.

Sieved subsamples of sediment collected from an off-site
test pit were analysed for clay mineralogy using FTIR. The
samples were analysed at the University of Tübingen using a
portable bench FTIR equipped with a diamond crystal ATR
accessory (Cary 630; Agilent Technologies). Spectra were pro-
duced from 32 co-added scans collected in the range of 4,000–
450 cm−1 at a resolution of 4 cm−1. Minerals were identified
using digital and published reference spectra, as above.

Other parameters

All excavated materials recovered from the site were dry-
sieved through 3- and 7-mm sieves. The 7-mm fraction was

sorted in the field; the remaining 3-mm fraction was first
floated in the laboratory for collection of all organic and bo-
tanical remains and then sorted. Stone artifacts and ochre were
analysed noting raw material type, length, width and height.
Other material collected included both the 7- and 3-mm frac-
tions of charcoal, which were weighed and volumetrically
corrected (for details see Carah 2010). The phytoliths were
extracted by using an ashing technique (adapted from
Bowdery 1998). Samples were first oven dried at 70 °C for
24 h and then sieved through a 1-mm mesh. Approximately
∼7 g of sediment was place in lidded porcelain crucibles and
weighed before being ashed in a muffle furnace at 450 °C for
24 h. The ashed material was first washed with hydrogen
peroxide to remove any remaining organics, and then washed
with hydrochloric acid to remove carbonates. The remaining
phytoliths were dried and weighed.

Results

Micromorphology and μ-FTIR

In thin section, the GS1 sediments are dominated by sand-
sized materials, with quartz being the most abundant min-
eral (Fig. 5a, b). Sand-sized fragments of accessory silicate
minerals of sedimentary origin include microcrystalline
quartz, weathered mica and hornblende, along with opaque
grains, sand-sized aggregates of clay and quartz silt, with
silica and oxyhydroxide mineral cements. Coarser mate-
rials include gravel-sized fragments of quartzite sandstone.
Silt- and clay-sized materials are primarily present as coat-
ings and bridges between quartz grains (Fig. 5c, d), al-
though they also form rounded, sand-sized aggregates,
sometimes associated with silt-sized fragments of charcoal
and organic material. The mineralogy of the clay was stud-
ied using μ-FTIR measurements in transmission mode, and
if possible, with the Ge ATR objective to obtain the entire

Table 3 Radiocarbon dates for
GS1 Lab number Square Depth (cm)a SU 14C Age ± Calibrated Age BP

(95.4 % probability)

ANU-2625 C0 25 3 1,530 35 1,303–1,469

ANU-2629 C0 47 4 3,525 40 3,697–3,973

Wk-33293 B1 74 4 4,808 64 5,321–5,607

Wk-33294 B1 129 4 10,786 189 12,074–13,055

Wk-33296 C1 140 4 10,354 34 11,845–12,390

Wk-33292 B1 163 6b 14,464 235 16,915–18,160

Wk-33295 B1 168 6b 15,020 45 18,000–18,369

OZM095 C1 170 6a 14,950 80 17,904–18,350

OZM096 C1 175 6 22,180 130 26,017–26,738

OZM094 C1 205 6 32,730 290 35,992–37,764

aDepths are presented as centimetres below surface
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mid-IR spectrum (Fig. 6). Primary depositional fabrics,
such as graded bedding or laminations, are generally ab-
sent and structural development is low throughout the

entire sequence, with most samples exhibiting a massive
structure. Anthropogenic materials seen in thin section in-
clude gravel- to silt-sized, angular to rounded charcoal

Fig. 5 The main geogenic
sedimentary components and
possible anthropogenic materials
identified in thin section. a A
sample from SU4 contains
abundant sand-sized grains of
quartz with packing and channel
voids. A quartzite fragment is
capped with silt and clay. PPL. b
Same view as (a), XPL. c Quartz
grains with thin coatings and
bridges composed of clay with
inclusions of organic material.
One grain exhibits two phases of
clay coating formation (arrow).
PPL. d Quartz grains with thicker
coatings and bridges composed of
clay with inclusions of finely
comminuted charcoal. A
fragment of reddish clay coating
(papule) is present in the fine sand
fraction (arrow). PPL. e Large
fragments of charcoal are present
in the upper units of the sequence.
PPL. f A fragment of charcoal is
capped with a mixture of quartz
sand, silt and pale brown clay.
Crescentic coatings are visible.
PPL

Fig. 6 FTIR spectra from the clay fraction of the sediment. a
Transmission spectra collected using μ-FTIR on four different types of
clay coatings and cappings (see Fig. 5). The peaks in the OH-stretching
region are indicative of the mineral kaolinite. b ATR spectra of kaolinite.

The blue spectrum was collected on a clay coating in thin section using
the Ge-ATR objective. The red spectrum was collected on a loose
sediment sample from a test pit located outside of the site using a
diamond ATR. Arrows indicate peaks indicative of quartz
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fragments (Fig. 5e, f), as well as rare fragments non-local
quartzite. Ash, phytoliths and bone fragments were not
documented in any of the micromorphology samples.

In addition to red clay coatings on sand grains, potential
iron-bearing materials are rare, but present throughout the se-
quence (Figs. 7 and 8). Sand- and gravel-sized concretions
composed of sand-sized grains of quartz embedded in a dark
red to opaque matrix (PPL) are present in six samples
(Fig. 7a, b). OIL and reflected light analyses suggest that the
cement is composed of a mixture of hematite and goethite.
Goethite was positively identified in two concretions using
μ-FTIR (Fig. 7c). Other iron-bearing materials are sand-
and gravel-sized fragments of dark red to opaque material
that contains silt-sized fragments of quartz (Fig. 7d, e).
Both types of coarse concretions are interpreted as having
formed elsewhere, due to the strong differences in texture,
and when present, fabric of the included quartz relative to
the surrounding sediment. The cement in these concretions
frequently contains kaolinite. Both types of concretions are
present throughout the sequence, and therefore it is impos-
sible to distinguish between geogenic inputs and fragments
of anthropogenic ochre.

Opaque grains are also present in the sand and silt fraction
of the sediment (Fig. 7f, g). Many sand-sized opaque grains

are strongly red in OIL, which suggests that they are com-
posed of hematite (see Table 4). Similar microcrystalline he-
matite is present as a cement within some sandstone fragments
(Fig. 8c, d), which suggests bedrock weathering may provide
a natural source of hematite to the GS1 deposits. Hematite is
also associated with decayed organic material. Other sand-
sized opaque minerals are pale yellow in OIL and do not
produce peaks in the mid-IR region (Fig. 7f, g). Opaque grains
in the silt fraction are more variable in colour andmorphology.
Their presence as inclusions within quartz (Fig. 8a, b) and
staining within other sand grains (Fig. 8e, f) suggests that
the bedrock is one source of these minerals to the site.
Rhombic, silt-sized minerals that are pale yellow in OIL are
concentrated in sedimentary aggregates in SU7 and SU6 (see
below). These minerals are present throughout the GS1 se-
quence as a component of the silt fraction. Although these
minerals remain unidentified, they lack grey colour under
reflected light and peaks in the mid-IR region. Thus, it is
unlikely that these grains are magnetite, or maghemite, a
strongly magnetic mineral (see Table 4). In total, iron-
bearing minerals comprise less than 1 % of the sediment,
and the majority of opaque grains in the GS1 deposits were
identified as charcoal using OIL and reflected light (see
Fig. 7d, e).

Fig. 7 Coarse opaque materials
were identified using OIL and
μ-FTIR. a A iron concretion
fragment with quartz sand
inclusions is present in SU4. PPL.
b Under OIL, the cement is
yellow, and additional inclusions
are visible. c μ-FTIR analyses of
the cement (purple and yellow
spectra) indicate that it is
composed of goethite. A
reference spectrum for goethite is
shown in red (S. Weiner, personal
communication). d Two sand-
sized opaque materials are visible
in the SU4 sample. PPL. e The
upper of the two grains is red
under OIL and is likely composed
of hematite. Kaolinite was also
identified in this fine concretion
using μ-FTIR. The lower opaque
grain is charcoal. f A sand-sized
opaque grain from SU6. PPL. g
The grain is highly reflective
under OIL with a striking pale
yellow colour. Unfortunately, the
μ-FTIR spectrum did not contain
any peaks in the mid-IR region
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Post-depositional features include tubular domains
interpreted as infilled burrows, channel and chamber voids,
fine sedimentary cappings on top of sand- and gravel-sized
materials (see Fig. 5a, f), compound grain coatings (see
Fig. 5c), and gravel-sized aggregates of sediment composed
of sand-sized materials cemented or bound together with
infillings of silt and clay. The vertical and lateral variation of
primary geogenic and anthropogenic materials, structure and
porosity, post-depositional features, and mineralogy of com-
ponents identified using μ-FTIR are described in more detail
below.

The SU7 and SU6 deposits are characterised by a massive
grading to locally spongy microstructure composed of sand-

and silt-sized grains of quartz separated by packing voids. The
quartz grains within the matrix exhibit discontinuous thin
coatings of orange to pale brown clay-sized material, identi-
fied using μ-FTIR as kaolinite (see Fig. 5c). Many coatings
contain silt-sized inclusions of organic material. Gravel-sized
aggregates containing sand-sized quartz grains, silt and clay
are also present (Fig. 9). The fine sediment in the aggregates
range in colour and texture from red moderately limpid clay,
to yellow limpid clay microlaminated with quartz silt
(Fig. 9a, b). Compound coatings at the centres of the aggre-
gates contain red clay overlaid by yellow clay. In addition, the
outer edges of the aggregates contain increased abundance of
yellow clay and silt-sized inclusions, which suggests that the

Fig. 8 Several different types of
fine opaque materials were
identified using OIL. a A sand
grain contains opaque minerals.
PPL. b The minerals are deep red
under OIL. Similar minerals are
rare but present in the silt fraction
and likely source from the
bedrock. μ-FTIR spectra on these
minerals did not produce peaks in
the mid-IR region. c A fragment
of sandstone contains a cement
that is dark red to opaque in PPL.
d The cement is strongly red
under OIL and is likely composed
of hematite. e A sand-sized
fragment of microcrystalline
quartz contains diffuse red stain.
XPL. f Under OIL, the red
staining is orange to red and is
likely composed of hematite. g A
sediment aggregate from SU6
contains silt-sized grains of an
opaque mineral with a
characteristic rhombic
morphology. PPL. h Under OIL,
the grains are pale yellow in
contrast to the reddish diffuse
hematite below them. Similar
grains are present throughout the
sediments as a component of the
silt fraction and inclusions in
grain coatings. The mineral is
presently unidentified. Less
common cubic grains with brassy
yellow colour under OIL are
likely pyrite
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fine sediment in these aggregates accumulated during at least
two phases. Reflectance under OIL indicates that the red clay
in the centres of the aggregates is rich in iron (Fig. 9c, d). μ-
FTIR analyses indicate that the clay fraction of all types of
infillings and coatings in these aggregates (red clay, yellow
clay, and silty yellow clay) is composed of kaolinite. Some
aggregates exhibit internal concentrations of iron oxides,
which appear to be composed of hematite. Relative to the
surrounding matrix, the aggregates contain sand-sized mate-
rials that exhibit a higher degree of textural sorting; accessory
minerals such as biotite are also present. The sand, silt and
clay aggregates are therefore interpreted as reworked, andmay
represent remnants of an older phase of sediment deposition
within the shelter or external material sourced from a Bt hori-
zon of a soil.

Although two micromorphology samples were collected
across the boundary between SU7 and SU6, a discrete contact
between them is not recognisable in thin section. Relative to
SU7, SU6 is more porous due to the presence of channel
voids, and contains a higher abundance of silt- and clay-
sized materials coating and bridging between the spaces of
the quartz grains within the matrix, as well as a lower abun-
dance of sedimentary aggregates. Weak sedimentary lamina-
tions of coarse sand grains are present in SU6; however, this
primary fabric is disrupted by the presence of infilled burrows.
Sand-sized grains, and one gravel-sized fragment of fine iron
concretion are present in the SU7 and SU6 samples.
Anthropogenic materials are absent from both SU7 and lower
portion of SU6.

SU6a is characterised by sand-sized grains of quartz that
exhibit thin, discontinuous coatings of clay. Some coatings
exhibit internal stratification, with interior layers of iron-rich
red clay overlain by brownish clay. Both types of coatings are
composed of kaolinite. The structure of this unit is massive,
with packing voids between grains. Charcoal fragments are
present, but very rare. A sandy iron concretion from this unit
contains both hematite and goethite cement (see Fig. 7a, b, c).
Tubular domains (in millimetre to centimetre scale) exhibiting
slight textural differences relative to the surrounding sediment
are likely infilled insect burrows.

As in other units, the sedimentary matrix of SU4 is domi-
nated by sand-sized grains of quartz with an overall massive
structure punctuated by occasional channel voids. The sand
grains are typically coated with yellowish brown clay com-
posed of kaolinite mixed with charcoal, although multi-
component coatings containing an interior layer of iron-rich
red clay—again, composed of kaolinite—are also present (see
Figs. 5d and 10a). The abundance of fine material generally
increases towards the top of the unit, within grain coatings and
bridges, in zones of localised porphyric related distribution,
and within sand-sized micro-aggregates (Fig. 10c). The over-
all fabric of SU4 is consistent with infilled channel voids and
burrows (Fig. 10b), and the localised granular microstructure

is suggestive of bioturbation. Charcoal abundance is variable,
though most abundant at the top of the unit (see Fig. 5e), with
fragments ranging from angular, gravel-sized pieces, to well-
rounded fragments of sand-size, as well as silt-sized fragments
within quartz grain coatings. The coarse materials in this unit,
which include gravel-sized fragments of charcoal, exhibit cap-
pings of fine sediment on their upper surfaces (see Fig. 5f).
These cappings contain yellowish-brown clay composed of
kaolinite and silt-sized fragments of charcoal. One sample
contains a gravel-sized aggregate of sediment that is similar
to those present in SU7 and SU6.

SU3 contains abundant sand-sized, well-rounded frag-
ments of charcoal in a matrix of loose quartzitic sand. The
sand grains are coated in fine sediment, with multicomponent
coatings comprised of interior layers of yellowish brown clay
and exterior layers composed of silt-sized fragments of char-
coal and degraded organic material in a matrix of clay. μ-FTIR
analyses indicate that the clay in each layer of these compound
coatings is kaolinite. Sand-sized aggregates of quartz in a ma-
trix of reddish to brownish clay are also present. These may be
reworked soil aggregates. Fragments of degraded organic ma-
terial are associated with secondary iron oxides that are red in
OIL and possibly related to biomineralization. The overall
fabric of the sample, like those from SU4, is consistent with
infilled channel voids.

The single sample from SU2 contains intact sediment at its
base, as well as an upper disturbed area that may contain
sediment sourced from SU1 (Fig. 10d). The basal portion is
very similar to the sediment that is present in SU3, with coat-
ed, sand-sized grains of quartz, and abundant fragments of
charcoal, particularly within the sand fraction. Fragments of
organic material and insect faecal pellets are also present. The
upper portion is highly porous and contains abundant frag-
ments of fresh to partially-humified organic material. The dis-
turbed zone is rich in reworked aggregates of clay and silt.

Magnetic susceptibility

There is a positive correlation between the relative abundance
of non-magnetic material such as wood charcoal, LOI and P
with the magnetic susceptibility data (Fig. 11). In general, the
susceptibility values increase at the position in the sequence
where stone artifacts first occur (i.e. about 220 cm), and both
susceptibility and χfd% remain consistently higher than those
found in the lower, culturally sterile units. These increases in
susceptibility result from organic matter, changed oxygen con-
ditions and possibly increased fire use (see Lowe et al. 2016).
Values are highest in the top portion of the sequence (SUs 3–
1). Weakly magnetic samples are found in the culturally sterile
layers (basal units of SU8, SU7 and lower SU6). The higher
values in the top portion of the sequence also contrast consid-
erably to those found in the off-site control test pits, which
contained similar values to the culturally sterile sediments (see
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Fig. 9 Samples from SU7 and SU6 contain large aggregates of quartz
sand, silt and clay. a The aggregates in SU7 contain fine materials that
vary in colour and texture. Interior regions of the aggregates contain red
clay overlain by yellowish clay. The exterior zones contain yellow clay
mixed with quartz silt. The aggregates appear to be reworked from their
original place of formation based on slight differences in the sand fraction
mineralogy compared to the surrounding sediment, as well as sharp
boundaries. Sand grains in the surrounding matrix are coated with clay

and organic material (see Fig. 5c). b A strongly rounded aggregate from
SU6 contains fine sediment with alternating broad horizontal bands of
pale brown clay and silty clay. c Higher magnification view of different
colours and textures of the fine sediment infillings. Crescentric infillings
(arrow) indicate that the fine sediment was deposited by water, and that
aggregates have been rotated during transport from their original place of
formation. PPL. d Under OIL, the red clay is rich in hematite

Fig. 10 Samples from the upper units contain abundant reworked
anthropogenic materials. a In SU4, as well as in overlying SU3,
charcoal is abundant in the sand- and silt-sized particle fraction. All
opaque materials except one (arrow) in this image are charcoal. Silt-
sized charcoal fragments are mixed with brown clay within the sand
grain coatings. PPL. b Gravel-sized charcoal fragments are also
abundant in the upper units. An infilled burrow (arrow) is evidence of

insect bioturbation. PPL. c Samples from SU4 are rich in fine sediment,
which locally fills the spaces between quartz sand. In places, the
microstructure is granular with rounded sand-sized aggregates of fine
sediment that likely formed as a result of bioturbation. d The uppermost
sample contains a disturbed zone that may contain sediment from SU1.
This zone contains large fragments of organic material (OM), and
fragmented aggregates of silty clay. PPL
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Lowe et al. 2016). The χfd% measurements range from 9 to
12 %, indicating that they contain a significant percentage of
superparamagnetic grains. A bivariate plot of χ to mass-
specific frequency-dependent susceptibility (χlf–χhf) shows
a positive and linear relationship (Fig. 12), indicating a greater
percentage of SP grains in the GS1 assemblage (Dearing et al.
1997; Jordanova et al. 2001).

High- and low-temperature magnetic measurements

The Curie temperatures (Tc) on measured samples ranged
from 537 to 594 °C, with most samples having Tc <580 °C
(Fig. 13). At least three varieties of magnetic phenomena were
expressed in the data. The first magnetic behaviour is found in

the uppermost portion of the stratigraphy and is defined by the
susceptibility peaks near 300 °C during heating. This feature
is most likely the inversion of maghemite to hematite.
Maghemite is a metastable mineral phase that can display a
range of Curie temperatures up to 640 °C (Liu et al. 2005;
Özdemir and Banerjee 1984). The irreversible behaviour on
cooling seen in Fig. 13a, c, shows that the final room temper-
ature susceptibility is almost double the starting susceptibility
for both samples and that new magnetic minerals were created
during heating, likely partially oxidized magnetite
(Tc = ∼500–550 °C) as Fe-bearing clay minerals were
dewatered. The same new magnetic minerals were also creat-
ed in the sample shown in Fig. 13b, although at a lower con-
centration. This behaviour is not observed within the non-

Fig. 11 Profile of low-field magnetic susceptibility and frequency
dependence for Squares C1 (a) and (b) TP01 (left) and TP02 (right).
Stratigraphic profile, stone artifact total, phosphorous, loss on ignition,
phytolith weight percentage per gramme, charcoal, particle size and

calcium carbonate data are also provided. Laboratory numbers for
radiocarbon from top to bottom: ANU-2625, Wk-33293, Wk-33296,
Wk-33295, OZM094. MS =medium sand, CS = coarse sand, FS = fine
sand, VFS = very fine sand, C = clay and Si = silt
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anthropogenic sediments near the bottom of the stratigraphy.
The mineralogical transformations observed in SU3, SU2 and
upper SU4 could result from the presence of paramagnetic
minerals (i.e. Fe-bearing silicates or phyllosilicates) (Dunlop
and Özdemir 1997) or other carbon-rich organic material
(Dekkers 1990; Hanesch et al. 2006; Ketterings et al. 2000).
Both charcoal and LOI are also higher in those upper units
(top of SU4 and SUs 3–1), while SU6 has lower concentra-
tions of organic-rich material and shows no mineral
transformations.

The second magnetic behaviour reveals thermally stable
magnetic mineral assemblages, where susceptibility curves
are mostly reversible when cooled and exhibit a single ferri-
magnetic phase. These samples contained Tc between 500–
580 °C and were produced by samples located in the middle
parts of the stratigraphy (upper SU6 to mid to lower SU4)
(Fig. 13d–f). Minor amounts of new magnetic material were
created at the end of these measurements, particularly in lower
SU6 (Fig. 13g).

The third magnetic behaviour demonstrated extremely ir-
reversible magnetic mineral assemblages and were found in
SU7, in the culturally sterile basal units (Fig. 13h). These
samples were very weakly magnetic and a large amount of
magnetic material was produced during the cooling phase, so
much that the final temperature susceptibility is four times
larger than the initial room temperature susceptibility. High-
temperature test of all samples measured indicated that they
were oxidized magnetite.

Low-temperature SIRMs (LTSIRM) and room-
temperature (RT) remanence measurements show how the
samples vary during thermal cycling between 20 K and room
temperature (Fig. 14a, c, e). The LTSIRM warming curves
(solid line) show a loss of remanence on warming over the
entire temperature range. Since there is little information that
can be derived from this data, the RTSIRM cooling curves
(dashed lines) have shown to be more useful in revealing

inflection points near mineral transformations. A first-order
transition called the ‘Verwey transition’ for the mineral mag-
netite as it cools through ∼120 K is observed in all samples in
the RTSIRM data. This is where the mineral’s crystalline sym-
metry unblocks the nanoparticles of magnetite/maghemite
(e.g. Hunt et al. 1995). The Verwey transition is not clearly
visible in some of the curves shown (Fig. 14a, c, e); therefore
in some units, the derivative curve is better for showing that
slope changes near 120 K are likely related to this transition
(Fig. 14b, d, f).

The mineral hematite experiences the ‘Morin transition’ an
important magnetic transition from 200–260 K. As magnetic
grain sizes decrease, the Morin transition is pushed towards
these lower temperatures. The Morin transition is present in
the uppermost stratigraphic layers (SUs, 4–2), but not in the
lower layers (lower SU6 or SU7). This indicates that it is
almost absent, and that the remanence is carried primarily by
cation-deficient (maghemitized) and/or cation-substitute mag-
netite (see Lowe et al. 2016).

Particle size, loss on ignition, phosphorous and FTIR

Particle size analyses reveal the GS1 deposits are dominat-
ed by fine to very fine sand-sized grains (70–80 %), with
small percentages of silt- and clay-sized material (<10 %)
and medium- to coarse sand-sized material (5–15 %)
(Fig. 4; see also Keys 2009). Silts and clays are more com-
mon in the upper portion of the sequence, decreasing
slightly around 120 cm or below (i.e. mid-SU4). In turn,
medium to coarse sands are less common near the surface
of the sequence and increase slightly with depth. These
results are consistent with the micromorphological analy-
ses, which revealed the presence of multiple types of clay
coatings and capping in the upper portion of the sequence,
and a peak in fine sediment in the upper portion of SU4.
Most sediments are poorly sorted, though tend to be more
moderately sorted in the upper three SUs, and contain a
mix of subangular particles. The uppermost SUs, 3–1, have
the highest concentrations of P and LOI, the values for
which both decrease with depth and are strongly correlated
(Table 5 and Fig. 4). FTIR spectra of the clay fraction of
loose sediment samples from off-site test pits (0–120 cm
depth) indicate that the mineralogy is dominated by kao-
linite (see Fig. 6b).

Other parameters

Wood charcoal quantities were also higher in the top of the
sequence (SUs, 3–1) and correlate well with the increases
in magnetic susceptibility in these units (see Fig. 11).
Wood charcoal decreased significantly in the lower levels
of SU4 and only a few fragments were preserved in SU6.
Phytoliths were present throughout the GS1 deposits, in

Fig. 12 Bivariate plot showing the relationships between χlf and χlf–
χhf is positive and linear, suggesting a strong SP population
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greatest abundance in SUs 2 and 1, with large quantities in
SU6 (after the arrival of people) and in lower SU4. In

upper SU4 and SU3, phytolith abundances were extremely
limited. A light density of stone artifacts, mainly flakes,

Fig. 13 High (Curie temperature)
curves on selected samples of
(a–c) irreversible curves and the
production of a new magnetic
mineral, probably magnetite,
(d–g) reversible curves with only
a minor amount of susceptibility
created and (h) extremely
irreversible curves and the
production of a large amount of
magnetic material
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first appears in the mid-lower portion of SU6, marking the
initial onset of human occupation. Ochre is also present at
this depth. Both stone artifacts and ochre become more
abundant in the upper SU6 and throughout SU4, before
declining in abundance in SU3 and then rising again in
SU2. The stone artifacts are predominately flakes and
cores of local raw materials including quartzite, quartz,
chert and silcrete, with rare appearances of basalt, crystal
quartz and chalcedony. The raw material types generally

remain the same throughout the sequence although quartz-
ite and silcrete disappear around SU3. Ochre also changes
in SU3, yet not in abundance, but in the average size,
becoming smaller with time. No charcoal or artifacts were
observed in any of the off-site control test pits.

Discussion

Each type of analysis conducted at GS1 provides information
about the formation processes of the sedimentary sequence.
We utilised a two-tiered approach to synthesizing the results,
first integrating the micromorphology, μ-FTIR and magnetic
susceptibly, and second, supporting aspects of the formation
model with data drawn from the supplemental loose sediment
analyses. Micromorphology provided context to magnetic
susceptibility measurements, and both approaches
characterised the anthropogenic sedimentary inputs. The
resulting formation model helps refine the story of human
occupation at the site.

Fig. 14 Room-T SIRM
measured while cooling in zero
field, and low-T SIRM
(LTSIRMS) measured while
warming in zero field (a and c).
All show only faint signs of the
Verwey (b and d) and Morin
transition (a and b)

Table 5 Correlations between LOI (X) and Pav (Y)

Square Line of best fit R2 Pearson’s r

C1 1,460.7x + 5.4266 0.7996 0.8942

B1 2,077.4x + 1.2543 0.6502 0.8063

D1 2,180.1x − 17.304 0.9167 0.9574

D0 3,400.6x − 34.182 0.9181 0.9582

B0 2,215.1x − 27.109 0.6556 0.8097
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Site formation processes

Our results indicate that accumulation of the sedimentary de-
posits in the GS1 site resulted from both natural and cultural
processes. The majority of sandy sediment deposited is
geogenic in origin, and likely sourced from roof fall and
weathering of the local sandstone bedrock as evidenced by
the granular disintegration and overall composition, texture
and fabric of the sediments in thin section. The fine compo-
nent of the sediment is dominated by clay, with some quartz
silt. The mineralogy of the clay fraction is invariable through-
out the sequence, despite differences in colour and texture of
post-depositional sedimentary features. The ubiquitous pres-
ence of kaolinite both inside and outside the shelter suggests
that clay mineralogy may be controlled by source. The depo-
sitional mechanism for the fine material within the shelter is
unknown, as primary fabrics have been obliterated by biotur-
bation and much of the material has translocated downward
through the profile. It is possible that some fine sediment
entered the site in the form of soil aggregates.

Despite the relatively open nature of the site, there is little
evidence of well-developed soil horizons throughout the se-
quence, a phenomenon observed on other sandstone
rockshelters (see David et al. 2007). In contrast, the off-site
test pits exposed sequences with visible boundaries between
surface and subsurface horizons. We attribute the lack of ho-
rizons within the site to sediment mixing, low rates of pedo-
genesis, or both. In the upper stratigraphic units, organic ma-
terials show progressive decomposition with depth, consistent
with only very weak soil formation at the modern ground
surface. Buried surfaces and lag deposits were not observed
in the field or in thin section.

Although wetting of the deposit is not occurring today
(with excavated sediments between the shelter wall and drip-
line remaining dry even during extreme rainfall events), the
micromorphological evidence indicates that water has played
a role in shaping the GS1 deposits, at least in the pre-Holocene
units. Thin sections revealed that fine material has
translocated downward through the sequence, forming thin
illuvial cappings and bridges on sand grains. Thicker silty clay
cappings on gravel-sized materials, especially in the lower
SUs are also evident in thin section, while crescentric coatings
within some cappings indicate that some of the translocation
was associated with the movement of water through the se-
quence. Coatings and features such as these can form rapidly
(Rawling 2000) and can result from phases of increased pre-
cipitation (Birkeland 1999), localised dripping or water run-
ning along the shelter walls. Furthermore, bone and ashes
are entirely absent from the sedimentary sequence, despite
evidence for human occupation. With pH values ranging
between 5 and 5.5, it is likely this absence is a result of
preservation conditions (see David et al. 2007). We suggest
that these materials may have dissolved when acidic waters

seeped through the site (c.f. Canti 2003; Hedges and
Millard 1995). Unfortunately, the micromorphological
analyses cannot contribute to understanding the frequency
of wetting events. The presence of compound coatings in-
dicates that there were multiple phases of downward move-
ment of materials in the GS1 deposits, the most recent of
which mobilized anthropogenic materials in the form of
finely comminuted charcoal.

Inputs of anthropogenic materials, including stone artifacts,
charcoal and ochre are present from mid-SU6 and above,
though absent in SU8, SU7 and the lower portion of SU6,
and in all off-site control test pits. Within SU4, when it first
appears preserved in the sequence, the overall abundance of
charcoal, its distribution across various particle size classes,
and the degree of rounding of individual fragments varies,
with the coarsest and most abundant charcoal in the upper part
of this unit. Above this, rounded, sand-sized fragments of
charcoal are abundant in SU3 and SU2, where post-
depositional disturbance is more visible, particularly in thin
section. Discrete layers or lenses of charcoal are absent from
the entire sequence, as are other hearth components that can be
readily identified in thin section—when present—such as
layers of ash or basal zones of heat-altered (reddened) sub-
strate (cf. Mentzer 2014). Other macroscopic markers of burn-
ing within the shelter, such as burned bones or heated rock
fragments, were not recovered.Microscopic materials, such as
fragments of burned bone or calcareous ashes are also absent.
The absence of anthropogenic sedimentary features associated
with burning or otherwise, is likely due to dissolution under
acidic conditions combined with syn- or post-depositional
mixing by humans (e.g. scuffing and trampling), insects and
larger fauna. Sandstone shelters that have little disturbance
from mixing in Australia often contain stratigraphic features
such as fire hearths and layers of distinctively textured sedi-
ment (Sullivan and Hughes 1983). These processes resulted in
mechanical abrasion and lateral reworking of coarse charcoal
fragments, and resulted also in finely comminuted charcoal as
a component of the loose sediment and clay coatings, espe-
cially in SUs 4–1. The high temperature magnetic measure-
ments confirm this.

Even with the geogenic nature of the sediment and a lack of
combustion features, there is evidence for humanmodification
of the deposits, provided primarily via the magnetic data. Clay
minerals (alumina-silicates), oxides and hydroxides of iron
and aluminium found within the shelter are major constituents
of most sediments and rocks in northern and western
Australian rockshelters. When they become fired, these min-
erals can be transformed to more strongly magnetic minerals
by heating (Singh et al. 1991). Lowe et al. (2016) has shown
that this transformation occurs within the shelter and that the
increases in magnetic enhancement are produced by anthro-
pogenic burning of wood fuel. The increased susceptibility in
the sediments is a combined result of additional organic matter
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(e.g. elevated P concentrations), changed oxygen conditions
(e.g. elevated charcoal), and increased utility of fire (e.g. LOI).
The significant population of SP-sized grains, the stable and
consistently higher χfd% in the sediment and high and low-
temperature experiments where oxidized magnetite is present
in all samples, confirms this. Such observations were not ob-
served in the off-site test pit profiles. The micromorphological
observations are consistent with minimal pedogenesis, and
provide no evidence of redox reactions that could impact the
magnetic signals. However, we should note that the fabric and
microstructure of the sediment in thin section, as well as the
rounding of the charcoal fragments, are consistent with post-
depositional mixing geogenic and anthropogenic materials.
This process led to centimetre-scale homogenization of the
magnetic signals and precludes the possibility of using mag-
netic susceptibility to identify discrete heated surfaces in the
site.

Although there is evidence of weathering, the variations in
the magnetic susceptibility data and presence of artifactual
material indicate that anthropogenic processes dominate the
sedimentary sequence and as such, are more relevant for un-
derstanding the accumulation of sediment within the site than
the record for environmental change. This is supported in the
off-site control test pits which show different magnetic signa-
tures, an absence of cultural material and definable horizons.
Paleoenvironmental studies have shown pedogenic formation
of ferrimagnetic minerals during wetting/drying cycles occur
in caves and rockshelters that are favourable to these condi-
tions (Ellwood et al. 1997; Herries 2006; Maher 1998),
particularly those that are limestone. Sites containing arid or
acidic soils, such as those found at GS1 often display little
pedogenic enhancement (Bailey and Woodward 1997;
Maher 1998). The absence of soil horizons throughout the
sequence indicates that deposits were affected by weathering
(dissolution) and lateral reworking of material (i.e. post-
depositional mixing). The stable χfd% and magnetic suscep-
tibility values found throughout the sequence after the onset of
human occupation support this, as we would expect to see
trends in the sequence if environmental factors were more
dominant (see Ellwood et al. 1997). With the exception of
localised biomineralization of hematite around decaying
organic material, all of the observed and identified iron-
bearing minerals in thin section are primary components of
the bedrock or soil aggregates.

Integrative approach: strengths and weaknesses

In this study, we explored the potential for integration of mi-
cromorphology, in situ microanalyses and magnetic suscepti-
bility in an old cratonic sandstone rockshelter in northern
Australia. Relative to caves, rockshelters are exposed to more
open conditions (cf. Herries 2009), and any interpretations of
magnetic susceptibility data must consider post-depositional

chemical alterations, including typical pedogenic processes,
as well as the potential effects of sediment mixing.

As outlined in Table 4, several iron-bearing minerals that
are relevant to magnetic susceptibility measurements are po-
tentially present in the GS1 sediments. All are difficult to
identify inmicromorphological thin sections using transmitted
light. Analyses under OIL and basic reflected light proved
most useful in this study to distinguish between silt-sized
opaque minerals such as hematite and goethite, and silt-sized
fragments of charcoal (see Fig. 7). These analyses revealed
that in SU4 and above, the majority of silt-sized opaque grains
in the Gledswood sediments were derived from charcoal. A
minority of opaque grains were derived from other minerals.
Of these, most were gravel-sized fragments of material that
could be interpreted as ochre or externally sourced geogenic
concretions. More accurate identification of iron-bearing min-
erals in thin section would require quantitative reflected light
analyses on polished mounts (e.g. Craig et al. 1981).

OIL analyses aided in the identification of hematite, which
could not be observed in the high temperature magnetic mea-
surements due to the sample’s altering at temperatures
>650 °C. Microcrystalline hematite was visible within the
sandstone and is also apparent within the sand- and silt-sized
particle fractions of the sedimentary deposits. Several of the
fine coatings visible on grains in thin section contain kaolinite
clays that are rich in iron, as evidenced by their strong red
colours. The absence of a peak at 3,595 cm−1 in the FTIR
transmission spectra of these (and all other) clays indicates
that structural iron is not present within the kaolinite at this
site (Beauvais and Bertaux 2002). We suggest that the red
colour is instead due to staining by iron oxides. Of these ma-
terials, the silt-sized particles of microcrystalline hematite, the
reddish clays, and the unidentified rhombic opaque grains (see
Fig. 8g, h) appear to be most mobile throughout the sequence,
as they are frequent components of grain coatings and cap-
pings in the lower units.

μ-FTIR analyses were most useful for describing the min-
eralogy clay-sized particle fraction of the GS1 sediments.
Although better methods exist for the identification of clay
minerals (e.g. x-ray diffraction; Moore and Reynolds 1989),
μ-FTIR presents an advantage in that analyses can be con-
ducted in situ, which allows the analyst to document clay
minerals forming from individual minerals within rocks or
soils (Beauvais and Bertaux 2002; Robin et al. 2013), or strat-
igraphic variability in multicomponent clay coatings. The lat-
ter features were present in the GS1 thin sections; however,
μ-FTIR analyses revealed only one clay mineral at the site:
kaolinite (see Fig. 6). The μ-FTIR results also indicate that
Fe3+ substitution is not present in any of the kaolinite at the
site, and that colour variations in the clay coatings at the
site—which range from brown to red to pale yellow—are
due to staining by iron oxides and inclusions of
microcharcoal and organic material.
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μ-FTIR analyses did not prove to be very useful for the
identification of opaque minerals in the GS1 sediments,
with the exception of three positive identifications of the
mineral goethite in sandy concretions (see Fig. 7c). We
know from the high and low-temperature experiments that
strongly magnetic phases, such as maghemite and magne-
tite, overwhelm much of the GS1 samples, but they were
not identified in thin section. This method had limited
success for several reasons. First, μ-FTIR measurements
may only be conducted in a portion of the mid-IR region.
Many iron oxide minerals, such as hematite, do not pro-
duce peaks in this region (see Table 4). Furthermore,
poorly ordered phases may not produce peaks at all. The
second reason for limited success of the μ-FTIR analyses
is that the majority of the opaque materials within the
site—including the materials that we suspect contribute
most strongly to the magnetic signal—are silt-sized or
smaller. In the region of interest for identifying iron ox-
ides (<1,200 cm−1; see Table 4), the measurement area is
limited by the spot size of the Ge-ATR objective.
Nevertheless, we feel that conducting in situ μ-FTIR mea-
surements with the aim of aiding in the interpretation of
magnetic susceptibility measurements may be a worth-
while approach at other types of sites, and recommend
further exploration of this avenue of research with addi-
tional analytical approaches, such as microscopic X-ray
diffraction or microscopic Mössbauer spectroscopy.

The strongest aspect of integration of the micromorpholo-
gy, μ-FTIR and magnetic susceptibility proved to be the con-
tributions of the former to reconstructing general post-
depositional processes at the site. The micromorphological
analyses revealed little evidence for pedogenic processes that
could cause enhancements to the magnetic signals, and there-
fore supported the assertion that the strong magnetism is a
proxy for burning.

Further implications for archaeology

The depositional sequence in GS1 commenced sometime pri-
or to 40,000 years ago and was followed by the appearance of
stone artifacts indicating occupation by people around
36,000–37,700 cal. BP (Wallis et al. 2014). After humans
started utilising the site, modifications to the natural sedimen-
tary sequence commenced, with a strongly positive correlation
between the initial incorporation of discarded artifacts and an
increase in magnetic susceptibility.

Stone artifacts, ground ochre fragments and wood char-
coal are present throughout the sequence from mid-SU6
and above, with no indication for a cultural or temporal
hiatus, unlike many other Pleistocene sandstone shelters
in Sahul (cf. David et al. 1997; O’Connor et al. 1999).
Based on the chronological , archaeological and
geoarchaeological data, it appears that GS1 was occupied

from ca 38,000 cal. BP, through and beyond the LGM.
The presence of stone artifacts indicates that tool manu-
facture using locally available quartzite, quartz and chert,
with some rare appearances of basalt, crystal quartz and
chalcedony. Quartzite and silcrete began disappearing
from the lithic assemblage in the mid-Holocene, suggest-
ing a reorganisation of people or human activity in the
landscape at that time. While it is possible to interpret
the ground ochre as a proxy for the production of rock
art, it is also conceivable that the ochre was being ground
for some other purpose (such as body art or decoration of
ceremonial or secular portable artifacts). As is the case
with the stone artifact assemblage (see Wallis et al.
2014), there are also important changes in the Holocene
portion of the sequence with regard to the ochre; not only
does this material decline in abundance, but the average
size of ochre fragments also decreases by about 50 % of
that in the Late Pleistocene.

While no bone or hearths were observed in the exca-
vations or in thin section, the mineral magnetic and char-
coal data indicate that the occupants were using fire in the
site, a similar phenomenon to that observed in limestone
rockshelters in Greece (Bailey and Woodward 1997;
Woodward and Bailey 2000). The absence of bone and
other materials such as ash is likely due to dissolution,
trampling, wind winnowing and possible intentional re-
moval (i.e. rake out after use) (see David et al. 2007).
The difference in grain size between the fragments of
charcoal and the sedimentary components of the sequence
could indicate transport mechanisms. In thin section, the
charcoal-rich sediment is inconsistent with documented
fire deposits (e.g. French et al. 2009). Furthermore, since
hearths burn for longer durations and at higher tempera-
tures, and require a significant amount of wood fuel com-
pared to natural fires, the increases in magnetic enhance-
ment, and results of temperature tests are consistent with
the sediments at GS1 being predominantly the result of
anthropogenic burning rather than natural bushfires (Lowe
et al. 2016).

Finally, the organics and P values are also good indi-
cators for human occupation at GS1, and both correlate
positively to the artifactual and magnetic susceptibility
data. Correlations between LOI, wood charcoal and P to
the stone artifacts are less positive and likely indicate that
human occupation is related to the extent as which these
sediments are altered. Organic and available P values
double after the LGM through to the mid-Holocene and
continue to rise more markedly in the uppermost units.
While organic matter can decrease rapidly with depth in
a sequence due to a lack of biota living in the upper soil
horizons (Bettis 1988; Holliday 1988), the dissolution
combined with syn- or post-depositional mixing by
humans, insects and larger fauna may have also had a
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large effect on this reduction in the late LGM and early
Holocene deposits.

Conclusion

The Gledswood Shelter 1 formed as a result of local input
mechanisms related to the natural weathering of the
Mesozoic sandstone bedrock and roof fall. As the shelter
evolved, particularly around 38,000 cal. BP, a new agent be-
gan to influence sedimentation in the site: people. The pres-
ence of people was apparent not only from the stone artifacts
they deposited, but from the increases in magnetic suscepti-
bility caused by the magnetic modifications to the sediment.
The micromorphology and magnetic susceptibility analyses
did not reveal evidence of soil horizons nor discrete bound-
aries between stratigraphic units, and no buried surfaces or
breaks in occupation identified. Post-depositional mixing by
humans and insects, and weathering of materials further re-
sulted in the abrasion and reworking of coarser material, such
as charcoal, in the cultural units.

Despite the absence of hearths in the GS1 deposits, opening
up the possibility that the charcoal present may have been the
result of natural bush-fires, the mineralogical and magnetic
susceptibility data confirm human activity in this site and this
rather acidic environment is excellent at preserving these re-
cords. Micromorphological studies confirmed the presence of
microcharcoal in thin section, even in the lower cultural units
where macroscopic evidence of charcoal or burning was en-
tirely absent. While the micromorphology identified the pres-
ence of iron-bearing minerals, particularly microcrystalline
hematite and goethite, high and low temperature magnetic
susceptibility tests were necessary to identify the presence of
other fine-grained minerals including oxidized magnetite.
While neither the magnetic susceptibility nor particle size data
showed the distribution of these magnetic minerals in fine
detail, or revealed whether they had been impacted by post-
depositional processes, this information was apparent from the
micromorphology data.

Finally, the resultant dataset has highlighted the benefit of
using a mix of proxies for understanding old cratonic sand-
stone settings. Not only is the first time this has been applied
in Australia, this study has shown another way to investigate
light density sites. This is an important contribution to the
study of Australian archaeology, specifically on sites that
had only previously studied the stone artifact assemblage.
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