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age (ky BP) of each sediment interval. The circled points indicate the large
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Location of the Keep River region in the context of the biogeographic
refuge, defined by Veth (1989: 81) as an extensive system of
piedmont/montane uplands and riverine gorges which provided reliable

networks of water during the climatic oscillations of the last 40 ka.
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ABSTRACT

This geoarchaeological study aims to establish the geomorphic context of Aboriginal cultural
landscapes and archaeological sites in the Keep River region, Northern Territory, over the Late
Quaternary. The geomorphic focus of the thesis is concentrated on the sand sheets, which
occur at the base of the sandstone escarpments. Sample locations include the occupation (rock-
shelter and sand sheet) sites of Goorurarmum, Jinmium and Karlinga, and non-occupation
(creek) sites at Karlinga and Sandy Creek Gorge. The thesis presents five interrelated studies,
including (i) an assessment of the theoretical relevance of geoarchacology in northern
Australia; and three studies at different timescales, evaluating (ii) long-term landscape
processes over timescales of millenia using in situ cosmogenic dating, (iii) sedimentary
processes over timescales of centuries to millenia using luminescence dating, and (iv)
sedimentary processes over decadal timescales. A fifth study integrates the results of the above

four studies with existing archaeological data.

Measurement of in-situ cosmogenic '’Be and *°Al concentrations from the local escarpment
bedrock has revealed denudation rates of 4 - 7 mm.ka™ over 10° — 10° year timescales,
consistent with similar studies in other parts of semi-arid Australia. Calculated bedrock
denudation rates were used to model burial profiles up to 6 m deep from the Jinmium sand
sheet. Measured concentrations of '°Be and *°Al in two profiles, provided vertical accretion

rates of ~10 - 20 mm.ka™ over the past few hundred thousand years.

Grain size, micromorphology, mineralogy and geochemistry indicate that the sand-sheet
sediments are locally sourced. The rock-shelter sediments have higher relative concentrations
of Ca0, P,05 and greater LOI, than the surrounding sand-sheet sediments, reflecting higher
levels of charcoal, guano and organic matter. Post-depositional reddening of the sediments

reflects groundwater variation rather than any proxy for depositional age.

A total of 33 thermoluminescence (TL) and 15 optically stimulated luminescence (OSL) dates

were obtained from the rock-shelters, sand sheets and creek embankments. U- and Th-series
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analyses indicate relative equilibrium, with slightly higher dose rates (3.0 + 0.83 Gy.ky™) for
mottled sediments than elsewhere (1.3 + 0.29 Gy.ky™"). Foreshortened TL plateaux in some
sand sheet sediments at Goorurarmum and Jinmium, and stepped TL plateaux in the sediments
alongside Sandy Creek are indicative of episodic rapid deposition events. Basal OSL ages for
the Goorurarumum rock shelter and adjacent sand sheet excavation are 0.3 £ 0.07 ky BP and
14.3 + 0.4 ky BP respectively, and near-basal OSL ages for the Karlinga rock shelter and more
distant sand sheet excavation are 18.4 + 5.4 ky BP and 18.0 & 0.6 ky BP respectively. The 18
ka age for the Karlinga rock shelter is uncertain, and a much younger basal radiocarbon age of
~ 4 ka is preferred. The deepest OSL ages for the Karlinga creek profile (KR99CP) and Sandy
Creek Gorge profile is 8.6 + 0.3 ky BP and 13.9 + 0.4 ky BP respectively. An increase in the
sand sheet accumulation rates from ~ 100 mm.ka™ in the late Pleistocene to over 200 mm.ka™ in
the Holocene is interpreted to reflect enhanced monsoonal activity following postglacial marine

transgression rather than human activity.

The preceding results are integrated with information from radiocarbon analyses, regional
archaeology, and local palacobotanical, stone artefact and rock-art studies. Chronological
results support initial evidence of seed processing, stone point production, and rock art around
3 —4 ka. However, it is questioned whether these trends reflect ‘intensification’ or preservation
and sorting of the archaeological records. The combined chronological data from the Keep
River region indicates that although there is evidence of occupation from the Last Glacial
Maximum (LGM), the majority of occupation deposits in the Keep River region are Holocene
in age. However, this is biased by the greater number of rock shelter sequences sampled and by
the poor preservation potential of the semi-arid monsoonal climate which favours younger
sediment sequences. Better preservation of older sequences is found in open sites. The overall
geoarchaelogical history describes a relatively insensitive sedimentary record of the
comparatively sensitive Aboriginal occupation of the sandstone landscapes in the Keep River
region. Scope remains for further multi-disciplinary geoarchaeological investigations in similar

semi-arid monsoonal environments.
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CHAPTER ONE

Introduction

If we want to understand the dream, we had better learn something of the

past from which it sprang. -Eisenberg (1998, xx).

1.1 Geoarchaeology of the Keep River Region

Eisenberg’s (1998) quote can be interpreted from an Australian perspective that in order to
understand Aboriginal Dreaming we need to learn something of the past landscape from which
it evolved. Prehistoric people lived on a landscape that was dynamic and continually changed
and in which the record of their activities was differentially preserved and destroyed; hence an
understanding of the archaeological record requires a full understanding of the geological
processes that have shaped that record (Waters and Khuen, 1996). This research is aimed
specifically at establishing the geomorphic context of archacological sites in the Keep River
region. From a geoarchaeological perspective, the aim is to use an earth-science approach to
define the evolving landscape context of human occupation. This work forms part of a larger
study which integrates archaeological excavation and analysis, rock art studies, ethnography and
biogeography to explore relationships between the changing environment, the archaeological

record and human marking of the landscape (Fullagar et al., 2000: 45).

Questions of change are one of the key contemporary issues of Australian (and world)
archaeology (Lourandos, 1996), and the Keep River region is of particular interest because it is
geographically and culturally midway between the adjacent Kimberley District to the west and
Victoria River District (VRD) the east (Tacon et al., 1999). It is hoped that the
geoarchaeological record within the Keep River region can provide a unique but regionally
comparative record. This study uses geochronological and geological methods to consider
temporal and spatial changes in the Keep River region from the processes operating in the
sedimentary and archaeological record. Particular interest is given to the sandstone escarpments

and sand sheets, which form the main archaeological contexts.
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The aim is to illustrate how variations in the processes and rates of landscape evolution may
help understand the archaeological context. A major problem is that in the extreme arid and
semi-arid monsoonal climate of northwest Australia formation processes tend to result in a
fragmented environmental and archaeological record. Rather than just treating formation
processes as problems to be overcome in order to reconstruct the past, an understanding of
formation processes is essential to interpretations of the archaeological record (Barton et al.,
2002: 186). Although this thesis includes a study of geomorphic dating techniques, it is also a
study of methodology and a geoarchaeological approach to archaeological problems. The
relevance of geoarchaeology to broader debates within archaeology is reviewed in Chapter Two,
and the specific geochronological and sedimentary methods used in this study are outlined in the

relevant chapters.

1.2 Regional Geoarchaeological Context

Due to its proximity to the northwest shelf, the archaeology of the Keep River region is
potentially of interest to debates about the early human settlement of the Australian continent
(Fig. 1.1). Most researchers consider the initial occupation of Sahul occurred sometime
between 40 and 70 ky BP (Veth, et al., 1998), when sea level was between 50 and 90 m below
its present position (Chappell, 1994). During this period the Keep River region, which presently
lies approximately 100 km south of the Joseph Bonaparte Gulf, would have been a further 200 -
300 km inland. Although the area explored in this study of the Keep River presently inland of
any coastal influence, previous changes in sea-level and climate are an important part of the
regional context. The archaeological record along other parts of the northwest coastline is

outlined by Veth (1999).
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Figure 1.1 Possible migration routes into Australia based on earliest evidence of Homo sapiens
from archaeological sites and evidence for impact on the vegetation in palaeoecological
sites from southeast Asian and northern Australia (from Kershaw et al., 2002), showing

location of the Keep River region. Extended landmass shaded to -150 m contour.

Well over half of the archaeological study sites in Australia are rock-shelter sites (Smith and
Sharp, 1993) and a large body of theory on Australia’s prehistory (e.g. initial occupation,
intensification, human-land interactions) has developed from studies of them. Although
enclosed rock-shelter sites, offer the potential for long, relatively well-stratified sequences
(Lourandos and David, 1998), the stratigraphy and consequent archaeological interpretation
may be complicated by various geomorphic factors. In addition, ethnographic evidence
suggests that rock shelters were only rarely used as habitation sites (Mulvaney and Kamminga,
1999) and indeed more arid parts, such as the Western Desert, are devoid of caves and rock
shelters and people must have occupied more open areas (Peterson, 1971). Despite this, few
Australian studies have attempted to directly compare excavated deposits from rock shelters and
open sites in the same area (Morwood, 1981, 1986, Mardaga-Campbell and Campbell, 1985).
The focus of this study is on the sand sheets, which not only represent the landscape on which
people lived over the Quaternary and prior to the period of occupation, but are also the link

between the escarpments and rock shelters.
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Figure 1.2

Location of Keep River (red) and other major archaeological and rock-shelter sites

throughout northern Australia.

Previous archaeological investigations within the Keep River region have included both open
sites and rock shelter sites (Fullagar et al., 1996; Head and Fullagar, 1997; Atchison, 2000).
Other excavations in the region have mainly concentrated on rock shelters and include the
Miriwun and Monsmont Shelters in the nearby Ord Valley, east Kimberley (Fig. 1.2). The
Miriwun site attests to the use of riverine resources during the LGM through to the late
Holocene (Dortch and Roberts, 1996). Other rock shelters in the region such as Kununurra and
Pincombe Range have provided recent ages falling between ca. 3.5 and > 1.0 ky BP (Veth,
1995: 743). Radiocarbon determinations for many of archaeological sites in north-west
Australia are listed in Veth (1995: 736-7), and the combined chronology of sites in the Keep
River region and in other parts of the Kimberley and adjacent regions is given in Chapter Seven
(refer 7.2.2). Along with current dating of archaeological sites in the Keep River region, the
regional chronology is considered to be indicative of ‘intensification’ during the Holocene, i.e.
increased social and economic complexity, defined by more intensive use of sites and increased

numbers of sites (Lourandos, 1996).
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Possibly related to ‘intensification’ is the development of the ‘Australian Small Tool Tradition’
(Gould, 1969), characterised by presence of stone points (including unifacial and bifacial points)
and dating from mid Holocene to present. Although the exact date is contested between 4.5 Ky
BP (Bowdler and O’Connor, 1991) and 5.7 ky BP (Jones and Johnson, 1985: 206), the
introduction of points into the archaeological record can theoretically be used as a chronological
marker in the northern Australian sequences. In the Keep River region, the introduction of
points is dated to around 3 ky BP (Attenbrow et al., 1995; Fullagar et al., 1996: 764). An earlier
industry in northern Australia dates from late Pleistocene to mid Holocene and is generally

characterized by cores, scrapers, and edge ground axes (Dortch, 1977; O’Connor, 1999).

1.3 Geographical Context

The Keep River (129.2°E, 15.4°S) is situated near the border of Western Australia and the

Northern Territory, between the Ord and Victoria Rivers (Fig. 1.3).

Figure 1.3 NASA Satellite image of the Keep River region, including Lake Argyle (sourced from

http://eol.jsc.nasa.gov/ Image No. STS41C-52-2562).
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Research is concentrated at three sites within the Keep River region, namely Jinmium,
Goorurarmum and Karlinga (Fig. 1.4). These archacological sites were linked to an adjacent
non-archaeological site of Sandy Creek Gorge (Fig. 1.4) in order to obtain a sedimentary record

essentially independent of any significant anthropogenic signature.
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Figure 1.4 Location of the three main archaeological sites (Jinmium, Goorurarmum, and Karlinga)

and the non-archaeological site (Sandy Creek Gorge) along the Keep River catchment,

and bounded by the larger catchments of the Ord River and Victoria River.

The archaeological sites investigated in this study border on parts of the Ord River Irrigation
Area (ORIA) (Fig. 1.5). Since 1995 much of the Keep River region is being progressively
engulfed in the expansion of ORIA Stage II (http://www.nt.gov.au/majorprojects/ord.shtml).
The Stage II development of the ORIA will use the waters of Lake Argyle to expand the
scheme’s current irrigated area of 13,000 ha (5000 km®) by a further 50,000 ha (20 000 km®) for
broad-acre cropping and some 15,000 ha (6000 km?) for intensive horticulture
(http://www.nt.gov.au/agri/factsheets/area.shtml). Details of Stage I and II of ORIA are

outlined in an environment review and management program (Kinhill, 2001). An estimated 8 %
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of the land area proposed for development in the ORIA Project is considered to have
archacological sensitivity to these people. Head (1999a, b) outlines the conceptual influence of

the past and proposed development on Aborigines, environment and agriculture by ORIA.
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Figure 1.5 Location of the archaeological site areas in relation to the expanding Ord River

Irrigation Area (ORIA).

14 Local Archaeological Context

The Keep River region provides an opportunity to compare physical, chronological and cultural
patterns (e.g. rock art, stone artefact, ethnographic, etc.) within northwest Australia. Research
indicates that the area has preserved a unique record of art (and hence culture) overlapping in
both age and style that of the adjacent Kimberley District to the west and VRD to the east
(Tagon et al., 1999), and possibly also related to that of Arnhem Land (Lewis, 1988). The
relative age of the Keep River region compared to these adjacent cultural provinces, however,
remains in contention (Roberts et al., 1997). The Mirtuwung and Gajerrong people have close

links to the land in this region, and many of the sites investigated in this study are incorporated
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into their present-day Aboriginal Dreaming. One of these Dreaming tracks, depicted in Fig. 1.6,
include a number of rocky outcrops that link Granilpi, Jinmium and Sandy Creek (Fullagar, et

al., 1996; Tacon et al., 1997).

10 km

Jinmium

Sandy  Creeg

Figure 1.6 Path of the Djibigun dreaming track through the Keep River region, which begins in the
north west at Biwinjar, passes through Granilpi, across the Keep River and Sandy Creek

to Jinmium where it ends.

Previous work to date in the Keep River region has considered hunter-gatherer use of fire and its
impact on vegetation (Head, 1996; Atchison, 2000); reopened debate on initial colonisation and
the relative merits of dating techniques (Fullagar et al., 1996; Roberts et al., 1997; Watchman et
al., 2000); highlighted rapid cultural change in the post-European contact period (Fullagar and
Head, 1999; Head and Fullagar, 1997; Mulvaney, 1996); documented ethnographic and
prehistoric subsistence tools (Atchison and Fullagar, 1998; Boer-Mah, 2002; Head et al., 2002);
and documented a seven stage sequence in the rock art (Tagon et al., 1997). Aboriginal people
have been central to the research, communicating extensive mythological traditions throughout

these areas. There are some questions relating to the timing and pattern of these various
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archaeological records both in the Keep River region and more generally in semi-arid
monsoonal sandy sites of northern Australia (Chapter Two). The following geoarchaeological
study aims to help resolve some of these questions by focusing on the sedimentary context, and

predominantly on sedimentation rates and processes.

In July 1999, when this research project began, a total of 43 rock art sites previously unknown
to non-Aboriginal people were recorded: 19 in the Weaber Range and 21 in Goorurarmum, the
hills to the east of Jinmium; another three were recorded elsewhere. (A coding system was
established by Dr. Paul Tacon of the Australian Museum to record the rock art sites as
sequential ‘KR’ numbers in sequence of which they have been recorded). Since 1987, eleven
Aboriginal archaeological sites and 76 art sites have been recorded by Dr. Tagon on the Legune
1:100 000 mapsheet, and excavations have been undertaken at five localities within the Keep
River area. The discovery of archaeological deposits (through a comprehensive augering
strategy) in open sites close to rock shelters in the Keep River indicates that the rock shelters
may represent cultural ‘nodes’ for occupation (Boer-Mah, 2002: 78). Whilst the potential exists
for older and deeper archaeological sequences to be found in open sites throughout the Keep
River region, the challenge lies in linking the sedimentary and archaeological deposits to those

found within the rock shelters.

Several of the rock art sites found in 1999 contain panels with figures resembling the
‘Bradshaws’ of the Kimberley region to the west (Figure 1.7). Together with two previously
recorded figures in the Granilpi area, these are the easternmost Bradshaw figures known (Tagon
etal., 1997; 1999), and are significant because of style (Tagon et al., 1999; Walsh, 2000) as well
as their contentious antiquity (Lewis, 1997; Roberts et al., 1997). Roberts et al. (1997) have
obtained an age of 17.5 £ 1.8 ky BP for a so-called Bradshaw figure, whilst Watchman (2001)
considers 3.9 = 0.11 ky BP is a more reliable age for this art (Watchman et al., 1997). Bednarik
(2002) also dismisses the older 17 ky BP estimation of the Kimberley figure, noting that a
Pleistocene painting tradition has not survived anywhere else in the world in such large numbers

outside of caves.
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Figure 1.7 Examples of different styles of paintings found in the Keep River region, including (a)
“Keep River Bradshaw” (Tacon et al., 1999) at Karlinga, (b) animal stencils at Granilpi,

(c) figures at Granilpi, and (d) superimposed figures at Karlinga.

Additional to the paintings are numerous rock engravings, some of which have been described
by Fullagar et al. (1996) and Tacon et al. (1997). Found most commonly on boulders or rock-
shelter walls (Tagon et al., 1997), the engravings take the form of cup-shaped marks or
‘cupules’ and are recognised as the oldest surviving form or rock-art in northern Australia
(Chaloupka, 1993; Flood, 1997; Tagon et al., 1997). Direct dating of oxalate-crust surfaces
formed over the cupules give minimum ages ranging from 2.2 + 0.05 ka at Jinmium to 4.3 +
0.08 ky BP at Granilpi (Watchman, 2001). The estimate for Jinmium oxalate-crust accords with
the OSL age of the sediments that covered a spalled rock fragment bearing weathered cupule

marks (Roberts et al., 1998). The 1999 field season also uncovered an ancient bird track
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engraving in the Weaber ranges, which was interpreted to represent the genus Genyornis
newtoni (Ouzman et al., 2002). Ouzman et al. (2002) argue that this engraving is no more than
a few thousand years old, indicating that Genyornis became extinct much later than the 25 and
50 ky BP age proposed by Miller et al. (1999). As such, Ouzman et al. (2002) suggest that the
engraved bird track has both recent and ancient referents, sustained over many tens of millennia
of changing cultural and environmental circumstances. The following study is a consideration
of those environmental circumstances both in relation to the rock art of the Keep River region

and to the archaeological record in general.

Figure 1.8 Examples of different styles of pictographs found in the Keep River region, including
(a) rings or circles at Karlinga, (b) scratches at Karlinga, (c) cupules at Jinmium, and (d)

pecks depicting animal figures at Karlinga.
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1.5 Research Strategy and Thesis Aims

The broad aim of this study is directed towards understanding the geomorphic and sedimentary
context of archacological sites in the Keep River region in order to provide the temporal and
spatial resolution for interpreting the remaining archaeological record. The thesis begins with a
literary compilation of the regional geological, environmental and climatic background. The
research then progresses from the general geochronological and geoarchaeological context by
using the techniques of in situ cosmogenic isotope dating and luminescence dating, to the more
specific sedimentary and archaeological site contexts, using the sedimentary and archaeological
features within the sand sheet and rock shelter sediments (Table 1.1). An attempt is made to

link the observations of modern day processes with those of the older landscape.

The multidisciplinary nature of this research cannot provide an independent and exhaustive
examination of any of the separate radiometric, sedimentary or archaeological elements. A
predominantly empirical approach is designed to evaluate data both from within and outside this
study, and illustrate how a geoarchaeological approach can contribute to our understanding of
site formation sandy environments of northern Australia. Ideally this work can in future be
linked with information on biota, demography, and material culture in order to generate a more
integrated geoarchaeological model of prehistoric settlement and subsistence patterning for the
Keep River region. It is also intended that this work should provide an introduction, not only to
geoarchaeological research in Australia, but also in similar semi-arid monsoonal environments

worldwide.

The specific objectives of this thesis are to:

(1) Review the importance of a geoarchaeological approach to studies of archaeological site
formation in Australia.

(i1) Outline the regional geological, geomorphological, palaeoclimatic and ecological
context of the Keep River region as a background to subsequent geoarchaeological

interpretations.
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(iii)  Obtain an estimate of the rate of escarpment erosion from various sites within the Keep

River region using in situ cosmogenic dating.

(iv) Obtain an estimate of the rate sand sheet accumulation in the Keep River region using

both in situ cosmogenic dating and luminescence dating techniques.

(v) Investigate the processes of sedimentation and weathering within the sand sheets of the

Keep River region using techniques of geochemistry and micromorphology.

(vi)  Discern the chronological and contextual relationship between the landscape and its

archaeological record at the site specific and regional level.

Table 1.1 Primary study components in this study of the geoarchaeology of the Keep River

region.

Theoretical Context

Chapter Two:
Relevance of geoarchaeology to current

issues in Australian archaeology

Landscape Context

Regional environment, landform and

topographic setting

Chapter Three:

Regional environment

Landscape processes

Chapter Four:

Cosmogenic dating of escarpments

Site Formation

Geomorphic agents
Cultural and natural processes

Post-depositional processes

Chapter Five:

Sedimentary description and analysis

Stratigraphic Context

Site processes and chronology

Chapter Six:

Luminescence Dating of sand sheets

Archaeological Context

Landscape and site modification

Chapter Seven:

Archaeological record
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CHAPTER TWO
Literature Review: Perspectives on a Geoarchaeological Approach to Current Issues in

Australian Archaeology

Close co-operation among sedimentologists, archaeologists, and other specialists during
planning, excavation, and interpretative stages is crucial to a successfully integrated study.

- Farrand (2001:537).

2.1 Introduction

The field of geoarchacology is generally defined as the application of concepts and methods of
the geosciences to archaeological research (Waters, 1992). In Australia, geoarchaeological
research has often been carried out under the broad themes of ‘landscape’, ‘spatial’ or
‘environmental archacology’ (Hughes and Sullivan, 1982). Whilst providing a means for
reconstructing prehistoric and ancient landscapes, depositional environments, and paleoclimatic
regimes, such studies have often fallen short of linking broader-scale landscape change to
archacological evidence, especially at the temporal and physical scales at which groups of

prehistoric people may have interacted with the landscape (White and O’Connell, 1982).

The majority of archaeological remains throughout Sahul’s prehistory derive from small, short-
term, open encampments; with little persistent data beyond a hearth, some stone artefacts and food
remains. Once abandoned, this material was usually disturbed and transported over a
considerable area before being buried and partly preserved in sand or alluvial clay. Each cluster of
remains is likely to represent only one part of a much larger camp that was discontinuously spread
over many locally different geomorphic units, the exact correlation of which is difficult if not
impossible.

- White and O’Connell (1982: 34; my emphasis)

The above quote notes some of the potential problems associated with determining and

correlating geochronology and stratigraphic sequences, and preservation of materials in many
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archaeological sites in Australia. Like many geoarchaeological issues, these problems relate
specifically to the nature of basic physical, chemical, biological and human properties and
processes to morphological and sedimentological changes on timescales ranging from months

to millennia, and at spatial scales ranging from tens of metres to tens of kilometres.

In addition to reviewing these issues, this chapter outlines the history and present status of
geoarchaeology in northern Australia, where there is emerging some of the oldest evidence of
human-environmental interactions (Dodson, 1992; Head, 2000). In considering the history of
geoarchaeology, this review argues for a renewed emphasis on the physical context to
archaeological research. Changes in time and space are key contemporary issues in Australian
archaeology (Lourandos, 1996; Sullivan, 1996), hence the following considers the problems
and potential application of geoarchaeological concepts and methods to identifying and
quantifying change in the cultural and natural deposits of semi-arid and monsoonal
northwestern Australia. The geoarchaeological issues for the Keep River region are also

outlined.

2.2 History of Geoarchaeology in Australian Archaeology

For over two centuries archaeologists have been investigating the prehistory of Australia. The
historical paradigm of “an unchanging people in an unchanging land” (Pulleine, 1928) has
since evolved to the opposite contemporary interpretation of archaeology within a dynamic
Australian landscape (Lourandos, 1996; Sullivan, 1996; Head, 2000). In the nineteenth
century, natural scientists, studying the earliest periods of human occupancy of Australia, made
a plea for conducting archaeology on geological rather than archaeological grounds (White and
O’Connell, 1982: 23), and many natural scientists continue to do so (Mulvaney, 1972; Hughes
and Sullivan, 1982; Bowler, 1998). In addition to defending a stratigraphic approach to
unearthing evidence of human occupation, such pleas allude to cultures and landscapes
operating over geological time scales. In this regard, a close interdisciplinary relationship has
long existed between the earth sciences and archaeology, but in Australia, geoarchaeology has
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yet to be generally acknowledged, as it has in Europe (Davidson and Shackley, 1976; Rapp and
Hill, 1998) and America (Butzer, 1982; Waters, 1992; Waters and Khuen, 1996; Stein, 2001),

as an integral part of archaeology.

Many concepts in Australian research have been founded in studies of more temperate and
northern hemisphere climates (White and O’Connell, 1982), even though there has been
longstanding research in the southern Pacific region (Bowler et al., 1976; Dickinson, et al.,
1998; Dodson, 1992; Veth et al., 1998). Even within Australia a great majority of
archaeological studies have been undertaken in the southern temperate region (Mulvaney and
Kamminga, 1999), despite the fact that the arid and semi-arid monsoonal zone occupies over
two-thirds of the continental land surface. Considerable scope exists to explore and expand the
consideration of human-environmental interactions to semi-arid monsoonal regions of
Australia. Such was the aim of a recent conference on the archaeology and environmental
history of southern hemisphere deserts which included Australia, South America and South

Africa (Smith, 2003).

Geoarchaeology has always been primarily concerned with the temporal contexts of sites
through the application of stratigraphy and geochronology (Renfrew, 1976) and geochronology
is integral to a range of active debates in Australian archaeology. Many of these
geochronological aspects have been previously discussed (Frankel, 1995; Morwood and Hobbs,
1995), and include arrival and colonisation of the Sahul continent (Allen, 1989; Webb, 1998;
Roberts et al., 1994b, Veth et al., 1998; Roberts and Jones, 2001), and human impacts thereon,
particularly through the use of fire (Head, 1996; Kershaw et al., 1997, 2000), and on the timing
of megafaunal extinctions (Flannery, 1994; Miller et al., 1999; Roberts et al., 2001).
Investigations of human impacts often base the case for an anthropogenic cause strongly on
temporal association, but far more evidence is needed before human and climatic roles can be

disentangled (Ross, 1982).
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Changes in the natural environment also have impacts upon humans and on the preservation of
archaeological material (i.e. natural site formation processes). Rather than tackling
archaeological questions through specific geoarchaeological research, archaeological research
often derives physical and environmental context from related studies, such as the CLIMANZ

records (http://rses.anu.edu.au/enproc/AQUADATA /archive.html) that, although useful, are not

necessarily aimed at answering any specific archaeological problem. Site formation processes
have generally been considered from taphonomic archaeological studies, which have broadened
to recognise the wider importance of processes involved in archaeological, palaecontological
and geological sites (Hiscock, 1990). Only a few studies have been directed specifically
towards investigating site formation processes, and examples concern rock art (MacLeod et al.,
1997; Ward et al., 1999), palacobotany (McConnell, 1997) and maritime archaeology (Ward et
al., 2000). Hughes (1983a) outlined some basic geoarchaeological field and laboratory
techniques to improve understanding of archaeological site history. The potential exists for
targeted geoarchaeological investigations to provide a more contextual and quantifiable link

between the regional long-term evidence, and local or site specific short-term evidence.

23 Quantifying Change

Changes in time and space are a key contemporary issue for Australian (and world)
archaeology (Lourandos, 1996; Sullivan, 1996), and studies of change require a focus upon the
processes which influence the archaeological record, and what that record tells us about
human-environment relationships (Lourandos, 1996). Conversely, recent emphasis on change
has also drawn introspection on questions of continuity and stasis (Frankel, 1995; Terberger
and Street, 2002). Early recognition of cultural change in Australia was based on stratigraphic
differentiation (Mulvaney, 1961) but with the advance of absolute dating techniques (Roberts
and Jones, 2001), the chronostratigraphy (rather than the nature of the stratigraphy), has
become the main basis for identifying change. However, premature adoption of poorly
evaluated analytical techniques and their preliminary results has perhaps given archacology,

and its related disciplines, a reputation of being method driven (Dincauze, 2000). With recent
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advances in luminescence dating, and with problems in Pleistocene radiocarbon determinations
still unresolved, the observation of Allen (1994) that we are undergoing another significant but
controversial dating revolution, is probably still valid. Whilst acknowledging these problems,
the following discussion considers the use of in situ cosmogenic dating, luminescence dating

and radiocarbon dating techniques to quantify processes over longer and shorter timescales.

2.3.1 In-situ cosmogenic dating

Long-lived cosmogenic radionuclides '°Be (T,,=1.5 Ma), *°Al (0.7 Ma) and **Cl (0.3 Ma) are
produced from the interaction of secondary cosmic-ray particles within the upper metre or so of
the Earth's crust and in exposed surface rocks. The accumulation of these radionuclides can be
utilised as radiometric clocks to elucidate the exposure history of geomorphic formations and
previously unexposed surfaces. In situ cosmogenic dating has the potential to be useful to
many geoarchaeological studies (Nishiizumi et al., 1993; Bierman, 1994; Cerling and Craig,
1994; Harbor, 1999), as the concentration of isotopes is based on physical processes that can be
quantitatively determined over timescales of ~2 ka to 5 Ma (Granger and Muzikar, 2001) that
are appropriate to the development of most landscapes (Dorn and Phillips, 1991; Nishiizumi et
al., 1993) particularly in Australia (Nishiizumi et al, 1993; Bierman and Turner, 1995; Bierman
and Caffee, 2002). The different half-lives of each these radionuclides represent different time

windows into the past.

Used initially in glacial geochronology (Lal et al., 1987; Brown et al., 1991; Nishiizumi et al.,
1991), in situ cosmogenic isotope dating continues to be applied to an increasing breadth and
complexity of geomorphic contexts including the development of raised river terraces and
paleo-beach ridges (Pavich et al., 1986; Trull et al., 1995), soil formation (Heimseth et al.,
1999; 2000), basin wide aggregate erosion (Chappell et al., 2001), sediment burial (Granger
and Muzikar, 2001) and as shown in this thesis, modelling of sediment accumulation (Fink et

al., 2000). Dating sediment deposition over long-term timescales is important in many areas of
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geology, geomorphology, and palacoanthropology (Nishiizumi et al., 1993; Granger and

Muzikar, 2001).

Watchman and Twidale (2002) argue that cosmogenic methods are presently only useful to
geologically recent events partly because of changes in climate and tectonism. Yet, the
application of cosmogenic dating to the study of geologically recent archaeological and
geoarchaeological contexts is virtually undeveloped, as evidenced from a recent conference
workshop on the application of cosmogenic nuclides to geoarchacology

(http://www.rekihaku.ac.jp/e_news/workshop/ams.html). One such relevant study is the use of

""Be to estimate denudation rates in Arnhem Land (Nott and Roberts, 1996). Obtaining
minimum exposure ‘ages’ of exposed archaeological constructs, such as rock art (e.g. Phillips
et al., 1997), pyramids, the Sphinx, and Stonehenge (e.g. Williams-Thorpe et al., 1995) is
theoretically possible. In practice, care must be taken in interpreting exposure age results. In
the particular study of the engravings of the Coa Valley, Portugal (Phillips et al., 1997), the
calculated weathering rate was greater than that which would preserve the observed engraving
(Watchman, 1998). A particular problem for rock art surfaces is that the penetration of
radiogenic particles is vastly greater than the thickness of the art itself, and the isotopic
concentrations in the surface are too small to be detected without laboriously analysing many
kilograms of rock. Moreover, the cosmogenic ‘age’ does not define the exact age that a surface
was exposed to the atmosphere, but like luminescence and radiocarbon dating, defines a range
or period (Lal, 1991). Importantly, however, the CRN method adds a radiometric quantitative
measure to all assumptions and theories of landscape evolution and the concept of age is not

changed.

A different application of cosmogenic exposure age dating has been used for dating of
prehistoric cave sediments in Israel (Boaretto et al., 2000), and exposure dating of chert
artefacts of known typological age (Late Acheulean to early Middle Paleolithic) near Luxor,
Egypt (Ivy-Ochs et al., 2001). These studies require a measure of the *°Al radionuclide

concentration which can be complicated by the matrix material of the artefacts themselves (e.g.
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flint, chert). A more recent use of CRN methods is not only in surficial material but material
which has undergone a process of transport and redeposition, and involves a measure of the
timescales of these processes. By estimating the accumulation rate of sediments it is possible

to place any discovered artefacts into the temporal context of the stratigraphic profile.

Depth profiles of in situ produced cosmogenic nuclides can be used to study surficial processes,
quantify denudation and burial rates and elucidate mechanisms involved in landform evolution
and soil formation. These sorts of studies began in the lateritic sediments in Africa by Brown
et al. (1994) and more recently by Braucher et al. (2000). Subsequently in Central Africa,
archaeological investigations of human artefacts (Schwartz, 1996) were complemented by
cosmogenic studies of pebbly laterites that occurred in the archaeological stratigraphy
(Braucher et al., 1998). Other applications include the comparison of in situ produced '’Be in
fluvial sediments between an agricultural and an undisturbed watershed in Puerto Rico to
confirm the anthropogenic origin of the high modern denudation (Brown et al., 1998). All
these studies provide the foundation for this study of lateritic sediments in the Keep River
region. A comprehensive presentation of the in situ model, methods and application of

cosmogenic exposure dating is given by Lal (1991) and Gosse and Phillips (2001).

2.3.2 Luminescence Dating

Luminescence dating is still a relatively new chronological technique, allowing quartz and
feldspar rich sediments, which are otherwise undatable by conventional radiocarbon methods,
to be absolutely dated (+ ~10%) within a range of 100 to 200 ka (Aitken, 1989). The method is
based upon the fact that many naturally occurring minerals are able to act as dosimeters,
recording the amount of ionizing radiation that they are exposed to. This radiation principally
comes from the radioactive decay of uranium, thorium and potassium in the sediments
surrounding a sample (Aitken, 1989). This stored dose can be evicted by heating to 500°C
(thermoluminescence, TL) or by stimulating with light of a particular wavelength (optically

stimulated luminescence, OSL). The calculated age represents the time elapsed since last
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bleaching or heating and is an absolute age which does not need to be referred to any secondary

calibration.

While much is made of the crucial role of luminescence dating in determining the chronology
of the initial colonisation of Australia (Allen, 1994; Roberts and Jones, 1991; Roberts et al,
1994b; Head, 2000), major questions have arisen regarding the relationship between
radiocarbon and luminescence ages (Allen, 1994; Webb, 1998) and between
thermoluminescence (TL) and optically-stimulated luminescence (OSL) determinations
(Roberts et al., 1999; McCoy et al., 2000). Part of the problem of discrepancies between dating
results is that different dating techniques measure “time” using different materials that yield
different ages (Frankel, 1990) or, more correctly, age ranges (Webb, 1998). In the future,
single-grain OSL dating may allow a variety of contentious issues to be addressed, such as the
presence and impacts of bioturbation on archaeological deposits (Bateman et al., 2002), and the
identification of so-called “contaminant” grains (Roberts et al., 2000). Other major problems
concern the understanding of sedimentary factors that relate directly to interpretations of dating

results (e.g. Fullagar et al., 1996).

There remains an unresolved dispute surrounding the dating of sediments obtained from the
Jinmium site (Spooner, 1998, Roberts et al., 1998a). Apparent sediment accumulation rates
inside the rock-shelter are an order of magnitude slower than those of the adjacent escarpment-
base sand sheets (Fullagar et al., 1996), and Roberts et al. (1998a) argued that this difference,
along with differences of sediment colour, indicated that the TL ages were incorrect. Whilst
some studies have focused on reviewing the TL and OSL analyses on quartz grains from the
Jinmium rock-shelter excavation (Roberts et al., 1999; McCoy et al., 2000), little attempt has
been made to define and differentiate the processes that influence net sedimentation, and
reddening of sediments over time, either within the shelters or on the exposed sand sheets.
Why sediment accumulation rates and colour should necessarily be similar in these two
different environments has not been argued, and the archaeological significance, if any, is

therefore unknown. Jinmium is now one of the most dated archaeological sites in Australia, but
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the age of the deposits and their archaeological significance will remain unclear until there is
careful and targeted research designed to improve understanding of sedimentary processes and

products in these arid sandy environments.

2.3.3 Radiocarbon Dating

The limitations associated with radiocarbon dating of archaeological sites in Australia,
particularly those of Pleistocene age, have been variously discussed by Allen (1994), Roberts et
al. (1994a), Allen and Holdaway (1995), Chappell et al. (1996), Webb (1998) and more
recently by Turney and Bird (2002). These limitations include problems of calibration of
various source materials (e.g. charcoal, wood, peat, shell, coral), and of sample contamination
either through post-depositional processes or during recovery and subsequent processing.

Allen and Holdaway (1995) suggest that there is a significant difference in the oldest
radiocarbon ages obtained from archaeological and geological sites, but do not ascribe this to
any difference in cultural versus natural site formation, or in source material despite a

sevenfold greater percentage analysis of charcoal from archaeological sites.

As in other archaeologically-relevant dating techniques (Wintle, 1996), some advance is being
made in radiocarbon dating methods in the ability to use small samples of specific carbon-
bearing extractions with improved precision (e.g. Bird et al., 1999). The greater potential for
contamination of small samples is generally outweighed by the analytical (precision) benefits
and the reduced impact on culturally sensitive material. In her archaeobotanical studies in the
Keep River region, Atchison (2000) obtained more reliable radiocarbon results from larger seed
fractions (> 2 mm) arguing that finer carbon fractions may have moved in the sediment profile.
Roberts et al. (1998a) also argued for a more reliable radiocarbon and luminescence chronology
at Jinmium from the > 125 pm fraction. These results contrast with studies within a similar
sandstone rock shelter in New South Wales, which indicated the smaller the artefact the more
likely that it has retained its original depositional position (Balme and Beck, 2002). Balme and

Beck (2002) also found that the processes affecting the distribution of plant (starch and
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charcoal) remains were different from those affecting stone artefacts. Thus for each study there

remains a need to assess the material being dated and its landscape context.

2.4 Identifying Change

In the unconsolidated sandy profiles typical of much of northern Australia, the relationship
between the geochronology, sediment stratigraphy, and archaeological stratigraphy is not
always apparent (Hiscock and Kershaw, 1992). However, the limits of resolution for
interpreting past physical changes in such sandy sediments are set not only by the limits of the
chronological methods used, but also by the paucity in our knowledge of physical processes
acting in these landscapes, and problems of interpreting past changes of conditions and

processes from stratigraphic and geomorphic evidence (Chappell, 1978).

2.4.1 Sediment Characterisation

Sedimentologists and geomorphologists have been involved in many archaeological field
studies, but the published record of sedimentary analyses in the archaeological literature rarely
goes beyond descriptions of the basic colour and textural information. Whilst these are useful,
data such as petrographic descriptions, compositional analyses (eg. grain size analyses,
mineralogy, organic, heavy mineral and/or carbonate content) are generally required in order to
establish a clear and reliable stratigraphy. For example, in an attempt to derive a master
sequence spanning both the Holocene and Pleistocene, Bowdler and O’Connor (1991)
combined the sequences and ages from two shelters at Widgingarri, in the western Kimberley.
Whilst acknowledging the problematic transference of ages (see Frankel, 1993: 28), Bowdler
and O’Connor’s (1991) inference of a ~ 10 ka hiatus in occupation derives from a master
stratigraphy defined only by Munsell soil colour and texture (degree of compaction). If this
were the case, then the Keep River and Malakunanja I archaeological sites, which are similarly
composed of poorly sorted fine, medium and coarse-grained (red) siliceous sands (Roberts et

al., 1999), would arguably be of similar (Pleistocene) age.
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Specific mineral components (e.g. authigenic phosphates, calcite, iron and/or manganese
oxides), and physicochemical properties (eg. pH, redox) can also provide potential information
on palaeoclimatic or palacoenvironmental conditions, and whether important anthropogenic
materials such as bones, phytoliths, eggshells, pollen or flint tools have or have not been
preserved or were never present (Weiner et al., 2002). Part of the problem is that
archaeologists often have a poor grounding in modern soil science techniques and hence only a
partial understanding of how advanced analytical techniques can be used to approach or solve
geoarchaeological problems (R. Gilkes, pers. comm., 2002). The importance of basic sediment
description in Australian archaecology has been previously argued (Mulvaney, 1972; Keeley and
Macphail, 1981; Hughes, 1983a; Webb, 1992; Barham et al., 1995), but it is not yet a common

feature of many published archaeological studies.

Micromorphology — the study in thin section of resin impregnated unconsolidated sediments -
has rarely been used within Australia despite the benefits of such micromorphological studies
to geochronological and geoarchaeological research (Courty et al., 1989; Macphail et al., 1990;
Davidson et al., 1992; Matthews et al., 1997; Goldberg and Arpin, 1999; Goldberg, 2002).
Micromorphology is generally used to qualify initial hypotheses derived from field
examination, and in particular to identify sediment type, anthropogenic features, nature of
disturbance during occupation, and post-depositional disturbance (Davidson et al., 1992). The
latter may be especially important to reliable chronological determinations. In Meadowcroft
rockshelter, Pennsylvannia, Goldberg and Arpin (1999) used micromorphology to confirm that
groundwater contamination (and inclusion of humates or coal particulates) had not contributed
to falsely early radiocarbon ages. Goldberg and Arpin (1999) also identified subtle changes in
colour and texture within the rock shelter sediments which not only indicated the palacodripline
but also changes in the rock shelter configuration. Similar micromorphological analyses would
be invaluable in many northern Australian rock shelters. Unfortunately, there is little or no
groundwork characterising either the natural and cultural features of sandy sediments in these

semi-arid monsoonal environments.
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2.4.2 Bioturbation

Bioturbation is acknowledged as one of the major problems in identifying processes and

features in archaeological deposits, and in the possible distribution of artefacts (Fig. 2.1).

Recent reviews have stressed the significant effects of earthworm activity on archaeological

stratigraphy (Johnson et al., 2002; Canti, 2003). In more arid and monsoonal environments,

such as northern Australia, termites essentially fill the role of earthworms (McBeaty, 1990).

McBeaty (1990) provides one of the few studies of termites as agents of post-depositional

disturbance on archaeological sites but there remains no equivalent study in Australia.

Figure 2.1
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Dynamic denudation model modified from Johnson (2002: 18, his Fig. 1), wherein biotic
processes, together with geomorphic and anthropogenic processes, contribute to landform
evolution. Artefacts are depicted as filled shapes. Examples of processes that may disturb
the distribution of artefacts include: (i) erosion of surface soils, leading to redistribution
downslope of sediment and artefact material, (ii) constant subsurface bioturbations, (iii)
intermittent mound building and upward displacement of sediments and artefacts, (iv)
hydrological translocation processes within the sediment, (v) formation and integration of
artefacts into stone lines, and (vi) disturbance of surface and buried artefacts by tree fall or

decay.
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Whilst it may not be possible to attribute specific products to specific processes in
archaeological sites, it is important to try to identify the scales at which bioturbation processes
overlap with other depositional processes. Canti (2003), for example, defines the depth of
artefact burial due to worm activity to 10 — 25 cm. Grave and Kealhofer (1999) used a
combination of soil morphology and phytolith analyses to estimate the disturbance scale of
bioturbation to be between 0.2 and 5 cm. The undisturbed pattern of natural or cultural
processes may only be represented deeper in the sequence as biotic influences decrease (see

also Nkem et al., 2000).

Consequently, consideration should be given to the many environmental and/or cultural
processes that produce similar signatures, particularly in the upper sediment horizons, before
any archaeological or geoarchaeological implications are made. Consider, for example,
interpretations of settlement patterns throughout Australia presented by Smith and Sharp (1993)
using time-series graphs of site use (Fig. 2.2a). In the absence of any normalisation to non-
occupied sites, depth, or some other measure of frequency, the apparent cultural trend could
equally be representative of natural processes. The shape of the curve, for example, is typical

of bioturbation as identified by Du et al. (1998, Fig. 2.2b) and Van Nest (2002, Fig. 2.2¢).

An alternative explanation for the apparent trend may include the poor preservation of older
carbon (Fifield et al., 2001), particularly in deep sequences which are subject to fluctuating
groundwater levels (refer also 7.2.1). If the frequency of sites at a particular depth is plotted
against age, then the pattern of site numbers (irrespective of the presence of unconformities)
simply reflects the greater occurrence of younger sites in shallower sequences and visa-versa

for older sites.
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Figure 2.2 Alternative interpretation of trends in time-series graphs, presented in comparison to (a)

the original graph of apparent stratigraphic unconformities in northern Australian rock-
shelters by Smith and Sharp (1993). Such a trend is also typical of a bioturbation
profile, as presented by (b) Du et al. (1998), their Fig. 2, and (c) artefact and gastroliths

depth profiles from western Illinois (after Van Nest, 2002, her Fig. 5).

2.5 Interpreting Change

The following discussion considers some of the problems of deciphering cultural and natural
deposits, and interpreting the stratigraphic and geomorphic evidence in both rock-shelter and

open environments.

2.5.1 Cultural versus Natural Processes and Deposits

An ongoing debate in archaeology is that regarding the continuity of the archaeological record
(Farrand, 1993; Frankel, 1995), and of the significance of those sediment layers which contain
no evidence of human activity (O’Connor et al., 1999). Archaeological rock-shelter sites
across northern Australia typically have mid- to late Holocene units (~ 8 — 3 ky BP)
immediately overlying units dating from the last period of glacial aridity (~ 20 ky BP)
(Morwood and Hobbs, 1995; O’Connor et al., 1999) indicating a major chronological hiatus.

In order to explain the gaps in occupation records in a sedimentary sequence (i.e. a ‘cultural
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hiatus’), cultural processes have been invoked as ‘first-order explanations’ (Veth, 1995;
O’Connor et al., 1999). The major thesis of O’Connor et al. (1999) is that the absence or loss
of cultural deposits results from behavioural changes (i.e. abandonment or higher mobility)
rather than erosion and removal of the previous phases of accumulation as postulated by Smith

and Sharp (1993).

Whilst in some circumstances at a local level it may be possible or appropriate to consider
cultural changes as a prime reason for the absence of preserved cultural materials (e.g.
Holdaway et al., 2002), it cannot be taken as the general case (i.e. it cannot be a ‘first-order
explanation’). In the absence of any relevant geoarchaeological research, the justification of
cultural hiatuses remains, on environmental grounds, dubious. Why, for example, do
chronological hiatuses also exist in some non-occupation sites (e.g. Bowler, 1998, Nott and
Price, 1999)? There are simply too few records of non-occupation sequences available for
effective comparison of their nature and stratigraphy with those sites which possess occupation
sequences. Moreover, many rock art sites may have little or no sediment deposits or evidence
of occupation other than the rock art itself. In the Koolburra Plateau in north Queensland,
Flood (1987) noted that 64% of rock art sites had little or no sediment deposits and, of these,
only 4% had stone tools. Hence, it may be difficult to assign a sequence as cultural even where

sediments are present.

The non-cultural explanation for incomplete stratigraphy within rock shelters of northern
Australia (Smith and Sharp, 1993) is based on a graph showing the temporal distribution of
stratigraphic unconformities within them (Fig. 2.2a). The graph shows a pattern interpreted to
show widespread erosion of rock-shelter deposits in the period 9 - 6 ky BP. The data for the
graph have previously been criticised for reasons which include the extrapolation of ages, the
similar treatment of data from rock-shelters and caves, and poorly defined stratigraphy
(O’Connor et al., 1999). It could also be argued that such a pattern of occurrence of
unconformities might occur for many types of sedimentary site, and whether occupied or not.

Thus, in the absence of a comparative non-occupation record, the justification of widespread
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erosion of rock-shelter deposits in the terminal Pleistocene/early Holocene (Smith and Sharp,

1993) is also questionable.

Smith and Sharp (1993: 55) themselves doubt whether the excavation methods used to obtain
the rock-shelter records are adequate to detect erosional surfaces. For young and/or shallow
deposits, particularly the unconsolidated sandy sediments typical across northern Australia, the
stratigraphy is less readily defined (Ward and Larcombe, 2003). Both brief pauses in sediment
accumulation and more significant erosional events may be difficult to detect when either the
particle size distribution acts against the development of stratification, or if primary sequences are
disturbed by secondary mixing processes (Barham et al., 1995). Consequently, there will be
instances where occupation occurred but for which we cannot find any discernable evidence, or
infer any regional event or process, until the resolution for correlating chronostratigraphic

sequences and unravelling their depositional and post-depositional history has improved.

In some instances, higher resolution dating may be the key. By obtaining numerous AMS "C
radiocarbon ages from an apparently homogeneous and continuous stratigraphic sequence in
Okuzini Cave, Southwest Turkey, Otte et al., (2002) were able to interpret a straightforward
link between the observed cultural changes with sedimentary lacunae, erosion, or changes in
rates of sedimentary processes, and rule out any break in human occupation, or anthropogenic
alteration. In other instances, it may be through serendipity or intention that a site is discovered
which challenges a perceived hiatus in occupation (Terberger and Street, 2002). For many
rock-shelter sites the lithostratigraphic units may be finer than the artefact stratigraphy
(ethnostratigraphy) or the chronostratigraphy, thus the characteristics of the sediments
themselves and the recognition of hiatuses based on weathering criteria must be utilised

(Farrand, 2001: 549).

Dortch and Roberts (1996: 33) argue that occupational or depositional hiatuses in cave and
rock-shelter deposits could just as likely result from site-specific developments or localised

changes as from regional shifts in physical conditions, population movements, or other large-
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scale trends. For example, for sites which relate to mobile hunter-gatherer groups, site
formation is likely to result from a complex mix of cultural and natural processes that vary
across the landscape, and are differentially preserved within it. The concept of temporally and
spatially variable occupation is similar to the geomorphological concept of dynamic
depositional environments (e.g. as a consequence of changes in sea-level or climate), in which
sedimentary environments and facies shift position through time. Discontinuity that is
primarily spatial is thus masked by variation that is primarily temporal (Tipper, 1998). The
discontinuous use of place over time provides the basis for surface archaeological studies
(Holdaway et al., 2000, 2002), and such studies should be extrapolated into the stratigraphic
record by acknowledging that all archaeological sites now buried were once surface scatters
(Dunnell and Dancey, 1983). Thus, if archaeological excavations are extended laterally there is
an increased chance that time gap(s) will be filled and the overall stratigraphic record will be

more complete (Farrand, 1993; Stern, 1994).

Similarly, it is important that any geoarchaeological study include (non-archaeological) areas
adjacent to archaeological deposits to, “allow an even finer resolution of geomorphic events
and of the relationships between these events and Aboriginal use of sites and their surrounds”
(Hughes and Sullivan, 1986: 131). Not only is it important to fill in the gaps between
archaeological and adjacent deposits, but also, where possible, to fill in the periods between
abandonment and occupation, which, as discussed above, do not necessarily equate with a
cultural hiatus. Although many archaeologists have difficulty with the notion that non-
archaeological data might provide evidence of human activity (Head, 1994), the converse that
archaeological data might provide evidence of natural processes is also true. Consequently,
interpretation of both natural and cultural records will be advantaged when approached through

multidisciplinary studies.
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2.5.2 Rock-shelters

Whilst coastal environments in northern Australia may contain well-preserved mid to late
Holocene archaeological sites (Woodrofte et al., 1988; Veth, 1995), research of older sites, or
those in non-coastal regions, has mainly focused on rock-shelter sites (O’Connor, 1995;
Roberts et al., 1994a; Veth, 1995). Despite the focus given to rock-shelter sites (Smith and
Sharp, 1993), few detailed geomorphological investigations of Australian rock-shelters and
caves have been undertaken (David and Lourandos, 1999) and hence there is little empirical
evidence to support many of the geoarchaeological interpretations made from these sites.
Whereas open sites tend to more reflect regional environmental conditions, rock-shelters and
caves are idiosyncratic and often have their own microclimates and localised sediment sources
(Farrand, 2001). Correlation of deposits from outside shelters with those within are necessary
to support chronological comparisons, although they may be complicated where rock-shelter
deposits are endogenous or polygenetic, or show poor soil development (Dincauze, 2000).
Barton and Clake (1993) have argued that the diversity of geomorphic processes affecting rock-
shelters requires that each site be approached individually, and in much the same way that these

processes are (or should be) treated at open sites.

For rock-shelter studies, the links between site-specific conditions, patterns of site-use and
abandonment, and regional trends have not always been clearly justified. The apparent high
correlation between the intensity of human occupation and the sediment accumulation rate,
argued from a number of Australian rock-shelters (Hughes and Lampert, 1982; Hughes and
Sullivan, 1981, 1982), continues to be cited to support the argument that Aboriginal use of fire
increased rates of erosion (e.g. Veth, 1995:745). Within these rock-shelters the apparent
correlation between apparent increased intensity of site usage with accelerated accumulation of
sediment (apparently from roof-fall) was considered to result from ‘quasi-natural’ processes
including changes in local temperature and humidity (Hughes, 1983; Hughes and Sullivan,
1982). However, first, whether the intensity of human occupation can be effectively measured

from the amount of preserved archaeological material is in itself questionable (Hiscock, 1981;
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1990), and second, there has been little research to substantiate the original argument for
human accelerated erosion. The essence is that the natural processes need to be defined before
the cultural interpretation becomes widespread and accepted. In a later paper, Hughes and
Sullivan (1986: 130) themselves specified four lines of sedimentological and geoarchaeological
investigation which were required to test the hypothesised links but this paper has not received

due attention.

Outside rock-shelters, on surrounding sandstone slopes Hughes and Sullivan (1981) argued that
Aboriginal burning of the landscape resulted in increased rates of erosion (measured against
‘natural’ firing regimes) in the mid to late Holocene, through increasing instances of the
removal of ground-covering grasses and shrubs above ‘natural’ levels. Their argument of
increased erosion is based upon coincidence of the commencement of occupation with the
onset of sediment accumulation (Hughes and Sullivan, 1981: 277, see also Hope et al., 1995:
231). This premise fails to account for the limitations in the identification and dating of either
event, or that in the absence of net sediment accumulation, there may be no clear means of
preserving and evidence of occupation. Although increased sedimentation in caves and rock-
shelters due to human processes is not unheard of (e.g. Farrand, 1993, 2001), some
circumspection would be appropriate when using sedimentation rates in interpreting human-
environment interactions until more detailed studies of the processes of sedimentation
associated with such sites are undertaken. The following research in the Keep River region

attempts to do this.

Overall, despite the attention given to rock-shelter sites throughout Australia, too few
archaeological studies follow-up field stratigraphic and sedimentary surveys with laboratory
analyses selected to reveal those attributes most relevant to the interpretations, and
unfortunately some uncorroborated interpretations persist in the literature. Scope exists for
developing an integrated geoarchaeological approach to Australian studies, like those used in

America (Farrand, 1985; 1993; 2001), and Europe and the Near East (Barton and Clark, 1993)
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which leads to an understanding of site-formation processes during human occupation, and, in

some cases, to a reconstruction of local and regional paleoclimates.

2.5.3 Open sites

Aboriginal activity was not restricted to rock shelters, so it is surprising that few studies extend
their archaeological excavations out to the adjacent sediments. The main rationale in doing so
is to distinguish site-specific trends from cultural and depositional sequences characteristic of
the wider area. A few studies have restricted attention of open sites to the (present) dripline
(Morwood, 1981, 1986; Mardaga-Campbell and Campbell, 1985), and attempted to explain the
distribution of artefacts due to cultural (e.g. stone working, caching and discard) or natural
processes (e.g. preferential removal through runoff). In addition to challenging the
geomorphological assumption that the palacodripline has not been altered, these studies would
also benefit from empirical studies assessing the hydrological disturbance of archaeological
materials (e.g. Schick, 1987). A number of excavations have extended beyond the dripline but
the comparison of cultural deposits (e.g. Flood, 1970; Smith, 1989) and comparison of
sediments and chronology (e.g. Jones and Johnson, 1985; Morwood et al., 1995) between the
rock-shelter and outside areas have been minimal; hence the site formation history remains

incomplete.

The consideration of open archaeological sites in Australia can be extended to those associated
with sand sheets and source-bordering dunes, lunettes, alluvial terraces, and wetlands (Smith
and Sharp, 1993). The importance of the availability of water is apparent in all these
sedimentary environments and appears to be reflected in common regional responses to long-
term climatic fluctuations (Morwood and Hobbs, 1995). However, at the site specific scale,
human responses are more likely to vary according to local environmental conditions and
available resources. Thus, even in the absence of specific archaeological surveys,
geoarchaeological studies which explore the dynamics of coasts, palaco-lakes and rivers

provide important information regarding the nature and potential for long-term human use of
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these environments. The Tsodilo Hills, in the Kalahari Desert, is one of the few sites of
palaecoenvironmental and archaeological significance that have yielded composite proxies of
both dry (from palacodunes) and wet (from palaeolakes) conditions during phases of
occupation (Thomas et al., 2003). Recent work in the Eastern Sahara has also shown that the
combination of changes in the palaeolakes and rivers (as interpreted from sedimentological and
geochemical data) used in conjunction with archaeological results, reveals the importance of
natural and cultural links during the Holocene (Hoelzmann et al., 2001). In this case, changing
water resources reflected in a shift in migration routes, until the area became too arid and was

completely abandoned.

Unravelling the prehistory of arid Australia, especially of the sand deserts and their associated
chaotic drainage systems, is a complex task (Hughes and Sullivan, 1982). To date, few detailed
studies of arid-zone rivers exist to aid palacoenvironmental reconstructions (Nanson and Tooth,
1999). The studies of Ferring (1992), Gladfelter (1985), Hassan (1985), and Howard and
Macklin (1999) have all promoted the integration of archaeological and geomorphological
evidence in alluvial environments. These studies are useful in building models of potential
archaeological preservation and erosion, and also illustrate how landscape archacology depends
on understanding formation processes and change in the underlying physical landscape. There
are contrasting records of past rivers, lakes and even rainfall distribution for northern Australia,
and they may produce a range of signatures of prehistoric human activity (Morwood and
Hobbs, 1995) as well as site preservation. For instance, the archaeological response to
increased aridity and changing sea-level during the Pleistocene-Holocene transition differed in
relation to reliable networks of water, with groups focusing on riverine systems and having
more sedentary encampments along the coast (Veth, 1995). In a study of settlement patterns in
the Ord-Victoria River region, Gregory (1998) concluded that the biggest taphonomic impact
upon site preservation is fluvial processes and that these processes are likely to have a similar

impact on sites elsewhere in northern Australia.
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2.6 Geoarchaeology of Northwestern Australia

As in southern Africa, America, India, Canada and part of Europe (Straus et al., 1996), the
human-land story in Australia reflects how humans adapted their foraging lifeways to deal with
significant changes in environments and resource structures, such as during the climatic
fluctuations of the Pleistocene-Holocene transition (Allen and O’Connell, 1995). The recent
view that gatherers and hunters did not live in perfect in harmony with the environment but in
fact have long been the world’s great destabilisers (Goudie, 1986), has raised issues of what is
natural and the role of humans as instigators of change (Head, 2000), and how this is manifest
in the geoarchaeological record (Ross, 1982). Theoretically, if Aboriginal people did have an
important influence on geomorphic events, it should be possible to compare rates of
geomorphic change over time between areas with similar natural environments but different

anthropological influences, assuming the latter can be identified and quantified.

Savanna landscapes, particularly those in northern Australia, Atchison (2000: 23) argues have
maintained a large spatial and long temporal hunter-gatherer presence. Historically savanna
ecosystems have been described as stable or steady state (Skarpe, 1992), but subsequent
researchers have argued for a more complex dynamic equilibrium in which the only perception
of change, both cultural and natural, in such environments is in effect a function of the spatial
and temporal scale (Friedel, 1994). In theory, Aboriginal people act in non-equilibrium
systems alongside other disturbance processes (Atchison, 2000: 38), and it is these processes
that need to be defined and quantified. The semi-arid monsoonal environment of northern
Australia offers the opportunity to review aspects of landscape archaeology and site formation
that have had foundations in more temperate climates (White and O’Connell, 1982).
Consequently, it is hoped that this study of the Keep River region adds as much value to
geoarchaeological studies throughout Australia, as it does to other semi-arid and monsoonal

continents such as Africa, and America.
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2.6.1 Geoarchaeological Problems in the Keep River Region

Geoarchaeology is not strictly one discipline and, accordingly, this study includes techniques of
in situ cosmogenic dating, luminescence dating and sediment geochemistry to explore the Keep
River region over different temporal and spatial scales. These geoarchaeological investigations
are intended as a framework in which to consider the analyses of the archaeological

excavations and rock art studies in the Keep River region. The sedimentary and
geoarchaeological contexts of the rock shelters and sand sheets are initially defined within the
regional climatic-geological environment in Chapter Three, for which there is still very limited

information.

Consideration is given to long-term rates of plateau denudation using in situ cosmogenic dating.
One of the major limitations of in sifu cosmogenic dating is the cost of analysis, which limits
the number of samples that can be processed. However, with careful sampling, a reasonable
estimate of regional erosion rates in the Keep River region can be obtained and compared to
other parts of northern Australia. Whilst useful in providing long-term estimates of plateau
denudation, in situ cosmogenic dating is limited in terms of the defining variability of erosion
between specific rock formations or archaeological surfaces throughout the Keep River region.
The denudation history of the Keep River landscape complements the genetically linked
depositional chronology, determined using a combination of in situ cosmogenic and
luminescence dating techniques. Burial dating using in situ cosmogenic isotopes can
potentially differentiate between erosion, accumulation, and bedrock disintegration over the
long-term, which has been a speculative issue in previous discussion of the Jinmium site.
Cosmogenic isotope dating cannot, however, distinguish brief, episodic events. Thus in
keeping with the aim of relating the broader landscape processes to the specifics within
individual sites, a more detailed chronostratigraphy of the sand sheets is investigated using
luminescence dating. Similar dating combinations have (Markewich et al., 1998) and should
continue to provide better resolution and accuracy in geomorphological studies (Watchman and

Twidale, 2002).
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The Keep River region has been presented in the light of previous problems in the dating and
geomorphology of the sandstone deposits. In this light it is clear that a regional geochronology
for rates of land-surface change both within and beyond any immediate archaeological sites is
required. Using multiple dating techniques, further research is needed to explore the
geomorphological context of site deposition and attempt to relate these to the archaeological
and rock art records (Fullagar et al., 1996), particularly given the conflicting age relationships
between the visible rock art and the cultural deposits at Jinmium (refer 2.3.2). This study

attempts to do this.

Given that TL and OSL dating techniques inherently relate to depositional processes, it is
important to understand the physical processes within and between the escarpment and sand
sheets. It is the depositional and post-depositional processes which ultimately influence the
relationship between archaeological materials and the sedimentary matrix. Consideration is
given to the geochemical character and micro-scale features of the sediments at specific sites.
The attempts in this study to obtain thin sections of the stratigraphy from resin impregnated
sediments involve a certain degree of experimentation, particularly in the absence of any
comparable micromorphological research in such sandy sediments, many of which are heavily
bioturbated. The taphonomic implications of this research are relevant to many sandy sites

common across northern Australia.

2.7 Conclusion

Australia’s ancient landscapes and cultures are inextricably linked in the evolving paradigms of
archaeological research, but the associated studies of earth sciences and archaeology have yet
to be effectively linked in Australian geoarchaeology. There is need for the development of
geoarchaeological concepts and techniques based in semi-arid monsoonal (sandy) environments

in Australia and elsewhere —the following research is a step towards this.
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CHAPTER THREE

Regional Setting

The land is my foundation. —Fox (1983: 27).

3.1 Introduction

Situated in the far north western corner of the Northern Territory, the Keep River region is a good
example of an ancient landscape in a presently semi-arid monsoonal environment. Superimposed
over the ancient landscape features are the more recent (Quaternary) geomorphic features that bear
the human-land record. The following discussion outlines the regional geological and
environmental setting of the Keep River region, and summarises the modest amount of available
palaecoclimatic information for this part of northern Australia. As implied by Fox (1983), the
geological, geomorphological, ecological and climatic background provides the foundation for

subsequent local geochronologic and geoarchaeological interpretations.

3.2 Geological Setting

3.2.1 Bedrock Geology

The Keep River region is geologically younger than both the Kimberley to the west and the Victoria
River District (VRD) to the east (Whitehead and Fahey, 1985) (Fig. 3.1). The geology of the Keep
River region is dominated by a basement of sandstone, shale and conglomerate, overlain by alluvial
sediments deposited by the Ord and Keep Rivers (Kinhill, 2001). Whilst some consider the Keep
River region more typical of the eastern Kimberley than northwestern Victoria River and Arnhem
Land (Tacon et al., 1999), others argue that the Keep River region is neither (culturally?) part of

East Kimberley, nor is the bedrock as durable as that in the north west Kimberley (Walsh, 2000).
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Figure 3.1 Drainage basins in north-central and north-western Australia around 18 ky BP, showing the

Keep River region flanked by the adjacent Kimberley and Arnhem Land regions (from

Lewis, 1988, his Map 4).

In the study area the geology takes the form of extensively weathered sandstone bluffs and low
sandy ridges, separating red earth and black soil (cracking clay) plains (Fig. 3.2). These plains
include the Keep River Plain, Weaber Plain and Knox Creek Plain, which are to be developed under
ORIA Stage II (Fig. 1.3). Detailed descriptions of the geology of the Ord River area can be found
in Traves et al. (1970), Dow and Gemuts (1969), Mory and Beere (1988), and of the Keep River

National Park in Whitehead and Fahey (1985).
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The overall depositional environment of the Keep River region has changed from a continental-
fluvial environment in the Palaeozoic to a terrestrial environment in the Quaternary (Whitehead and
Fahey, 1985). The basal members, such as the Kelly’s Knob Sandstone Member, comprise
conglomerate and pebbly quartz sandstone (Fig. 3.2) formed in a near-shore shallow marine
environment during the Devonian. Subsequent deposition of different sediments was determined by
varying influxes of terrigenous material, reflecting the continued faulting and uplift of various
source areas throughout the Early Carboniferous. Calcareous sediments (dolomite, limestone) were
deposited in an environment with significant terrigenous input (shale, sandstone) to make up the
Burt Range Formation. Between the Early and Late Carboniferous further uplift of the southeast
portion of the Bonaparte Basin supplied coarse terrigenous sediments to river valleys, channels and
plains, resulting in the sandstone, conglomerate and siltstone deposits of the Border Creek

Formation (Fig. 3.2).

Throughout northern Australia, including the east Kimberley (Young, 1992), Darwin region (Nott,
1994b), and in nearby Arnhem Land (Roberts, 1991), exhumed landforms and palacosurface
remnants are explained in the context of structural controls and subsequent deep-weathering. The
major rock outcrops in this study belong to the Border Creek Formation (Jinmium, Weaber Range)
and Kelly’s Knob Sandstone Member (Goorurarmum). The general shape and location of these
outcrops are considered to be manifestations of spirit figures which crossed the landscape during the
‘dreaming’ (Atchison, 2000). One of the more dominant outcrops is the escarpment (Fig. 3.3) at
Wulurungu (eastern Weaber Ranges) which represents Walujapi, a female Black-headed Python
(4spidites melanocephalus). The rock shelters situated along the Keep River escarpments are a
feature relict of a landscape that has undergone dramatic changes in sea level (Woodroffe, 1993)
and climate (Lees, 1992b; Nott and Price, 1994, 1999; Schulmeister, 1992) over tens of thousands

of years.
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Figure 3.3 The dominant escarpment of Walujapi, a female black-headed Python (Aspidites

melanocephalus).

3.2.2 Soils and Sediments

Quaternary sediments comprise alluvium, including from the Keep River; unconsolidated
sediments, which formed in shallow depressions and drainage channels; and black humic soils,
which form on poorly drained floodplains (Whitehead & Fahey, 1985). Indications from analogous
sand sheets in Arnhem Land are that the development of the sand sheets over the past quarter of a
million years has been cyclical with periodic accumulation during periods of high sea level and
extensive gullying and denudation during periods of low sea level (Roberts, 1991). At any
particular glacial maximum, gullies will erode some sites more than others to leave aprons with a
mosaic of sediments of different basal ages (Roberts, 1991: 303). The present sand sheets in the
Keep River region are probably representative of the most recent phase of sand accumulation.
Uncertainty regarding the geomorphological foundations of the sand sheets is considered in Chapter

Four.
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The two archaeological site areas of Karlinga (Wulurungu) and Goorurarmum are part of the
Cockatoo Land System, and are separated by sediments of the Ivanhoe Land System (Fig. 3.2). The
Cockatoo Land System represents former landscape remnants that comprise red-brown earths
(Bonaparte) and red-earths (Weaber). The sediments can be described as oxisols (Stace, 1968),
with deeply weathered soils having uniform profiles dominated by resistant minerals, particularly
quartz, and some deeply weathered mottled horizons (plinthite). Typically these soils are vegetated
by eucalypt woodland to open forests but, as in Arnhem Land (Roberts, 1991), most of these
sediments have little organic matter due to loss of plant material in the dry season fires and the rapid
decay of organics in this tropical climate. The Ivanhoe Land System comprises cracking clays
(gilgai) considered to be of Holocene origin (Aldrick and Moody, 1977). The vegetation on these
soils is variable; common communities include open grassland (Themeda australis and Sehima

nervosum), and open Acacia shrubland.

Soil distribution is also influenced by the course of present and prior streams, with soils adjacent to
freshwater creeks and abandoned channels, such as those alongside Sandy Creek, more typical of
quartz-rich spodosols. According to Aldrick and Moody (1977) soil distribution is most apparent in
the succession of vegetation with a progression toward treelessness as the soil conditions become
less favourable as a result of increasing salinity or aridity. The succession is thought to have
occurred under the influence of dynamic changes in soils and fluvial hydrology, and later, to
anthropogenic influences associated with fire and overgrazing. Further details of soil studies
relevant to ORIA Stage I and II can be found in the draft Environmental Impact Study (EIS) of

Kinhill (2001).
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33 Geomorphological Setting

Modern coastal and offshore geomorphology contains strong elements of Quaternary inheritance,
with topography closely resembling that of the adjacent landmass (Van Andel and Veevers, 1967;
Woodroffe et al., 1992). Detailed reconstruction of the modern coast and adjacent Joseph

Bonaparte Gulf thus provides an important background for geoarchaeological research.

3.3.1 Late Pleistocene

The Keep River region lies within the Ord-Victoria geomorphic region outlined by Paterson (1970).
The basement rock underlying the Keep River and Weaber Plain is for the most part
undifferentiated Permo-Carboniferous sandstone, over which lie the erosional and alluvial plains (5
- 25 m deep) of the Cambridge Gulf Lowlands (Kinhill, 2001). The ancient course of the Ord River
is postulated to have flowed north-east beneath the Weaber Plain and then roughly along the course
of the present day Keep River (Kinhill, 2001), although the timing of separation of the two rivers is
unknown. It is postulated that some time after the capture of the Ord River, deposition of material
from the Keep River and Sandy Creek reduced tidal range in the Keep River region to 3.7 m,

compared to 5.2 m in the adjacent Gulf (Aldrick and Moody, 1977).

3.3.1.1 Last Glacial Maximum (25 — 18 ka)

Prior to the Holocene marine transgression, all major rivers of the region drained into the marine
lagoon that is now the Bonaparte Depression (Fig. 3.1). The present shoreline lies approximately
100 km south of Joseph Bonaparte Gulf (Fig. 3.4). At the Last Glacial Maximum (LGM), the
shoreline would have been a further 600 km offshore at approximately 130 m depth, and marine
cores taken to the north and south of the Bonaparte Depression reveal micro-palaeontological

indicators of increasingly marine conditions (Yosukame, 2001).
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Figure 3.4 Location of the Keep River (indicated by arrow) in relation to the changing shoreline
around the Joseph Bonaparte Gulf at 18 "“C kyr BP (LGM), 12 “C kyr BP, and 6 '“C ky BP
(from Yosukame et al., 2001; their Fig. 5). Bathymetric and topographic contours are
indicated by changes in colour scheme, and show the depth increase from 0 m, to 25 m to

50 m depth near the mouth of the Keep River.

Van Andel and Veevers (1967: 38) indicate that the submarine topography of the Joseph Bonaparte
Gulf resembles that of the adjacent land (Fig. 3.5). Geomorphological studies on land in the nearby
Coburg Peninsula, northeast of the Keep River, also indicate a strong element of Quaternary
inheritance that has evolved through the reoccupation of previous intertidal levels (Woodroffe et al.,
1992). The Keep Plains now stand several metres above sea level and there is no evidence to
indicate that they have formed under marine or estuarine conditions (Aldrick and Moody, 1977).
However, the seaward side of the Keep Plain was observed to comprise highly calcareous silty clays

typical of marine deposits.
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Figure 3.5 Submarine topography of Joseph Bonaparte Gulf, determined from high resolution
aeromagnetic surveys as part of the North West Margins Project at AGSO

(http://www.agso.gov.au/marine/nws/).
3.3.2 Holocene (10 ka - present)

Extensive geomorphological studies in northern Australia (Woodroffe et al., 1987; 1989; 1992)
have revealed the rapid rise of sea level from about -12 m AHD to its present elevation between 8
and 6 ky BP, with indications from bedded beach deposits that about 5 - 6 ky BP relative sea level
was 0 - 1 m above present (Woodroffe, et al., 1992). From 7 to 3.5 '“C ky BP, much of northern
Australia formed part of the “Big Swamp” until subsequent freshwater sedimentation led to the
establishment of a more terrestrial environment. The pattern of sea level rise appears to have
lagged slightly behind that in eastern Australia, and also indicates that the extreme north of
Australia may be undergoing gradual subsidence (Woodroffe et al., 1992). From about 3 ky BP the
modern landform with freshwater lagoons and swamps, estuarine and salt-marsh areas, dry land

communities on the plains and plateaux were essentially established (Lewis, 1988: 63).
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Geomorphological evidence has shown that large macrotidal rivers in northern Australia were
diverted or blocked while their coastal plains were prograding as a result of an unusually dry

climatic period sometime between 3.5 and 2 ky BP (Chappell, 2000).

3.3.3 Present

The approximate catchment area of the Keep River is 5000 km?, which is approximately equivalent
to 8% of the Ord River catchment (Kinhill, 2001). The major rivers draining the uplands and
plateaux are the Keep River and Sandy Creek (Fig. 3.2). During the wet season, a number of
intermittent water courses discharge from the hills onto the surrounding plains, including Cockatoo
Creek, Knox Creek, Border Creek and Oakes Creek (Fig. 3.2). This water spreads out as indistinct
sheet flow and only at the extremity of the plains is there defined drainage (Kinhill, 2001, 5-7).
Rivers and creeks incise the topography of the plains only locally and to a maximum depth of 5 m
(Kinhill, 2001, 4-2), although some minor ephemeral creek systems may generate small delta fans
and shallow gullies (Fig. 3.6). Alongside many of the larger creeks, there are small semi-permanent
billabongs and sandy strips which are primarily associated with old meanders. Groundwater
generally occurs about 20 - 25 m AHD, which is approximately 5 m below ground surface (Kinhill,

2001).

Figure 3.7 shows two cross sections determined for parts of the Ord River Stage II, flanked by the
main archaeological sites of Karlinga and Granilpi to the west, and Jinmium and Goorurarmum to
the east. The cross sections indicate that the profile observed at Sandy Creek Gorge underlies but is
not necessarily contemporaneous with the uppermost sediment horizons. The uppermost silty-clay
horizon is also unconformable with older horizons and is laterally discontinuous. The sand sheets

are likely to be similarly discontinuous.
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Figure 3.6 Photograph of small delta fan in the north-west corner of the Goorurarmum amphitheatre,

made obvious by the new growth of Spinifex grass after the 2000 wet season.
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Figure 3.7 Cross-sections across the planned Ord River Irrigation Area, showing a stratigraphic section

from the Keep River to Sandy Creek (T - T’), and from Border Creek to the Keep River (S —
S”) (from Kinhill, 2001). Although oversimplified, these depictions indicate that the

average thickness of the upper sediment horizons are less than 5 m thick, and are laterally

discontinuous.
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34 Vegetation

The Keep River region occurs in the general biogeographic province known as the Tropical
(Torresian) Zone, which encompasses the humid tropical and subtropical regions of northern
Australia (Hope, 1984). The variety of vegetation types found in this region range from remnant
tropical-subtropical rainforests in northeastern Australia, to dry sclerophyll and grassland in
northern Australia, with mangrove forest established along much of the coastline. The appearance
of modern environmental patterns and vegetation communities (and fire regime) probably had its
origins in the early Pleistocene and developed during the Pleistocene — Holocene transition (Hope,
1984), as a result of positive feedback between fire, vegetation, soil, nutrient status and water

balance (Kershaw et al., 1997).

In a history of fire in Australia, Kershaw et al. (2002) continue to debate whether climate rather
than human activity has exerted the major control over both fire activity and vegetation change.
Anthropological evidence does indicate that fire was an essential part of the Aboriginal way of life,
but the impact of people was predominantly in the disruption of previous vegetation-environmental
relationships, possibly such as the transition from rainforest to more open savannah-type woodland
at about 120 ky BP (Kemp, 1981; Kershaw et al., 2000). Discussions by Head (1989; 1996) argue
that anthropogenic influence on preservation or demise of wet and dry rainforest in northern
Australia is intimately associated with the seasonality of its climate during the Holocene, and
possibly also during the Pleistocene, but continuous palaeoecological records from central and

northern Australia are required to fully evaluate the magnitude of human impact.

More specifically the Keep River region is situated within the Victoria-Bonaparte biogeographic
region (Whitehead and Fahey, 1985), with a range of vegetation types from open savannah to tall
grassland. Open woodlands (Eucalyptus spp.) occur on the plains and rocky areas, and low
woodland on sandy soils (7Tristania, Grevillea, Banksia spp.). Pandanus is dominant along
waterholes and dry annual creeks beds, while freshwater mangroves and tall perennial grasses
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dominate along more permanent streams (Whitehead & Fahey, 1985). Detailed vegetation and flora
surveys conducted for ORIA (Kinhill, 2001) indicate the most numerous families in the area are
Poaceae (grasses), Myrtaceae (eucalypts and paperbarks), Cyperaceae (sedges and rushes),
Mimosaceae (wattles), Asteraceae (daisies), Papilionaceae (peas) and Combretaceae (Terminalia
spp.). Aquatic plants include mixed rushes and grasses, waterlilies (Nymphaea spp.), bladderwort
(Utricularia australis) and algae. Head et al. (2002) document the past and present use of many of
these plants by Aborigines, including the burning of Cypress Pine (Callitris intratropica) to keep
away mosquitoes, the collection of seeds of Cathormium umbellatum for making necklaces, and the
harvesting of various other edible and non-edible fruits, seeds and roots including species of figs

(Ficus spp.), yams (Dioscorea spp.) and water lily (Nymphaea spp.).

3.5 Palaeoclimate

Large glacial-interglacial oscillations of global climate have, with periods of 40 — 100 ka have
occurred for several millennia. The last glacial cycle, which began 125 kya, was not significantly
different from its predecessors of the last 800 ka and differed only moderately from those of the
preceding 2 million years. The changes of climate over the last 100 ka lie within the last of a long
series of climatically comparable cycles. A general outline of palacoclimatic trends for Australia

from 100 ky BP to the present is depicted in Fig. 3.8 and discussed below.

Figure 3.9 shows the existing palaeoclimatic data, synthesised from CLIMANZ archives
(http://rses.anu.edu.au/enproc/ AQUADATA/archive.html), prior to and following the Pleistocene-
Holocene transition in northern Australia and New Guinea. Climatic differences between the
northeast and northwest regions relate to the presence of the coastal escarpment (The Great
Dividing Range) and highlands of New Guinea, which influence both orographic rainfall and
exposure to westerly winds. In the northwest, the absence of many physical or thermal barriers
means that the main stress has been changing aridity (Hope, 1994), which has partly been a result of
changes in sea level, and resultant continental (low sea-level) or maritime (high sea-level)
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conditions depending on distance from the coast (Ross et al., 1992). The other major influencing
factor is the relative strength and shifting of the Australian monsoon, which in turn is affected by
the El Nino/Southern Oscillation (ENSO) (Schulmeister, 1999). A broader discussion of
Australia’s monsoonal palacoclimates has been summarised by Van der Kaars (1991) and Johnson

etal., (1999).

3.5.1 Late Pleistocene (100 - 10 ka)

There is very little palacoclimatic or palacoenvironmental information for northwestern Australia in
the early Pleistocene, with the first direct evidence of regional trends being provided from pollen
records off the north Australian coast (van der Kaars, 1991; van der Kaars et al., 2000; Wang et al.,
1999). These records indicate a decrease in temperatures and rainfall from the early part of isotope
Stage 5, followed by a cooler and drier climate during Stage 4, becoming wetter during Stage 3 (van
der Kaars et al., 2000), when it is argued that the Australian monsoon was at full strength (Johnson

et al., 1999).

A similar story emerges from geomorphological and palachydrological studies in the east
Kimberley Plateau (Wende et al., 1997), Lakes Woods and Lake Gregory in northwestern Australia
(Miller et al., 1999; Bowler, et al., 2001), and other regions of monsoonal Australia (Nanson et al.,
1992) including the Magela Creek catchment in Northern Arnhem Land (Nanson et al., 1993).
These studies spanning the last 300 ka, indicate a trend of increased aridity towards the late
Pleistocene, with pluvial events broadly corresponding to interglacial phases (Stages 1, 3, 5 and 7),
and intervening dry periods (including the LGM) characterised by dune expansion (Fig. 3.8). Thus
across northern Australia and Papua New Guinea there evidence of oscillating wet and dry

conditions corresponding with glacial and interglacial cycles prior to 25 ky BP.
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From about 40 ky BP, the palaeoclimatic and palacoenvironmental record is geographically and
temporally more contradictory. CLIMANZ records indicate wetter conditions in the northwest and
cooler, drier conditions in the northeast of Australia and New Guinea around this period (Fig. 3.8).
Higher terrace levels surrounding plunge pools in Kakadu National Park have been interpreted to
indicate wetter conditions as a result of a strengthening of the northwest monsoon in this part of
northern Australia around 25 to 18 ky BP (Nott and Price, 1994). This evidence contrasts with the
general consensus that this was a very dry period. In other parts of northern Australia, perhaps due
to the coincident period of occupation, climatic (Miller et al., 1999) and environmental changes
(van der Kaars et al., 2000; Wallis, 2001) have questionably attributed to human impact. It has not
yet been demonstrated that human impacts have had a more significant effect on the climate of
northern Australia than the regional changes in sea-level and concomitant ocean circulation off the
north coast. Rather because the northern region was so arid, small climatic changes may have had
large impacts locally, indicating the need for more temporally and spatially constrained

paleacoenvironmental studies in this region.

3.5.1.1 Last Glacial Maximum (25 — 18 ka)

During the LGM, the Australian monsoon was virtually non-existent (Johnson et al., 1999),
although the seasonal wet/dry regime was operating (Allen and Barton, 1989). Mountain and
coastal areas of PNG were at least 6 °C cooler (Hope, 1989; Aharon, 1983), while slightly cooler
(-1.5 °C) and possibly warmer sea-surface temperatures have been indicated for northern Australia
at this time (Schulmeister, 1999). From a retrodiction of climates across Australia at 18 ky BP,
Hubbard (1995) indicated that only the extreme north of the Kimberley and the Northern Territory
would have received monsoonal precipitation. Even in these areas summer rainfall is likely to have
been diminished due to the increased landmass and closure of the Torres Strait that blocked the

easterly warm current (Bowler, et al., 1976; Hubbard, 1995; Schulmeister, 1999).
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Figure 3.9 Palaeoclimatic data for the period prior to and following the Pleistocene-Holocene

transition in northern Australia and New Guinea, modified from CLIMANZ

(http://rses.anu.edu.au/enproc/ AQUADAT A/archive.html).
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Although moisture in the form of precipitation and streams had decreased, sufficient moisture was
apparently available to support perennial grasses and shrubs in parts of the southern Kimberley
(McConnell and O’Connor, 1997; Wallis, 2001). The low effective precipitation and sparse
vegetation cover facilitated a major phase of dune building in the north (Lees et al., 1990; Wende et
al., 1997; Bowler et al., 2001) and in other parts of Australia (Chen et al., 1995; DeDeckker, 1986)
(Fig. 3.8). In the archacological record there is a decline in site occupation at this time
(Shulmeister, 1992), except along the arid shoreline where it is evident that humans utilised both
coastal and hinterland resources during the Pleistocene (Veth, 1999). Site use increases toward the
terminal Pleistocene as climate ameliorated (Schulmeister, 1992; Veth, 1999), with definitive
evidence for re-establishment of the monsoon regime in northern Australia from about 14 ky BP

(Wyrwoll and Miller, 2001).

3.5.2 Holocene (10 ka - present)

As can be seen from CLIMANZ maps (Fig. 3.9), only a small number of Holocene palacoclimatic
studies have been undertaken in northern Australia (Lees, 1992a; Wende et al., 1997; Wyrwoll et
al., 1986, 1992; Nott and Price, 1999; Nott et al., 1999; Schulmeister, 1999; Bowler et al., 2001).
Early evidence was thought to indicate that the climate of the Ord and Keep River region has
remained broadly similar for the last 8 ka (Aldrick and Moody, 1977), but evidence outlined below
is slowly emerging of a less stable climate with locally significant effects. A comparative
palaeoenvironmental record for the Holocene from interior and southeastern Australia is provided
by Holdaway et al. (2002), which show regionally similar trends to the northwest but with some

exceptions, as outlined below.

The early Holocene climate history of Northern Australia is dominated by the effects of the marine
post-glacial transgression that flooded the extensive continental shelf around 7 ky BP and a gradual
return of the summer monsoon (Shulmeister, 1999). In parts of northwestern Australia, the

establishment and use of archaeological sites continued to increase in accordance with climatic
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amelioration (Schulmeister, 1992), although up to 10 m of land per year was being lost in the
Pleistocene-Holocene transition (Woodroffe, 1993). The available evidence from pollen
(Schulmeister, 1992; Kershaw, 1986) and palaeohydrological records (Nanson et al., 1993; Nott and
Price, 1994; 1999; Bowler et al., 2001) all point toward significantly wetter conditions in the
early/middle Holocene (~ 10 - 5 ky BP) than in the late Holocene. Nott et al. (1999) question
whether the increase in precipitation to the pluvial maximum was gradual, or whether it was
interrupted by short, intense phases of aridity or cooling around 8 - 6 ky BP, as evidenced from

activation of dune fields in tropical northern Australia.

The pluvial maximum occurred around 4 ky BP (Schulmeister, 1999), at least 1000 years later than
in southern and northeast Australia (e.g. Holdaway et al., 2002). This hypsothermal is thought to be
a result of increased ENSO activity that generated a stronger but more latitudinally confined
summer monsoon (Moss and Kershaw, 2000; Schulmeister, 1999). A drier phase followed the wet
phase from 2.8 ky BP (Ross et al., 1992; Bowler et al., 2001), with coastal dune sequences
indicating reduced wet season precipitation from 2.7 — 1.8 ka (Lees et al., 1990; 1992). A rise of
rainfall from 1.4 ky BP in northeast Australia is not recorded in the northwest (Ross et al., 1992),
perhaps because of lack of indicative sites. Although such evidence points to increased climatic
variability during the Holocene, under what Johnson et al. (1999) argue was a moderately effective
monsoon, climatic variability may have been as great or greater under the stronger monsoonal

climate of the Pleistocene.
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3.5.3 Present

The present regional climate of the Keep River region is semi-arid, with a distinct monsoon season
during which much of the annual rain (ca. 900 mm) falls (Fig. 3.10). The atmospheric circulation
in this area is dominated by the monsoon and trade winds, with a southeast circulation dominating
during the winter and northwest monsoon and southwest trades dominating during the summer.
Average maximum temperatures exceed 30 °C, and mean annual evaporation (ca. 2000 mm) is
west in June and during the summer monsoon (Bureau Meteorology, 1996). The rivers of
rrthwestern Australia flow seasonally, leading to constant changes in the local importance of

osion, transport, and deposition.
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gure 3.10 Average rainfall and temperature for Kununurra (sourced from

http://www.bom.gov.au/climate/averages/, 2001).
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3.6 Topographic Setting and Study Area

3.6.1 Local Topography

The project area of Keep River region (inset of Fig. 3.11) occupies the northwest corner of the

Auvergne and Legune mapsheets. The area consists of dissected plateaux that rise over 200 m

above the surrounding low lying alluvial plains. The elevation of the Keep River Plain varies from

20 m AHD in the south-west to 10 m AHD in the north-west (Kinhill, 2001). Details are given

below.
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Figure 3.11 Topographic map of Keep River region indicating the project area and major site

locations. Enlargement of the Karlinga and of the Jinmium-Sandy Creek

catchment area is given in Figure 3.12.
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Figure 3.12 Topographic map of project area showing major site locations of Karlinga, Jinmium,

Goorurarmum and Sandy Creek Gorge.

3.6.2 Aerial Photography

Aerial photos show the protrusion of the isolated sandstone escarpments above the surrounding
sandy plains, such as those around Goorurarmum (Fig. 3.13a), which themselves are dissected by
the ephemeral Sandy Creek and its tributaries. Little or no change in the rivers or surrounding
plains is evident between aerial photos taken in 1992 and in 1999, indicating the geomorphic
processes over this time period are relatively stable. Goorurarmum and Sandy Creek Gorge are
situated less than 2 km apart but their topographic relationship has yet to be determined from

Surveys.
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Figure 3.13a  Aerial photo of the area around the archaeological site of Goorurarmum, and the non-

archaeological sites of Sandy Creek, and Sandy Creek Gorge.
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The majority of site locations in this study occur below 100 m AHD. The bedrock escarpment
between Goorurarumum and Sandy Creek peaks at a little over 85 m (Fig. 3.12), and dips about
20° southeast to the base of the sand sheets. At the base of the escarpments, there is an abrupt
change of slope to the subdued relief of the sand sheets. The sand sheets abut the escarpment
directly where the dip of the bedrock is upward, and are interposed by a scree slope on the
downward dip. The sites of Jinmium and Goorurarmum are situated approximately 1 km apart at
the same relative level of ca. 50 m AHD. About 18 m lower than these two topographic highs in
the landscape, is a dry swamp. North of the main Jinmium site, the landscape drops around 20 m

over a distance of 1.5 km to another swampland.

Aerial photos of the Weaber Ranges (Fig. 3.13b) reveal the heavily dissected plateaux, which
form the maze of beehive-like formations evident at ground level. The escarpment range
represented by Walajupi is one of the highest points in the landscape around Karlinga at around
180 m AHD (Fig. 3.12). The bedrock escarpment between the two main excavation sites (Karl-1
and Karl-3) peaks at a little over 75 m, and the bedding dips more gently about 10° to the south.
The surrounding sand plains form a series of terraces, which dip gently about 2 - 5° towards the
Keep River. Field surveys indicate a relative drop in elevation of about 5 m between the main
Karlinga escarpment to the rock outcrop at Karlinga North, and a further drop of 2.5 m less than
200 m further south into swamp sediments. In the south-west, the site of KR99 is clearly seen in
the river-course draining from the upper plateaux to the well forested sand plains below (Fig.

3.13b).
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Figure 3.13b  Aerial photo of the Weaber Ranges, showing location of the archaeological sites or Karlinga

(KR36), Karlinga North, and the creek site near KR99.

3.7 Sampling Strategy

From the physical layout of the Keep River region, a conceptual layout of the site sampling strategy
(Table 3.1) is proposed with the aim of linking the major archaeological and landscape contexts of
the sandstone escarpments and adjacent sand sheets. Representative sampling is focused towards a
geological continuum from supposed source (escarpment bedrock) to sink (rock-shelter, sand sheet,

creek profiles), and a cultural continuum from occupied, intermediate to non-occupied sites.
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Source

|

|
Sediment pathways

|

Sink

|

Environmental Inputs/Modifications

Anthropogenic Inputs/Modifications

Environmental Inputs/Modifications

SANDSTONE ESCARPMENTS
Karlinga, Jinmium, Goorurarmum

(12 samples)

|
NON-OCCUPATION SITES

SAND SHEETS CREEKS

Karlinga, Jinmium, Karlinga, Sandy Creek
Goorurarmum

(2 excavation sites) (2 sections)

(20 auger core sites)

I
OCCUPATION SITES
Karlinga, Goorurarmum

(2 rock shelter sites)

Table 3.1 Summary of field sampling strategy, which provides a continuum from human occupation

sites to those where there is no indication of human activity.

3.8 Conclusion

Although the palacoclimate and palacoenvironment record for northwest Australia is scant, there is
emerging evidence of a changing landscape over long term millennial scales and during short
periods of rapid alteration. The question of continuity and change in the Keep River region can be
addressed from a geoarchaeological perspective (Chapter 2), using chronology (Chapters 4 and 6),
sediment stratigraphy (Chapter 5), and archacology (Chapter 7). The regional and local
environmental and climatic background outlined above provides important contextual information

for each of the following geoarchaeological studies.
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CHAPTER FOUR

In Situ Cosmogenic Isotope Dating of Sandstone Bedrock and Sand Sheets

As the physical processes shaping the land can be seen to unfold over hundreds and thousands of
years, so can the .. processes which are evident in the archaeological data.

— Gosden and Head (1994: 113)

4.1 Introduction

This chapter aims to outline and model the broader geomorphic processes of landscape evolution in
the Keep River region, including quantifying rates of plateau denudation using in situ-produced
cosmogenic radionuclides, '°Be and *°Al. The denudation history of the plateaux is complemented
with the depositional chronology of the genetically linked sand sheets determined from profiles of
""Be and *°Al concentrations. The innovative use and geoarchaeological application of cosmogenic
radionuclides to measure sediment accumulation involves some experimentation; hence the
theoretical background and accumulation models are outlined below. The long-term sand sheet
chronology is subsequently compared to the chronology determined by luminescence dating

techniques in Chapter Six.

4.2 In Situ Cosmogenic Isotope Dating

As indicated in Chapter Two (refer 2.4.1), the accumulation of cosmic radionuclides can be utilised
as radiometric clocks to elucidate the erosion rate (¢) of geomorphic formations or exposure age of
a previously unexposed surface (t.x,). A decade ago, Lal (1991) presented the first definitive
publication for modelling exposure dating and defining the cosmic radionuclide (CRN) method.
The general theory and model equations are outlined here in increasing order of complexity; first
for exposure age dating, second for burial dating, and finally, sediment accumulation. The latter is

the major focus of this chapter.
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4.2.1 Exposure Dating - Theory and Equations

The cosmogenic radionuclides S\ (T, =0.71 Ma) and B¢ (T, = 1.5 Ma) are produced by
reactions of two main types of cosmic-ray secondary particles, nucleons and muons, with silicon
and oxygen target atoms in quartz (Tuniz et al., 1998). The accumulation of cosmogenic
radionuclides in the Earth’s lithosphere occurs as a function of time and depth below surface, and as
such, is sensitive to the denudation rate of that surface. Only about a million atoms of cosmogenic
radioisotopes are produced in situ within a ten thousand year exposure period per gram of surface
rock, hence the technique of Accelerator Mass Spectrometry (AMS) is needed to measure this
signal (Tuniz et al., 1998). An exposure history refers to an estimate of the length of time (t in
years) the rock was exposed to cosmic rays and the average erosion rate (¢ in centimetres per year)
experienced during exposure. On the assumption of an ideal surface undergoing zero erosion, the
build-up in concentration of in-sifu produced radionuclides can be expressed by the following
equation:

Co= P (1-e™) /A (1)

Where C, = concentration (atoms per gram of SiO,) at the present rock surface,
A =radioisotope decay constant (= In2 / t;, years'l), and
P = production rate at the sample site (atoms per gram of SiO, per year)

as a function of latitude, 6, and altitude, A.

For a constant production rate, the concentration (C) of radionuclides increases with time during
cosmic-ray exposure, at first linearly and then more slowly until, after a few half-lives, the system
reaches a secular equilibrium in which production equals decay. By knowing the rate of production

(P) and measuring the surface concentration it is possible to estimate a surface exposure age from:

Texp = - In (1- ACy/P) / A ©)
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Assuming zero erosion, model exposure ages are necessarily minimum ages and for younger
surfaces (< 20 ka), denudation rates effectively have little influence. For surfaces older than many
tens of thousands of years, denudation becomes increasingly important. In the presence of a

constant erosion rate, given by &, equation (1) becomes (Lal, 1991):

C=P(1-e MY /(A +ep/A) (3)

Where C is the measured surface radioisotope value at time t,
p = density of the material (grams per cubic centimetre), and

N\ = attenuation length of cosmic-rays.

The attenuation length is defined as the thickness of material (i.e. rock) which is required to reduce
the intensity of cosmic ray flux to a value which is 1/e (~ 0.4) of the surface (or original) intensity.
The depth profile of the flux is given by P, = P(X:O)e"“’\ and hence A determines the effective
penetration depth of active cosmic rays, which for the average rock density of 3 g.cm™ represents a
distance of ~ 50 cm depth (or equivalently ~ 150 g.cm™). In effect the denominator term (A + &
p/N) can be interpreted as the residency time radionuclides within the first 50 cm of the rock
surface. The time required to remove a thickness of rock equivalent to the mean attenuation length
N of cosmic rays is equivalent to the mean effective or apparent exposure age (t,,,). By comparing
equations (1) and (3), it is possible to define an apparent age, t,,,, which essentially incorporates the

surface denudation rate and radionuclide decay to give an “effective half-life”:

tapp= 1/(A + € PIN) = 1/A, “)

For sufficiently long exposures, cosmogenic concentrations saturate; at which point production is
balanced by the sum of decay and removal by erosion. Thus for very small €, where t >> t;),, an

expression for the denudation rate can be obtained, as follows:
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£=Np (Py/ Ce = \) 5)

Under these conditions, the maximum saturation concentration at the rock surface is dictated by the
magnitude of the denudation rate. The larger the value of ¢, the smaller the allowed saturation value.
Increasing denudation rates imply that a surface has been uncovered rapidly, and correspondingly
surface saturation concentrations are decreasing. For the surface to achieve erosional equilibrium,
the model erosion rate is necessarily a maximum one (€ma) (Nishiizumi et al., 1991) which

alternatively corresponds with a model interpretation of minimum exposure age.

Using two radionuclides with different half-lives in principle allows a better simultaneous estimate
of the denudation rate and exposure age variables. A plot of the concentration ratio of **Al/'’Be
against '’Be, shows the limiting curves for denudation and exposure age, which define the steady-
state erosion island (Fig. 4.1) (Lal, 1991). Theoretically, samples that plot on the upper curve (or
the minimum exposure line) have undergone no burial or erosion (g = 0) during the current or finite
exposure, the duration of which is indicated by the distance along the curve (Fig. 4.1). Samples
with ratios plotting on the lower curve (or maximum erosion line) represent erosional equilibrium
conditions of exposure (t = o) (Nishiizumi et al., 1991). Samples plotting within the erosion island
theoretically represent a unique and quantifiable combination of denudation and exposure but in
practice, resolution (defined in terms of cumulative errors, technique sensitivity, precision, etc.)
limits quantification to minimum exposure (tmin) and maximum erosion (E,x). Samples plotting
below the steady-state erosion island would indicate a more complicated exposure history of burial
(see 4.2.2) (Fig. 4.1), and in the absence of independent information, a minimum exposure is
assumed (Gosse and Phillips, 2001). Samples plotting above the erosion island indicate
measurement error (or sample contamination), except in the case where a sample received prior
exposure at a site where the nuclide production rate was higher, such as through uplift (Lal, 1991;

Brook, 1995).
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Figure 4.1. Theoretically calculated variation in the ratios of '%Be and *°Al concentration as a function

of '°Be concentration for unit nuclide production rates (atom/g/yr) (modified from Lal,
1991). Surfaces with different erosion rates plot in the shaded area, termed the steady-state
erosion island. Lines running diagonally represent lines of burial such that with sufficient
burial there is zero production (P = 0). Samples which have undergone cyclic periods of

burial and exposure fall below the curve in the complex exposure zone.

Although the removal and radioactive decay of in-situ cosmogenic radionuclides is well understood,
the precision and accuracy of exposure histories depends primarily on the accuracy to which the
rate of production of radionuclides can be determined. Production rates of in-situ cosmogenic
radionuclides are measured from sites whose exposure age is independently known (Nishiizumi et
al., 1989; Clark et al., 1995). Radiocarbon dating is typically used for age control and thus
production rate calibration is usually not available past ~20 ka, or for simplicity is otherwise
assumed to have remained constant over the whole period of exposure (Nishiizumi et al., 1989;
Bierman et al., 1996; Tuniz et al., 1998). Another method is to determine production rates
experimentally, by exposing target materials to cosmic radiation at high latitudes for a number of

years (e.g. Nishiizumi et al., 1996; Brown et al., 2000).
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The cosmic ray flux changes as a function of latitude and altitude (Lal, 1991; Nishiizumi et al.,
1991). Hence scaling factors are needed to obtain a relative cosmic ray flux for unknown sample
locations. Using the known production rate at calibration sites it is possible to scale production to
the location of an unknown latitude and altitude (Lal, 1991; Dunai, 2000; Stone, 2000). Production
rates are not time independent and thus scaling factors have also been developed to account for
geomagetic field intensity variations and magnetic pole wanderings (Clarke et al. 1995; Dunai,
2000; Masarik et al., 2001). In addition, it is also necessary to correct for site specific effects such
as geometric shielding of cosmic rays by horizon obstruction and attenuation on sloped surfaces
(Dunne et al., 1999). The effects of topography and shielding by local vegetation are site specific,
and for the dry savannah of the Keep River region these effects are negligible. In this study, the
production rates from Stone (2001) are used. Specifically these are 5.1 at/g/yr for '’Be and 30.1
at/g/yr for Al at sea-level (SL) and high latitude (HL), with quoted errors of 6 — 8 %. No
additional uncertainty is included, and no correction is made for geometric field variation. A full
review of production rates for '’Be and *°Al is given by Kubik et al. (1998) and Gosse and Phillips

(2001).

Whilst in situ cosmogenic isotope dating has the potential for solving many geomorphological and
archaeological problems, it is important to acknowledge that the measured radioisotope
concentration does not necessarily define a geological age. For recent or stochastic events, where
correction factors are minimal, cosmogenic dating can provide an age effectively equivalent to a
true age. For longer term processes of evolving landscape surfaces, cosmogenic dating provides an
erosion rate which can be used to estimate the mean apparent age. Depth profiles of the
concentrations of radionuclides, ratios of different radionuclides in the rock, and concentrations of
radionuclides in the sediments produced by erosion can all provide measures of the rate of erosion
(Harbor, 1999). The challenge is to correctly interpret the model results according to the

geomorphic and geoarchaeological setting (e.g. Fig. 4.2).
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Figure 4.2 Possible exposure histories for rocks sampled for in situ cosmogenic dating studies
(modified from Dorn and Phillips, 1991), including (a) multiple cycles of exposure through
erosion and burial, (b) constant centimetre-scale erosion of exposed landforms through
physical weathering processes, (c) episodic large-scale mass wasting of exposed landforms,

and (d) human abrasion of exposed rocks, such as engraving or tool making.

The measurement of more than one radioisotope offers the potential to differentiate phases of
combined geomorphological processes, because each radioisotope has a half-life that dictates the
time scale of its sensitivity as a chronometer (Lal, 1991). From in situ cosmogenic nuclide
concentrations, exposure ages may be determined in the order of 5 ka — 5 Ma, and erosion rates in
the order of ~0.1 mm to 100 mm.ka"'. Whilst the upper age limit is set by radionuclide saturation,
the lower age limit is set more by the practical limitations of analysing kilograms of material rather

than the present sensitivity of AMS.

4.2.2 Burial Dating — Theory and Equations

Burial dating was first proposed by Lal and Arnold (1985). It is similar to surface exposure dating
in that both rely on the in situ production of cosmogenic radionuclides that necessarily decrease
with depth below surface. However, the methods differ both in how they measure time intervals
and in the problems they are useful for (Granger and Muzikar, 2001). In contrast to surface
exposure dating, which measures accumulation from time zero (or event time), burial dating
measures the relative decay of a reserve of radioactive radionuclides in buried sediments. The most
straightforward case of burial dating assumes that material, whose initial radionuclide concentration
is known, has been rapidly buried (e.g. washed into a deep cave, or covered by several metres of

overburden), so that cosmogenic production effectively ceases (Granger and Muzikar, 2001). The
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situations in which production does not completely cease upon burial, and which is the main subject

of this chapter, is considered below (refer 4.2.3).

Al and '°Be are particularly useful for burial dating because the ratio of their production rates is
well known, and roughly independent of factors such as latitude, altitude, and depth (Granger and
Muzikar, 2001). As *°Al decays more rapidly than '’Be, the **Al/'°Be ratio decreases exponentially
with burial time. Pre-burial concentrations and hence erosion rates can be inferred from simple
models of cosmogenic nuclide accumulation at the surface. This study also makes use of plateau
denudation rates from in situ cosmogenic dating. The age range of burial dating for '’Be and *°Al in
quartz is in the order of 200 ka to 5 Ma (Granger and Muzikar, 2001), which accords within the
depositional age provided by luminescence dating of the sand sheet sediments surrounding the

Jinmium site (Fullagar et al., 1996).

4.2.3 Modelling Accumulation (Partially Shielded Burial)

The model of in situ cosmogenic isotope depth profiles follows the methods of Lal et al. (1987) for
determining accumulation rates, S (mm.ka™) in ice cores from Antarctica. For modelling purposes
it is assumed that sediment accumulation has been constant for long periods, and has not been
instantaneously or repeatedly buried (e.g. migrating sand dunes). For accumulating sediment
sequences, production does not cease upon burial, and is referred to here as partially ‘shielded
burial’. For an accumulating profile, or for partial burial of surface, the cosmogenic nuclide
concentrations may increase as long as the buried surface remains shallow enough (i.e. low
accumulation rates) that production outweighs decay (Braucher et al., 1998; 2000), after which the
shape of the profile is dependent on the accumulation rate. Hence it is possible to model theoretical
patterns of nuclide depth profiles assuming different initial concentrations and transport of source
material and re-deposition or accumulation. This study considers an accumulating surface where

deposition outweighs removal.
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Under constant accumulation, depth (X, cm) can be used as a proxy for time (years), and the

concentration (Cror, atoms per gram) as a function of depth is given by the following equation:

Cror(x) = Co(Eg)e™™® + Po(e ™5 - ¢ ™)/ (pS/IA—L)  (Equation 6)

Where C, is the nuclide concentration (atoms per gram) of the transported sediment
(i.e. x=0),
E, is the erosion rate of the contributing bedrock source (mm per year),
Py is the nuclide production rate (atoms per gram per year) at x = 0,
p is the density (grams per cubic centimetre),
A is the cosmic ray absorption mean free path (grams per square centimetre),
A is the decay constant of the nuclide (units of inverse years), and

S is the sediment accumulation rate (centimetres per year).

The initial surface concentrations of '’Be and *°Al in deposited sand are assumed to be related to the
average erosional equilibrium concentration, C,, of the bedrock source (Fink et al., 2000). In this
study, the value of C, is given by the average CRN concentrations, C;, of the all the bedrock
plateaux samples. For any given value of C; it is possible to estimate a corresponding maximum

model erosion rate, E;, according to equation (7):

C, =P; (0)/(A+pE;/N) (Equation 7)

This equivalence assumes that all the eroding bedrock surfaces contribute equ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>