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Foreword

The papers in this volume were presented at the 8th Australasian Archaeometry Conference (AAC) hosted 
from the 12-15th December 2005 at the Department of Archaeology and Natural History in the Research 
School of Pacific and Asian Studies of the Australian National University (ANU), Canberra, Australia. 
The Australasian Archaeometry Conference was initiated in 1982 by ANU archaeologist Wal Ambrose in       
collaboration with the then Australian Atomic Energy Commission at Lucas Heights. Since its inception, 
the conference has been an important meeting place for the widely dispersed and diverse community of 
Australasian archaeological scientists, including both those resident in the region, primarily in Australia 
and New Zealand, as well as Australasians working around the world.  The 2005 meeting at ANU was               
the first to be held there since 1991 and was the venue for the presentation of 79 papers in 10 sessions 
covering all aspects of archaeological science from analytical chemistry to GIS, fire histories and ancient 
technology.  The linking concept with all of the sessions was the integration of archaeological science 
research within broader archaeological projects – in other words forwarding interpretations alongside 
consideration of method. Over 120 delegates from 6 countries attended the lecture sessions which were 
accompanied by a poster session, plenary lecture and several workshops. Student participation was 
especially encouraged and, partly as a result of industry and University sponsorship (see below), 
subsidised places and travel bursaries helped to boost student delegates to almost one third of the overall 
total attendance.
 One of the key roles of the AAC has been to promote the work of the region’s archaeological         
scientists by producing refereed publications of conference papers. As academic publication has radically 
changed in recent years so has the publication format and venues for conference publications.  Rather 
than producing a single conference proceedings, papers from the 2005 AAC can be found in a variety 
of  international journals, including Lithic Technology, Internet Archaeology, Archaeometry and the Journal of 
Archaeological Science. This volume presents original research papers from three key subject areas covered 
in the conference, all of key research interest to Australasian archaeologists, namely geoarchaeology,          
archaeobotany and archaeometry.  In keeping with the aims of the AAC, student papers feature heavily 
among those published here and we have included papers studying a range of geographical regions. All 
provide new insights into the past and several herald significant shifts in analytical priorities for their 
component disciplines. 
 Geoarchaeology is a key focus of research interest for Australasian researchers often dealing with 
ancient and eroded landscapes and where dating cultural materials in surface and even stratified contexts 
can prove extremely challenging. Several of the papers focus on dating and interpretation of surface          
exposures of artefacts and provide novel approaches integrating studies of geoarchaeology with geochro-
nology to this end. One group of papers tackles these problems in western NSW, an arid region where 
archaeological sites such as surface stone artefact scatters and hearths have in the past proved difficult 
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to date and to compare with the archaeological record in other regions of Australia.  Many of these studies 
are not just about new ways of doing or dating archaeology: some of the results presented have significant 
implications for the inferences archaeologists draw from their data.
 A good example of this is the paper by Holdaway, Fanning and Littleton which provides a 
salutary example of how time and taphonomic processes impact on the sedimentary and archaeological 
record; a factor often overlooked by archaeologists who use radiocarbon dates as proxies for numbers 
of people in the landscape to generate inferences about human behaviour in the past.  They compare the 
frequency distributions derived from two different data sets for Holocene western NSW, heat retainer 
hearths and dated human burials.  The heat retainer dates show a dramatic decrease in frequency with 
age, whereas the burial dates have a more even distribution. Their study demonstrates the impact of 
differential preservation, not just of cultural materials but also of sedimentary contexts, accessible to 
archaeologists to study.  They conclude that the “accumulative hearth record in northwestern NSW, and, 
by association, the accumulated record of stone artefacts, increases during the last 2000 years because of 
geomorphic surface preservation rather than greater numbers of Aboriginal people and/or increases in 
occupation span”. 
 Fanning, Holdaway and Phillips contribute a new method of identifying heat-retainer hearths 
which have been dispersed.  These important sites are ubiquitous in the arid landscape of western 
NSW but as they are exposed on the surface they are highly subject to erosion and bioturbation.  The 
eventually loose the charcoal and spatial patterning is lost and identification becomes problematic.  
Fanning et al. recommend a technique based on a combination of condition, typology and use of a 
fluxgate gradiometer to detect remnant thermo-magnetism in the heat retainers. If adopted by other 
researchers this technique will assist with standarisation of descriptions of dispersed hearths and 
monitoring of changes in their condition over time.  Shiner’s paper focuses on stone artefact scatters in 
the same region, dated by association with the hearth sites to the late Holocene.  His paper examines 
patterning in the lithic artefacts and raises the issue of ‘scale’ in interpretation of data which in effect 
represents a palimpsest of diverse human activities over several thousand of years.  This paper should 
be of interest to all archaeologists working in Australia where surface stone artefacts form the major 
component of the archaeological record. 
 Similar problems of recording cultural materials dispersed over a vast geographic area present 
themselves to archaeologists dealing with the historic time frame. Artefacts of the 19th and 20th 
centuries can often be dated with some precision using typology and manufacturing dates, but when 
spatially dispersed this data can appear unpatterned, is difficult to record and is often neglected by 
archaeologists. Bolton’s paper describes an effective method of recording archaeological data from
historic period sites in situ.
 Prendergast, Bowler and Cupper employ a multidisciplinary approach to study the environmental
evolution and human occupation of the Victorian Mallee region. They show the while humans were 
present in this landscape from at least 15,000 years ago the fluvial regime and climate of the 
region were substantially different to that of today.  They emphasise that the recognition of changes in 
fluvial and aeolian environments though successive humid-arid cycles is necessary for interpretation 
of the  sedimentary and archaeological record and human adaptation in the Murray Basin.

 Six papers focused on archaeobotany and related studies in Australasia and elsewhere.  Four 
detailed research into plant microfossil taphonomy and analysis, which continues to be an important 
focus for Australasian researchers. Lamb’s paper builds on recent results confirming the utility of 
Congo Red to identify cooked starch, with details of contamination experiments.  Haslam’s paper details 
an experimental observation of starch movement in soils as a result of water percolation and provides 
unsettling evidence that even large starch grains may be subject to lateral and vertical post-
depositional movement. As with the subsequent paper by Crowther on raphide identification, the 
paper’s conclusion demands the routine investigation of site formation processes when evaluating 
microfossil occurrences in archaeological strata and thus closer integration between archaeobotanists 
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and geoarchaeologists.  Crowther’s paper is a significant contribution to the Pacific microfossil debate, 
critically evaluating the reliability and methods of raphide identification, which has become an 
important indicator of prehistoric aroid cultivation. Raphides are calcium oxalate crystals, and 
Crowther’s work shows that light microscopy may confuse commonly occurring calcite crystals with 
raphides. Globally, archaeological starch analysis has produced significant new results in recent decades 
and the papers here, along with recent publications (e.g. R. Torrence and H. Barton 2006 Starch Analysis), 
suggest that Australasian practitioners, who were among the first in the field, are entering a stage of 
consolidation and necessary critical evaluation of methods and results.
 Longford, Drinnan and Sagona’s paper provides a good example of integrated macrobotanical 
research, utilising both seeds and wood charcoals, providing important environmental, economic and 
behavioural information about Sos Höyük in northeastern Turkey. The paper presents preliminary data 
from the Late Chalcolithic to Iron Age, periods whose archaeobotany is poorly understood in Eastern 
Anatolia and under-represented in southwest Asia as a whole, especially when compared to the Neolithic. 
The paper serves to illustrate how wood charcoals can serve to provide much more information than 
simply radiocarbon dates and presents results from an important Australian field project in Turkey. 
Macrofossil analysis is part of an integrated suite of techniques critically evaluated by Denham, Haberle 
and Pierret as a source of information for understanding a key topic in the region: the emergence of 
tropical agriculture. Once again, the Kuk site provides the focus for an engaging and well-supported 
exploration of how integrated archaeological science can provide novel and vital information 
about past agricultural and land-use practices. Concurring with a theme repeated through this 
volume, the paper argues strongly for even greater integration of tailored geoarchaeological and 
archaeobotanical methods if archaeological studies of Australasian plant use, and perhaps those of 
tropical regions across the Asia-Pacific as a whole, are to overcome taphonomic and classificatory 
problems to provide the depth of data that has revolutionised understanding of agricultural 
origins in the Americas and the Old World.  As with all of the papers in this section, this final study hints 
at a methodologically and theoretically healthy future for this area of archaeological science.

 The third and final section includes papers covering a variety of archaeometry disciplines 
beginning with Petchey’s review of marine shell dating in Oceania. The paper provides an up-to-date 
review of the subject, with guidance on date selection and a call for the construction of more shell-
terrestrial (charcoal) paired date sequences to help improve Oceanic marine calibration, which is highly 
variable in time and space. Bourke and Hua’s paper provides such a calibration series from the Beagle 
Gulf in the Northern Territory of Australia, providing a terrestrial-marine sequence that concurs well 
with near by data. 
 Rhodes et al. present the preliminary results of a novel application of the Optically Stimulated 
Luminescene (OSL) dating technique for estimating the age of heat-retainer hearths exposed in surface 
contexts in arid Australia. The comparisons with radiocarbon ages derived from charcoal from the same 
hearths suggest that the technique holds promise. This technique had the advantage that it does not require 
excavation of the hearth so provides a good substitute for radiocarbon dating in situations where non-
destructive dating measures are called for. 
 The two following papers by Grave and Craig and Grave provide important new insights into 
the potential of chemical characterisation techniques to investigate both the production and use of pottery. 
Graves’ paper presents a novel approach to statistically and mathematical analysis of ICP-OES results 
from a ‘closed group’ of shipwreck ceramics from South and Southeast Asia, which allows the distinction 
of firing technologies and provenance, providing a significant new approach for disentangling 
the complexity of ancient technology. Craig and Graves’ paper identifies the underused method of 
HPLC-MS as a means of helping to identify some food residues, in their case using experimental 
samples and pots from ancient Gordion, Turkey, home of the famous King Midas. Moving to yet another 
geographical region, Herries’ paper uses examples from South Africa to illustrate the potential of 
archaeomagnetism to investigate issues as diverse as fire histories and palaeoclimate. The techniques 

III



have clear potential for further understanding aspects of Australasian prehistory and we hope to see 
more local studies in the future. The final paper by Macgregor brings us closer to home with a 
discussion of conservation of megafaunal bone remains from the famous Cuddie Springs spite in 
New South Wales, Australia. The paper details the planning, field and laboratory methods applied to 
the megafaunal bone from this important site, ensuring that are available for detailed future study 
and curation. Conservation is a key discipline in global archaeology and is alive in Australasia still, 
though now without the University of Canberra’s internationally renowned conservation program, 
which we note with dismay was closed several years ago.
 For the conference we acknowledge and thank the major sponsors of the conference, namely the 
Department of Archaeology and Natural History, The Graduate School, the Research School of Pacific 
and Asian Studies and the Centre for Archaeological Research, all of the Australian National University. 
We also received financial and in-kind support the ARC Network for Earth Systems Science, the Rafter 
Radiocarbon Laboratory (Wellington, New Zealand) and the Waikato Radiocarbon Laboratory (Hamilton, 
New Zealand).  Administrative support was provided by Sharon Donahue and web-support by Amanda 
Kennedy & Jill Jones. We also thank the session convenors and student volunteers who worked tirelessly 
to make the conference a success. Authors and reviewers worked hard to prepare and improve the 
papers we have published here and we also thank Jean Kennedy for editorial assistance. We hope this 
volume of papers contributes positively to the fostering and further strengthening of archaeological 
science in the Australasian region and demonstrating how Australasia continues to contribute to the 
advance of global archaeological science. In this respect it is encouraging that Australia’s first 
postgraduate degree in archaeological science, the Masters in Archaeological Science at ANU, was 
launched in the year this volume sees publication. 

Andrew Fairbairn, Sue O’Connor and Ben Marwick
2008
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Abstract

When grouped together, radiocarbon determinations from heat-retainer hearths from western New South 
Wales decrease in frequency with age.  One interpretation for this pattern is that it reflects an increase in 
the frequency of occupation, and perhaps ultimately an increase in Aboriginal populations in this region 
during the late Holocene.  An alternative explanation is that the increase in frequency reflects the differential 
preservation of the land surfaces on which the hearths are found. According to this explanation, the 
pre-servation of ancient surfaces itself decreases with time, with the destruction of ancient records of 
occupation accounting for the relatively recent skew in the age distribution of heat-retainer hearths.  We
test these hypotheses by comparing the distribution of hearth radiocarbon ages against the distribution 
of ages obtained from samples associated with buried human remains from western New South Wales. 
Samples obtained by excavating buried deposits should not be subject to the same range of erosion 
processes that have affected surface deposits.  Therefore the samples from buried deposits are able to act 
as a control against which the distribution of hearth ages can be evaluated.  Results indicate that age 
estimates obtained from human burials have a distribution different from those obtained from hearths, 
supporting the conclusion that the decrease in hearth frequency with age is a product of geomorphic 
preservation rather than cultural change.

Keywords: radiocarbon; hearths; chronology; western New South Wales; human burial 
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Introduction

The archaeology of the late Holocene in Australia is frequently characterised by, amongst other things, an 
increase in the number of identified ‘sites’ (Ross et al. 1992:109), an increase in the number and variety of  
artefacts found at those sites (Hiscock 1986) and, in western New South Wales (NSW), an increase in the 
number of heat-retainer hearths (or earth ovens) exposed on the surface (Holdaway et al. 2002).  There are 
two major hypotheses posed to explain these data. On the one hand, the apparent increase in the abundance 
of artefacts at late Holocene sites may indicate increasing populations (e.g. Beaton 1983), greater occupation 
spans reflecting in part the existence of more complex social interactions (e.g. Lourandos 1983, 1984, 1985, 
1988, 1993), or both — evidence used as part of the argument for a mid to late Holocene intensification in 
Australia.  On the other hand, this pattern may not reflect human behaviour and instead be the result of 
differential preservation, i.e. more evidence surviving from the recent times compared to the more distant 
past — the preservation hypothesis (e.g. Bird and Frankel 1993; Fanning et al. 2008; Holdaway et al. 2008)
 This issue has proven to be very difficult to resolve, especially in western NSW where the bulk 
of the archaeological record consists of surface material.  Scatters of stone artefacts and associated heat-
retainer hearths are visible on the surface because of erosion, the product of overgrazing of domestic stock 
since the mid to late nineteenth century (Fanning 1994, 1999).  It can be very difficult to estimate the age of 
many of these surface deposits since the same erosion that has exposed them has removed the possibility 
of determining age through conventional approaches to interpreting archaeological stratigraphy.  The
challenge for archaeologists is to reliably estimate the age of the surface archaeological record.  This will
help to determine if the apparent late Holocene increase in the density of the archaeological
record results from increases 
in Aboriginal occupation or 
whether it is a consequence of 
the preservation of this record. 
In this paper, we summarise the 
results of our investigations of 
the chronology of a number of 
locations we have studied in 
northwestern NSW (Figure 1).  
We then compare these data with 
age determinations from burials 
in southwestern NSW (Figure 
2) to help to determine whether 
intensification or preservation 
best explains the nature of the late 
Holocene archaeological record.
 

Developing	a	
chronology	of	
Aboriginal	occupation	
in	wertern	NSW

The two  components we have 
used to develop a chronology 
for the surface archaeological 
record in western NSW are radio-
carbon determinations from heat-
retainer hearths and optically 
stimulated luminescence (OSL) Figure	1.		Map	of	western	NSW	showing	locations	of	the	study	areas	mentioned	in	the	text.	
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age estimates from under-lying sediments (Rhodes et al., this volume). The statement that surface 
deposits lack stratigraphy is correct in an archaeological sense but not true geomorphologically.  Over 
large tracts of western NSW, especially along upland valley floors, erosion has removed much of the 
surface sediments onto which artefacts were deposited and later buried, leaving the artefacts behind as a
lag (Holdaway et al. 2000). The artefacts are today lying unconformably on an older sedimentary unit, the 
age of which provides the terminus ante quem, or maximum age, for their deposition.  Simple application
of the laws of superposition says that the artefact deposits cannot be older than the sedimentary unit they 
are resting on. Individual artefacts in the deposit may be older as they mayhave been manufactured 
considerably earlier and used many times prior to discard. Here we are concerned only with the 
maximum age of the artefact deposit.
 In some areas of the world, artefacts themselves provide a method for age estimation since they 
change their form through time. In Australia, however, attempts at seriation (e.g. Hiscock 1986) have not 
been successful, and there is currently no means of determining the age of late Holocene assemblages 
with any precision based on artefact typology alone. In western NSW, the remains of heat-retainer 
hearths provide a chronology since the hearths frequently contain charcoal that is suitable for 
radiocarbon determinations. Obtaining age determinations from these hearths does not, however, ‘date’ 
the stone artefacts associated with these hearths since there is not necessarily a close relationship 
between the times at which hearths were constructed and the times when the stone artefacts were 
deposited. It is not possible to use the age estimates for the hearths to ‘bracket’ stone artefacts as is 
sometimes the case with stratified deposits. It is possible, however, to use multiple age estimates from 
hearths to define patterns in the construction of hearths through time and then to compare the nature 
of artefact assemblage composition against these patterns (e.g. Holdaway et al. 2005). For example, 
artefact assemblage composition should be different where occupation was continuous versus situations 
where the radiocarbon hearth chronology indicates a discontinuous pattern of occupation.

Figure	 2.	 	 Map	 of	 southeastern	 Australia	 showing	 the	 Lower	 Darling	 and	 Murray	 Rivers	 and	 their	 major	 tributaries	 (from	 Littleton	
2007).	Locations	where	burials	forming	part	of	the	data	illustrated	in	Figure	4	have	been	found	are	indicated.	
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We first applied this strategy for determining the chronology of surface artefact scatters at Stud Creek in 
Sturt National Park (Figure 1). Here, OSL age estimates on sediments infilling the valley floor suggested 
that stone artefacts and heat-retainer hearths rested unconformably on a surface with an age no older than 
about 2000 BP (Fanning and Holdaway 2001). Radiocarbon age determinations on the hearths themselves 
suggested occupation from 250–1700 cal BP but with a gap of about 300 sidereal years between 910 AD and 
1260 AD when no hearths were constructed (Holdaway et al. 2002:357). Significantly, this gap in hearth 
construction coincides with the Medieval Climatic Anomaly (MCA — Stine 1994), a period of warmer 
average temperatures and hydroclimatic variability, recognised globally in climate proxy records as 
extending from as early as 800 AD to as late as 1450 AD (Broeker 2001; De Menocal 2001; Eital et al. 2005; 
Favier Dubois 2003; Herweijer et al. 2007; Huffman 1996; Jones et al. 2001). This suggested the possibility 
of an environmental correlate for the period with no hearth construction. However, any cause and effect 
relationship would need to be based on demonstrating the palaeoenvironmental impact of the MCA in
Australia and, as yet, there are no climate proxy records from the Australian mainland that demonstrate 
an MCA signal.
 To test the reliability of the dating strategy established at Stud Creek, we investigated multiple 
locations on Fowlers Gap Arid Zone Research Station, some 200 km south (Figure 1). Here, we collected 
samples for OSL dating from exposed sections at each of six sampling locations to provide maximum age 
estimates for the archaeological surfaces. The results supported those from Stud Creek in one sense, in 
that radiocarbon determinations from the heat-retainer hearths were all more recent than the OSL age 
estimates for sediment samples, confirming the applicability of the technique as a means for obtaining 
the terminus ante quem for surface artefact scatters (Fanning et al. 2008; Rhodes et al. this volume). 
Additionally, the Fowlers Gap results indicated that surface ages could vary considerably depending 
on the local geomorphology. For example, at the Fowlers Creek (FC) sampling location, a gravelly terrace 
surface, OSL age estimates indicated that the sediments within about 32 cm of the surface were deposited 
at least 4340 years ago and perhaps up to 10,920 years ago. In contrast, OSL determinations from an active 
proximal floodout environment at the Sandy Creek (SC) sampling location were much younger, ranging 
from modern at the surface to around 4000 years old at 62 cm depth. At a third location (Nundooka — ND), 
marginal to a bedrock channel, sediments at 52 cm below the modern surface were deposited around 3730 
years ago.
 When these age estimates were compared with the results of radiocarbon determinations 
from the heat-retainer hearths, a similar result to Stud Creek was demonstrated, i.e. there is a close 
relationship between the age of the landform and the age distribution of the heat-retainer hearths. 
At Fowlers Gap the oldest hearths (around 6000 cal BP) were found at the FC sampling location that 
also returned the oldest OSL determination. On surfaces associated with more active geomorphic 
environments, like the SC and ND sampling locations, hearths were much younger (Holdaway et al. 
2005). 
 These results provide a set of answers to the question posed above. At least in the locations we 
have studied at Fowlers Gap, there is good evidence that the age of the surface and the age of the record 
that is visible upon it are correlated, i.e. longer duration archaeological records are found on older land-
forms.  Moreover, relatively ancient records are rare, surviving only where landforms are stable and where 
the erosion that has exposed the record has not also destroyed it, for example at FC. The geomorphically 
more active floodplain environments like those at SC and ND are more common at Fowlers Gap than 
terraces like that at FC, thus, younger archaeological deposits dominate the record. Therefore, at least 
at Fowlers Gap, the evidence suggests that the prevalence of the archaeological record in contexts dating 
to the last 2000 years is a function not of people but rather of the geomorphic history of land surfaces 
that preserve this record 1.
 This inference is reinforced when the heat-retainer hearth age estimates from elsewhere in north
western NSW are examined (Holdaway et al. 2005). This record does not illustrate continuous occupation 
during the last 2000 years, but instead shows episodes of hearth construction and use, interspersed with 
gaps in the record. Our ninety-six radiocarbon determinations from four widely spaced locations 
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Figure	3.		Calibrated	radiocarbon	determinations	from	excavated	hearths	in	western	NSW	(Holdaway	et	al.	2005:	Figure	9).	
A	 gap	 is	 indicated	 in	 hearth	 construction	 coincident	 with	 the	 MCA.	 Calibrated	 ages	 were	 determined	 using	 Datelab	 2.0	
software	(Jones	and	Nicholls	2002)	accessing	INTCAL98	calibration	curve	data	(Stuiver	et	al.	1998).	
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(Stud Creek, Fowlers Gap, Pine Point/Langwell, and Peery Lake; Figure 3) demonstrate a consistent pattern, 
with a gap in the record that may be coincident with the MCA (although none of the additional sampling 
locations provided as clear a pattern as that developed for Stud Creek). As indicated in the discussion of 
the Stud Creek results above, environmental correlates may help to explain the distribution (Holdaway 
et al. 2002). However, other causes are possible, not the least of which is variation in the production of 
14C in the past, as evidenced by variations in the radiocarbon calibration curve. In the rest of this paper, 
we consider two sets of evidence that may enable us to better understand the distribution of hearth age 
estimates from western NSW and also help to resolve the intensification versus preservation debate.

Testing	the	model	using	dates	from	burials

The argument derived from the Fowlers Gap results is that hearth preservation and, by extension, the   
preservation of other parts of the archaeological record, are a function of the geomorphic environment. 
Hearths that were once buried structures are visible today because of erosion. However, erosion also 
occurred in the past, to both a greater and a lesser degree, leading to the differential destruction of hearths 
in different parts of the landscape (Fanning 2002). If this argument is correct then the patterned distribution 
of hearth ages through time should reflect the preservation conditions largely controlled by geomorphic 
processes. Equally, archaeological records where the preservation conditions are different should show a 
different distribution of ages.
 As previously noted the bulk of the archaeological record in western NSW consists of surface 
artefact scatters and associated heat-retainer hearths. However, other evidence for Aboriginal occupation 
is preserved in quite different contexts. Human burials have survived from the past because of interment 
underground, thus reducing the impact of surface erosion. This should, in theory, lead to a different record 
of preservation, one that paints a picture closer to the true regional chronology of human occupation rather 
than one more closely related to local geomorphic history.
 Littleton (2007) has compiled the results of radiocarbon determinations from human burials from a 
variety of locations in the lower Darling-Murray region to the south of our study area (Figure 2). With one 
exception, all the ages are directly from bone and the majority of the determinations come from excavation 
samples. These are generally locations with multiple burials, although included in the sample are a number 
of single radiocarbon determinations from burials exposed through erosion.
 In Figure 4, we compare the probability distribution of the fifty burial age determinations com-
piled by Littleton (2007) with that for the ninety-six hearth age determinations (Holdaway et al. 2005). 
While the distribution of human burial age estimates spans the length of the Holocene, the age distribution 
for hearths is skewed to younger ages, with a large number of determinations clustering within the last two 
thousand years. Age estimates older than about 6000 BP form smoother peaks in both graphs, a pattern that 
reflects the relatively larger error terms associated with older age estimates.
 What might be accounting for the differences in the two age distributions? Before discussing 
the most likely reasons, there are two relatively minor differences in the two data sets that need to be 
considered. First, the hearth determinations are from charcoal samples while the human burials, in the 
main, are determined from bone apatite samples. The possible effects of this difference in the composition 
of the two types of samples on the age distributions are unknown. Second, there are half the number of 
determinations from burials than from hearths (fifty cf. ninety-six). However, samples of this size are large 
enough to successfully search for long-term patterns.
 Notwithstanding these small differences in the two data sets, the resulting probability plots are 
fundamentally different in shape. Whereas the plot based on burial data shows a variable, but continuous 
distribution through time, the plot for the hearths diminishes to zero after 2000 radiocarbon years BP, 
with only small peaks present at earlier times. As argued above, this most likely is a reflection of the low 
probability of ancient surface preservation. More recently formed surfaces, and therefore a larger number 
of younger hearths, are more likely to be preserved. In contrast, the act of burial has preserved human
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remains that date from a greater range of past time periods. Thus, there is a more even distribution of the 
human burial dates throughout the Holocene.
 Based on this comparison, we suggest that the accumulative hearth record in northwestern NSW, 
and, by association, the accumulated record of stone artefacts, increases during the last 2000 years because 
of geomorphic surface preservation rather than greater numbers of Aboriginal people and/or increases in 
occupation span.

Gaps	in	the	occupation	record

Comparison of the ninety-six hearth age estimates from locations across northwestern NSW (Figure 3)  
suggests that the times when no hearths were constructed may be regional in extent (Holdaway et al. 2005). 
It is possible, however, that the gaps we detected in the hearth age distributions illustrated in Figure 3 are 
in some cases an ‘artefact’ of plateaus in the calibration curve. The burial data discussed above provide 
a means to assess this, by providing a comparative data set from which to determine whether a similar 
gap in the age distribution of human burials exists. Box plots of radiocarbon determinations, generated 
using the Oxcal software, from hearths and from human burials that span the last 2000 years (Figure 5) 
allow an assessment of the effect of the radiocarbon calibration curve itself on the distribution of 
calibrated radiocarbon age estimates. 
 The influence of plateaus on the distribution of calibrated ages is most apparent for the last 600 
years where the calibration curve has steep sections bounded by plateaus. To some degree, the 
distributions of the hearths and burial age determinations permit a test of whether the plateaus in  
the calibration curve are responsible for the apparent gaps in the radiocarbon record before 600 BP.  
For the hearth data, for instance, there is a gap in the distribution of ages beginning around 900 years  
ago (Figure 5a). Evidence for the existence of such a gap is less apparent, however, in the plot for 

Figure	4.		Probability	plot	for	radiocarbon	determinations	obtained	from	human	burials	(upper)	and	hearths	
(lower)	from	western	NSW.	Probability	is	calculated	per	50	radiocarbon	years.	
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human burials (Figure 5b).  
At face value, this suggests  
that while construction of heat-
retainer hearths appears to  
have temporarily ceased in 
northwestern NSW, people 
continued to bury their dead 
during this period further to  
the south along the lower 
Darling and Murray Rivers. 
 The overall lack of 
precision of the radiocarbon 
determinations together with  
the spread of ages from burials 
over a long time period restricts 
the types of explanations that 
can account for the difference  
between the two plots. Never-
theless, the results obtained  
from both data sets suggest  
a method for assessing the 
reality or otherwise of gaps  
in the record. If the gaps are  
an artefact of plateaus in the 
calibration curve they should be 
present in both data sets. If they 
are absent, then behavioural and/ 
or environmental explanations 
may be called for to explain why 
no age determinations are forth-
coming for particular periods. 
 An important next step 
would be to conduct a dating 
program of hearths located close 
to some of the human burial

Figure	5.		Box	plot	of	radiocarbon	determinations	from	hearths	(upper)	and	human	burials	
(lower)	from	western	NSW.	The	arrow	indicates	the	time	period	of	the	Medieval	Climatic	
Anomaly	(MCA).	(Atmospheric	data	from	Stuiver	et	al.	1998;	OxCal	3.5	[Bronk	Ramsey	
1995]).	

sites to see whether there is any difference in the age distributions of hearths and human burials when 
differences in geogrphy are not a factor. We are also about to date a large number of heat-
retainer hearths from the vicinity of Peery Lake, near White Cliffs (Figure 1), where the presence of 
local floods, overflows from the Paroo River, and artesian mound springs are likely to have guaranteed 
water supplies in the past. Differences in the distribution of hearth ages through time between 
environmentally distinct areas may help isolate regional differences in hearth construction and lead 
to more informed interpretations of the presence of gaps in the distribution of hearth and burial ages.

Conclusions 
  
Based on the comparison of heat-retainer hearths from the locations we have studied in northwestern 
NSW (Holdaway et al. 2005) and burials from the Lower Murray-Darling region in southwestern NSW 
(Littleton 2007), buried contexts preserve a more complete record of human occupation than material 
preserved in surface contexts. Therefore, the apparent relative increase in the frequency of archaeological 
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materials during the last two millennia is likely to reflect the preservation of the record rather than  
an increase in either population size or occupation time.  The record that is available for study today 
reflects the landscape history, particularly the time periods since surfaces were last heavily eroded. Thus, 
in the majority of surface contexts, there is no correlation between spatial proximity and time: surfaces  
that differ in age by many thousands of years can exist side by side and accumulate distinct 
archaeological records.  
 This has considerable implications for the way archaeologists generate inferences about the past. 
The results of archaeological survey, for instance, do not translate easily into either settlement patterns or 
settlement strategies. Although different site types may appear to relate to different environmental or 
resource zones, our evidence indicates that these differences may simply reflect changes in landscape 
preservation. In other words, what may appear at first to reflect locations where people undertook 
different activities related to such things as seasonal variation in resource availability might in fact 
represent differences in the age of deposits. 
 The age estimates from hearths (Figure 3) indicate periods when very few hearths were constructed  
across the northwestern NSW region we have studied. Similar gaps are not apparent in the record of 
human burials, perhaps reflecting geographical differences in resource availability as well as preservation 
of the archaeological record. Differences in the radiocarbon ages derived from charcoal from hearths and 
apatite from burials may be important but are unlikely to be significant. Alternatively, the hearth and 
burial age estimates may reflect differences in the human reactions to environmental change that affected 
the creation of one record but not the other. Differentiating among these potential causes will require 
more research, particularly the investigation of burials and hearths from the same location. 
 
 
Note 
1  It should also be noted that landscapes at Fowlers Gap, and in much of the Barrier Ranges north of 
Broken Hill (Figure 1), are dominated by much older surfaces than these (see, for example, Gibson 1997; 
Hill 2004), but there is little evidence of prolonged Aboriginal occupation of areas that were distant from 
water sources, save for deposits of flakes and cores at rock outcrops that were utilized as raw material 
sources (Doelman et al. 2001; Holdaway et al. 2008). 
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Abstract

Concentrationsofheat-fracturedrockarecommoninsomeareasofwesternNewSouthWales,Australia,
andarefrequentlyidentifiedduringarchaeologicalsurveysastheerodedremainsofheat-retainerhearths,
a typeofearthovenused in thepastbyAboriginalpeople tocook food.However, it canbedifficult to
consistentlyidentifythesefeaturessinceheat-fracturedrocks,likeotherclastslyingonthesurface,canbe
dispersedorconcentratedbyavarietyofgeomorphicprocesses.Inthispaper,wedescribeamethodwe
havedevelopedforhearthidentificationanddescriptiontoaidtheconsistentrecordingofthesefeatures.
Werecommendtheuseofafluxgategradiometerasatooltoverifythatconcentrationsofheat-fractured
rock are indeed the eroded remains of heat-retainer hearths. Using a gradiometer reduces observer
variability and ensures that we are not overestimating the number of hearths present by including
naturally occurring groups of stones not related to hearth activity. Adoption by others of a common
methodofhearthidentificationandclassificationwouldprovidesomedegreeofstandardisationthatwill
aidunderstandingofthepatternsofAboriginaloccupationinthepast.

Keywords: geoarchaeology; Australia; Aboriginal; hearth; fluxgate gradiometer 
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Introduction 

SurfaceartefactscattersinwesternNewSouthWales(NSW)(Figure1)arealmostalwaysassociatedwith
theremainsofoneormoreheat-retainerhearths,orearthovens,usedinthepastbyAboriginalpeople
to cook food (Allen 1972:280–1; Peake-Jones 1988). Hearths are an important part of the archaeological
record in this region because they are an easily recognisable indicator of past Aboriginal occupation.
For archaeologists, they provide a means for developing a chronology ofAboriginal occupation using
radiocarbondeterminationsfromcharcoalpreservedbeneaththefire-crackedrock(e.g.Holdawayetal.
2002, 2005a), and potentially through optically stimulated luminescence of the stone heat-retainers
(Rhodesetal.,thisvolume).
 Originally, thesehearthswere constructedbyexcavatingadepression that formed thebodyof
the oven into which stones and then food items could be placed for cooking.Abandonment would in
many cases lead to the infilling of the depression, thereby burying and preserving the remains of the
hearth.Onceburied,hearthswereprobablydifficulttoidentifyevenbythepeoplewhomadethem,and
our research has thus far shown little evidence of extensive re-use, at the level of precision currently
attainedbyconventional radiocarbonagedeterminations.However, like thestoneartefactswithwhich
they are commonly associated, their visibility in western NSW today is a consequence of erosion
processes thatareexposing themat the surface,wherewecansee them,andat the same timecausing
their destruction. Hearths are
no longer being produced,
therefore the population is
finite and, as a consequence of
erosion, declining year by year.
It is therefore important for
both cultural and scientific
reasons to document the record
of Aboriginal occupation that
they represent before they
disappear.  In this paper, we
describe techniques developed
to identify, classify and record
the remains of heat-retainer
hearths in far north-western
NSW. We focus on the use of
the magnetic properties of the
fire-cracked rock to provide an
objective test of the degree of
preservation of the hearths and
their charcoal. The techniques
of hearth identification and
classification we describe are a
key component of survey
methods we have developed
to understand the Aboriginal
archaeological record in
its contemporary landscape
setting.
 Figure	1.		Map	of	western	NSW	showing	locations	mentioned	in	the	text.	
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Problems	with	hearth	identification  

Heat-retainerhearthremainsarecommonlyidentifiedduringsurfacearchaeologicalsurveysinwestern
NSW.Theyaremostoftenfoundalongthebanksofcreeks,onlakemargins,insanddunes,andexposed
on scalds and claypans. At times, hearths may appear in dense concentrations. For example, a recent
surveyofpartof thevalley floorofCampbellsCreekatPoolamacca,about80kmnorthofBrokenHill
(Figure1),revealedatleast220hearthsinanareaalittleover500minlengthby200mwide(Holdaway
etal.2005b),anaveragedensityofonehearthtoevery450m2.Thissituationisnotunusual:asimilarly
densedistributionwaslocatedin2002adjacenttoPeeryCreekinasectionoftheParooDarlingNational
Park(Holdawayetal.2006).However,thereareotherpartsofthecontemporarylandscapewhereheat-
retainerhearthremainsareeitherabsentoratleastnotvisibleonthesurface.
 Because thedensityofhearthshassomething tosayabout the intensitywithwhichAboriginal
peopleuseddifferentpartsofthelandscapeinthepast—themoresosincemanyhearthscanprovide
age estimates, something that is largely impossible when analyzing stone artefacts — it is particularly
important that hearth remains are unambiguously identified. Comparing the density of hearths from
different locations assumes two kinds of comparability: hearths are equally visible and hearths are
equallydefinable.
 Thefirstrequiresanequalstateoferosionsuchthathearthsareexposedtoanequaldegree.This,
however, is obviously not the case, since the contemporary landscape is a mosaic of erosional and
depositionalsurfaces.Todate,ourapproachtothisproblemhasbeentomaplandsurfacesingreatdetail,
separatingerodedsurfaces fromthosestill coveredwithsurfacesediment,vegetation,etc. (Fanningand
Holdaway 2004). Depositional areas may conceal hearths, but we have not yet attempted a systematic
survey of these areas to locate buried hearths, for two reasons. First, test pitting, while potentially
applicable,requiresveryclosespacingtoidentifyrelativelysmallfeaturesacrosslargeareas(Wobst1983),
andisthereforeverylabourintensive.Second,largescalesurfacedisturbanceisincreasinglyoutoffavour
with both Aboriginal people and heritage managers. Geophysical survey, as discussed below, offers a
non-destructive alternative to test pitting but we have not so far explored this option for identifying
buriedhearths.
 Thesecondissue,theabilitytodeterminewhenahearthisindeedtheremainsofapastcooking
fire, and not simply a pile of naturally occurring rocks or a low density scatter of fire-cracked rocks,
requires consistency in field recording. Up to now, our approach has been to identify concentrations
of heat-fractured rock and label these as hearths. Heat-cracked rock has a number of characteristics
that permit rapid identification, for example ‘pot-lids’ may be shed during rapid heating (Purdy 1975
in Hiscock 1985), and crazing patterns (a grid of cracks on the rock surface caused by rapid heating
and cooling — Hiscock 1997) may be apparent. Identification is easiest when the heat-fractured stones
are concentrated together but becomes progressively harder as erosion disperses the fragments.
Identification also depends on the nature of the land surface: hearth remains on surfaces covered with
a gravel lag, for instance, can be almost impossible to identify. In addition, erosion may lead to the
combining of stones from a number of hearths, the individual identity of which may be very difficult
todefine.


The	Western	NSW	Archaeology	Program	hearth	survey	protocol

Inresponse to thevariablestateofhearthpreservation inwesternNSW,wedevelopedahearthsurvey
protocolbasedonasysteminitiatedbyDanWitter,formerlyaNSWNationalParksandWildlifeService
archaeologistforwesternNSW.Thesurveystrategyinvolvesanintensivepedestriansurveywiththeaim
of identifyingpotentialhearthsandmarkingeachwitha coloured flag (Figure2). Identificationat this
stageisbasedonthepresenceofanyconcentrationofheat-fracturedstones.
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Adigitalimageisalsotaken.SeveraloftheseattributesarenecessaryforentryintotheNSWAboriginal
Heritage Information Management System (colloquially, the ‘site register’), as hearths are classified as
‘sites’underthatsystem(NSWDepartmentofEnvironmentandConservation2006).
 Theconditionofeachhearthisdeterminedfromvisualassessmentofthedegreeofdisturbanceby
processesincludingerosionorbioturbation.Sixcategoriesaredefined(Figure3,atof):buried,partially
exposed, intact, disturbed, scattered, remnant. Use of the term ‘buried’ to describe a category of hearth
disturbancemayseeminconsistentsincethisisaclassificationoftheconditionofhearthsexposedatthe
surface.However,thistermisusefulfordescribinghearthsthatremainlargelyburiedwithonlythetipsof
thefire-crackedrockpokingabovethesurface(Figure3a).
 Partially exposed hearths are relatively common in our study locations. This term is used to
describe hearths where a portion of the dense cluster of hearth stones is exposed along an erosion
escarpment(Figure3b),butthebulkofthehearthremainsburied.Intacthearthsarethosewhereerosion
hascompletelyexposedthedenseclusteroffire-crackedrockbutithasnotbeendispersed(Figure3c).
 The next three categories — disturbed, scattered and remnant — refer to hearths displaying
increasingamountsofdisturbanceoftheheatretainers.Disturbedhearths(Figure3d)stillretainaroughly
circular form although stones are more dispersed in comparison to intact hearths. Scattered hearths
(Figure3e)havelostthiscircularformandtheheatretainersareunevenlyspreadacrossthesurface,with
noclearfocalpoint.Remnanthearthsareatthelastidentifiableendpointofthedisturbancecontinuum.
Thesehearthsretainacircularstructure(Figure3f)butthehearthstonesformanopenringor‘halo’with
nostonespresentatthecentre.Theyareoftencharacterisedbyreliefinversion,withtheformercentreof
thehearthpitnowformingtheapexofashallowconewiththehearthstonescompletelydispersedaround
theedges.

Applyingthehearthconditionclassification
ArecentsurveyofRutherfordsCreekinthePeeryLakesectionofParooDarlingNationalPark(Figure1)
identified 416 potential hearths in an area of approximately 2.5 km2. Around half are relatively
undisturbed (Table 1), being categorised as buried, partially exposed or intact using the classification
describedabove.Theothersaredamaged,havingbeenclassifiedaseitherdisturbed,scatteredorremnant.
The three hearths identified as buried are likely to be an underestimate of the true number of buried
hearths since a large proportion of the valley floor of Rutherfords Creek is currently buried by modern
sediments.

Figure	2.		The	remains	of	heat	retainer	hearths	on	an	eroded	
surface	in	Paroo	Darling	National	Park	in	western	NSW.	Hearths	
identified	in	the	initial	intensive	pedestrian	survey	are	marked	
with	a	coloured	surveyor’s	flag	(pink	in	this	image).	

The hearth recording team then re-visits each of
the marked concentrations and attaches a tag
stamped with a number against which all the
attributes of each putative hearth are
subsequently entered into a database.Attributes
recordedforeachhearthinclude:

1.location—AMGco-ordinates
 determinedusingdifferentialGPS;
2.dimensions—maximumlengthand
 perpendicularwidthoftheclusterof
 hearthstones,measuredwithasteel
 tape;
3.orientation—azimuthofthemaximum
 dimension;
4.numberandlithologyofhearthstones;
5.presenceofanyvisiblecharcoal;
6.conditionofthehearth(seebelow).
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Figure	3.		Images	of	heat	retainer	hearths	from	western	NSW	that	illustrate	the	six	categories	of	hearth	condition	recognised	in	the	
survey	protocol:		
	
a.	buried	
b.	partially	exposed	
c.	intact	
d.	disturbed	
e.	scattered	
f.	remnant	
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 Theproportionof theRutherfordsCreekvalley floor that iserodedcanbeused toestimate the
true density of hearths, including those still buried, using two techniques. First, we use digital aerial
photographs and image analysis software to estimate the area of the valley floor covered by scalds. We
alsomeasurethelengthandbreadthofscaldsaspartofourartefactsurveystrategy,andthuscancalculate
theareaofexposedsurfaces.
 However,thesecondpartofthecalculationforhearthdensityinRutherfordsCreekrequiresthat
thecountofhearthsisaccurate.Herewefacetheproblemofinconsistencyinhearthidentification.Arethe
hearths we have categorised as disturbed, scattered and remnant actually hearths, or are they simply
concentrations of heat-fractured stones grouped together as the result of natural processes? A more
objectivemeansofidentifyinghearthremainsisrequiredtoovercomethisproblem.

Gradiometersurveyasanobjectivemethodofhearthidentification
 Our solutionwas toemploya fluxgategradiometer toprovideamoreobjectivemeasureof the
potential for thestones tohavebeenheated insitu, fromwhichwecouldbemoreconfidentofpositive
hearthidentification.Thegradiometerworksbyrecordingminutedistortionsintheearth’smagneticfield
atparticular locations.WeusedaGeoscanResearchFluxgateGradiometerFM36(Figure4)tosearchfor
near-surface magnetic anomalies. The gradiometer returns positive and negative readings in nanoTeslas
(nT), with a background value of around zero. In accordance with the discussion in Jones and Munson
(2005),it islikelythatthereadingstakenatRutherfordsCreekderivefromtwosources.First,heatingof
rocksandsoil inhearths can increase themagnetic susceptibilityofminerals leading to thepreferential
flowofageomagneticfieldthroughthesemineralsand,asaconsequence,locallyhigherfieldstrength.In
addition, ifmineralsareheatedaboveacritical temperature (theCurie temperature,120oC-675oC) they
will acquire permanent magnetism (termed ‘thermo-remnant magnetism’ or TRM). The gradiometer
measuresbothsources.
 Unlikeconventionalapproaches,wheregradiometermeasurementsaretakeninasystematicgrid
across a surface, we were not concerned here with identifying buried hearths. Instead, to further
investigate hearths identified during our initial pedestrian survey, we employed the gradiometer in
‘survey’ mode (Clark 2000).At each location, the gradiometer was zeroed against a background surface
that lacked heat-fractured stones. Readings were taken along a transect aligned north-south across a
potentialhearth,theoperatornotingthemaximumreading(eitherpositiveornegative)alongthetransect.

Hearth Condition          Number           Proportion            Pearson                    P                Spearman             P 
         (%)       Correlation                            Rank Order 
           Coefficient             Correlation 
                    Coefficient 

Buried   3 1 n/a n/a  n/a n/a
Partiallyexposed179 43 0.4<0.01  0.17 0.03
Intact  56 13 0.35 0.01 0.42 <0.01
Disturbed 96 23 0.23 0.03  0.24 0.2
Scattered 62 15 0.38 0.77  0.54 0.68
Remnant 20 5 0.27 0.24  0.48 0.03

Total  416

Table	1.		Hearth	types	recorded	along	a	section	of	the	valley	floor	of	Rutherfords	Creek	in	Paroo	Darling	National	Park	in	western	NSW.	
Pearson	and	Spearman	correlation	coefficients	are	parametric	and	non-parametric	measures	of	the	strength	of	the	relationships	
between	the	gradiometer	reading	and	number	of	hearth	stones	for	identified	hearths	of	each	condition	type.	Significant	results	are	
indicated	by	italics.	
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Figure	4.		Rebecca	Phillipps	calibrates	the	Geoscan	Research	Fluxgate	Gradiometer	FM36	used	in	this	survey.	

 Figures5ato5eillustratethedifferencesbetweenthehearthreadingandthebackgroundreading
forhearthsinthedifferentcategoriesdescribedabove.Buriedhearthsarenotincludedintheanalysisas
there were too few readings to graph the results. For both partially exposed and intact hearths, the
differences are quite large, up to +65 nT and −95 nT in some cases. But for disturbed, scattered and remnant
hearthsthedifferencesbetweenthebackgroundandthehearthreadingsaremuchsmaller,aswewould
expectiftheheat-fracturedrockswereinlowconcentrations.


 We tested the relationship between the number of hearth stones and the magnitude of the
gradiometerreadingsusingbothparametricandnon-parametrictests.Thereisasignificantcorrelationin
bothcases(Table1),suggestingthatTRMiscontributingsignificantlytothegradiometerreadingsoverthe
hearths.Thisrelationshipisclearestforpartiallyexposed,intactanddisturbedhearths.Forthescattered
and remnant categories, the statistical tests indicate that there is only a weak relationship between the
numbersofhearthstonesandthegradiometerreadings,whichwouldbeexpectedgiventhehigherdegree
ofdispersionofheat-fracturedrockfor thehearths in these twocategories.Thesignificantresult for the
Spearmanrankcorrelationtestontheremnanthearths(Table1)isprobablybecausethe20hearthsofthis
typerecordedwerethosewiththehighestdensityofhearthstones.
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Figure	5.		Histograms	showing	the	differences	in	the	TRM	between	the	hearths	and	the	background	for	each	of	the	hearth	condition	
categories	identified	in	the	survey:		
	
a.	partially	exposed;			b.	intact;			c.	disturbed;		d.	scattered;		e.	remnant.	

a. b.

c.

e.

d.
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Discussion  

The trial to test the effectiveness of using a gradiometer survey to identify fire-affected rock, described
above,producedpromisingresults.Thosehearthswiththedensestconcentrationofheat-fracturedstones
produced magnetic readings exhibiting the largest differences from the background magnetism. The
correlationbetweenthenumberofhearthstonesandthestrengthofthedifferencetobackgroundforthe
differenthearthtypessuggeststhatmuchofthesignalreadbythegradiometerrelatestoTRM.Ifso,then
a case can be made that the gradiometer is an effective tool for objectively identifying hearths in a
continuumthatrunsfromthe‘intact’throughto‘remnant’categories(Table1).
 The primary issue here is not just accurately identifying former hearths. It is more about
objectivelydeterminingapointintheprogressivedestructionofhearthsbyerosionatwhichthelocation
wherethehearthonceexistedcannolongerbedefined.Thehearthsthatarenowcategorisedasremnant
were once buried.As erosion progresses, defining the number and precise location of hearths becomes
moredifficult,andcalculatingtheoriginaldensityofhearthsonavalleyfloorisproblematic.
 Ourexperimentsshowthatuseofagradiometerinsurveymodeprovidesanobjectivemeasureof
hearth ‘intactness’ that can be used with the condition classification described above. Based on our
experienceatRutherfordsCreek,ifthereadingoveracollectionofheat-fracturedstonesvariesverylittle
frombackground,i.e.within±5nT,thenitisexcludedfromfurthersurvey.Inimposingthesesomewhat
arbitrary threshold values we may well be excluding some clusters that once were hearths, but we are
certainly not including those that were not. Hence, we can be sure that we are not overestimating the
numberofhearthspresentinthislocationbyincludingsuchphenomenaasnaturallyoccurringgroupsof
stonesnot related tohearthactivity.Useof thegradiometeralsoprovidesuswithanobjectivemeasure
that allows us to take account of both inter- and intra-observer variability, a source of measurement
variancethatpreviouslyhasprovedsignificantinouranalysesofstoneartefacts(GnadenandHoldaway
2000).
 UseofthegradiometeratRutherfordsCreekwasapilotstudyandweplantoexpanditsusein
thefuture.Inparticular,weneedtotakemeasurementsonstoneclustersthatweknowwereneverpartof
ahearth,tobetterunderstandhowvaluesfromthesefeaturescomparetoourintacthearthcategory.We
also need to undertake controlled experiments by creating our own hearths to determine the absolute
effectsonthegradiometerreadingsof thedegreeofstonescatter,andtheeffectsofdifferent lithologies.
Controlledexperimentsmightalsoallowustodeterminewhetherornothearthreusecanbedetected.


Conclusions

Theerodedremainsofheat-retainerhearthsinwesternNSWareanimportantaspectofthearchaeological
recordbecausetheyarehighlyvisible,areeasytointerpretandcanbedated.Unfortunatelytheirvisibility
isaresultofprocessesthatarealsoleadingtotheirdestruction.Erosionandbioturbationareprogressively
leading to partial exposure then destruction of the original hearth, as the heat retainers are scattered.
Eventually the lack of integrity is such that hearth identification becomes problematic. Hearths are
protectedbyheritageconservationlegislation,butthisonlyensuresprotectionagainstdestructionthrough
development or deliberate vandalism, not ‘natural’ erosion or damage by domestic stock. Hearths are a
diminishing resource and our research suggests that archaeologists have a limited time to study this
resource before it is gone forever. Our hearth classification scheme, if universally adopted, provides
standardisation of hearth identification that will allow comparison between separate archaeological
surveys,andmonitoringofchangesinhearthconditionovertime.
 The techniques described here provide an objective means for identifying hearths based on
combiningaclassificationofconditionanduseofafluxgategradiometer,andthereforeprovideawayto
estimatethenumberandconditionofthehearthsthatremaininparticularlocations.Resultssuggestthat
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differences in thegradiometerreadingsrelative to localbackgroundare largelydue toremnant thermo-
magnetismintheheatretainers.Thosehearthswithhighnumbersofheat-fracturedstonesconcentratedin
asmallareaprovidethe largestdeviations frombackground.Thoseconcentrationsofhearthstones that
givevaluesatorbelow±5nTshouldprobablynotbeconsideredhearths.
 Whencombinedwithadetailedassessmentof stoneartefacts (e.g.Holdawayet al. 2004) anda
programofobtainingageestimatesforthehearths(e.g.Holdawayetal.2005a;Fanningetal.2008),study
ofheat-retainerhearthsoffers theopportunity todetailboth the chronologyand intensityofAboriginal
useofplaceinthepast.
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Abstract		

The construction of models of past settlement systems in theAustralian arid zone are based on serious
misunderstandings of the formation of deflated archaeological deposits. This in turn leads to the
application of inappropriate interpretative frameworks that often ignore chronological contexts and
assume that spatially separate deposits are contemporary, and demonstrate consistency in human
behaviour through time. This denies archaeologists the opportunity to explore the temporal aspects of
deflatedrecords,both in termsofchronologyand themanagementofstoneartefactmanufactureacross
space and through time. Radiocarbon determinations from heat-retainer hearths and stone artefact
assemblagedatafromthePinePoint/LangwellareaofwesternNewSouthWales(NSW)nearBrokenHill
areusedtodemonstratetheconceptofarchaeologicaldepositsaspersistentplacesacrossthelandscape.
This combined with an analysis of variability in stone artefact assemblage composition provides an
alternativeframeworktosynchronicmodels.

Keywords: deflated deposits, persistent place, chronology

	
Introduction	

Heat-retainerhearthsandstoneartefactsdominatethesurfacearchaeologicalrecordofsemi-aridwestern
NewSouthWales.Thesemostfrequentlyoccurasdeflatedandspatiallyextensivedistributionsofvarying
densitywithoccasionalhearths.Theytypicallylackclearandreadilydefinableboundaries.Thedeflation
of the artefacts has resulted in the loss of vertical integrity and relative chronological relationships
between artefacts. Consequently, it is difficult to group artefacts into assemblages for analysis. The
definitionofassemblagesinthesecontextsrarely,ifever,hasanythingtodowithfine-scaletemporaland

3
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spatialbehaviouralpatterns.Rather,assemblagesareoftendefinedaccordingtosimilaritiesinlandscape
context, broader temporal context or geomorphologic boundaries (Holdaway et al. 2000). In this sense
assemblages are collections of artefacts that may represent multiple behavioural episodes rather than
discrete events. The formational characteristics of these deposits pose numerous methodological and
theoretical challenges for archaeologists interested in the study and interpretation of the surface
archaeologicalrecordfromtheAustralianaridzone.
 Surfacedepositscontainnumerousartefactsoftenrepresentingmultiplestagesofcorereduction,
tool manufacture and discard. Based upon assemblage composition alone it is difficult to classify these
deposits into distinct site types that correspond with the perceived function of the location within a
settlementsystem.Forinstance,basedonethnographicobservationCane(1984)arguedthatassemblages
with high proportions of scrapers represented woodworking locations. But Cane’s own investigations
demonstrated that high proportions of scrapers were also recorded at sites where ethnographic
informationindicatedthatwoodworkingwasnottheprimaryactivity.
 Therawmaterialtypespresentreflecttheexploitationofbothlocalandnon-localsources.Where
chronological contexts have been established (Holdaway et al. 2002, 2005; Shiner 2004), these indicate
multiple episodes of hearth construction. Although it is impossible to establish direct temporal
relationships between any single artefact and hearth, the multiple age determinations from the hearths
point to numerous episodes of occupation during which artefacts may have been discarded. From this
perspective the deflated surface deposits of western NSW are palimpsests of material that may have
accumulatedfromanunknownnumberofbehaviouralevents.Theseeventsmaybespreadoverseveral
hundredormoreyears.Therefore,thesedepositssuggesttherepeateduseofplacethroughtimeandnota
singleone-offbehaviouralevent.
 Thesefactorsmeanthatsynchronicinterpretationsofsitefunctionwithinasingleland-usemodel
isnotanappropriate interpretativeframeworkfordeflatedsurfacedeposits. Interpretationsof therecord
thatdonotconsiderthetemporaldimensionoftheformationofsurfacedepositsignorethepossibilitythat
the artefacts found on a common eroded surface may have been discarded at different times during the
past. The behavioural context under which these were discarded may also have varied. This leads to
questionsregardingthenatureoftheseoccupationsandthefactorsthatmayresultinthereuseofplaces.
 Schlanger(1992)usedtheterm‘persistentplace’todescribethoseareasofthelandscapethatare
thefocusofrepeatedactivitythroughtime.Persistentplacesfallintotwocategories.Thefirstisassociated
with features of the natural environment that may attract human occupation, e.g. swamps, waterholes,
rock outcrops etc. The second reflects the type of materials and features that humans create in the
occupation of a location. In the case of western NSW these might be stone arrangements, heat-retainer
hearths or raw material caches. Once established these features will structure the future use of the
location,eitherthroughreuseoravoidance(seealsoFletcher1995).Theroleoffeaturesmayalsochange
duringsubsequentoccupations.Withthisthedurationandcharacterofoccupationmayalsovarythrough
time. Another factor to consider is that the preserved pattern of site distribution and assemblage
composition might not be representative of the prehistoric pattern of human activity. As Waters and
Kuehn(1996)note, landscapesaredynamicandcontinuallychanging,sitesaredestroyedover timeand
thisfragmentstherecordofculturalsystems.ThisisparticularlytrueinwesternNSWwheresignificant
landscapechangehasoccurredwiththearrivalofpastoralandmininglanduse(Fanning2002).
 Eventhoughpersistentplacesmaynotattractpermanentsettlement,theymayattractlong-term
episodicuse.Thenotionofpersistentplaceisusefulforinvestigatingthelong-termhistoriesofindividual
locations because it acknowledges the role of multiple behavioural events in the accumulation of the
archaeological record. Within this context, assemblage accumulation represents multiple processes that
may have very different temporal trajectories, rather than the result of a synchronic functional-
environmental relationship between discard and place use. The composition of assemblages and the
spatial structure of artefact distributions reflect the long-term repeated use of locations. The notion of
persistentplaces isausefulframeworkfor investigatingtheformationofdeflatedsurfacearchaeological
distributionsacrosswesternNSW.
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The	surface	archaeological	record	of	Pine	Point	and	Langwell		

PinePointandLangwellaresheepgrazingpropertiesapproximately50kilometressouthofBrokenHill
(Figure1).ThepropertiesstraddlethetransitionalzonebetweenthefoothillsoftheBarrierRangeinthe
northtothealluvialsandplainoftheMurray-Darlinginthesouth.FollowingthemethodsofHoldaway
etal.(2000),landsystemclassificationswereusedtodividethestudyareaintofourseparateareas.Aerial
photographswerethenusedtoidentifylocationswithineachofthelandsystemsthatwerelikelytocontain
surfacearchaeologicaldeposits.Extensivescalding,proximitytodrainagesystemsandtopographywere
the key criteria used to identify these locations. Each identified location was then ground checked to
assessthepotentialfordetailedrecording.
 In common with other
areas of western NSW (e.g.
Holdawayetal.2000;Holdaway
etal.2004),surfacestoneartefact
distributions across Pine Point
and Langwell have lost their
vertical integrity through the
erosionoftopsoilresultinginthe
deflationoftheartefactsontothe
scaldedA2soilhorizon.Hearths
appear as either clustered or
dispersed distributions of stone
and clay heat retainers that
represent the base of the hearth
pit. In some instances the heat
retainers serve to ‘cap’ charcoal
concentrated in sediments on
the hard baked bottom of the
hearth fire pit. To be selected a
locationhadtohaveanextensive
distribution of stone artefacts
and heat-retainer hearths that
were likely to retain charcoal
forradiometricanalysis.
 Ten locations meeting
these criteria were selected for
investigation. Preliminary arte-
factrecordingandhearthsurvey
wereconductedateachlocation.
Following this initial phase of
investigation further recording
was restricted to four main
locationswherecharcoal-bearing
hearths and extensive stone
artefact scatters were abundant
(Table1).Twoofthese,CN1and
CN3, are in the Conservation/
Fowlers land system and are
situated on an alluvial terrace
adjacent to Pine Creek, the Figure1.LocationofthePinePoint/Langwellstudyareaandotherlocationsmentioned

inthetext.
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largestdrainagechannelinthestudyarea.Theothertwo,KZ1andKZ2,areintheKarslandsystemand
are adjacent to Rantyga Creek, the second largest drainage channel in the study area. KZ1 covers an
alluvialterraceanddistalfloodplainonbothsidesofRantygaCreek.KZ2issituatedonascaldedsandy
riseonthenorthernsideofRantygaCreek.Thelocationsareallsituatedwithintheimmediatevicinityof
theconfluenceofRantygaCreekwiththelargerPineCreek.Thedistancefromthefurthesttwolocations
KZ1andCN3isfourkilometres.

































 The four locations chosen for study are not discrete and bounded sites. Rather they represent
areas of high ground exposure (resulting from erosion and a lack of vegetation) where extensive
distributions of stone artefacts and hearths are visible. The issue of site definition has been widely
discussed in such contexts (e.g. Ebert 1992; Thomas 1975). In western NSW, Holdaway et al. (1998)
suggested that site boundaries are difficult if not impossible to define and that archaeologists should
consider factors relating to the geomorphic context of artefact distributions when attempting to define
assemblages. The same approach is adopted here. The Pine Point/Langwell assemblages were defined
according to theirgeomorphiccontext. In thecaseofCN1andCN3thiswas themajor terracerunning
paralleltothenorthernbankofPineCreek.ForKZ1andKZ2,artefactrecordingwasconfinedtothehard
pansurfacesonthefringeofthedistalfloodplain.Theassemblagesrepresentsamplesoflargerartefact
distributions.

	 Land	System		 					Sampling									Description		 									 										Sampling										Artefacts									Hearths	
	 	 	 					Location	 	 	 																										Area	m2	


 Conservation/ CN1  Discontinuoushardpan 19355 8788 CNH7,
 Fowlers   scaldsituatedontopof     CNH23
     amajorterraceofPine     to
     Creek,approximately     CNH25,
     600metresdownstream     CNH42,
     ofthePineCreek–Rantyga    CNH55
     Creekconfluence. 
 Conservation/ CN3  Extensivehardpanscald 12813 4904 CNH32
 Fowlers    situatedontopofterraceof    to
     PineCreek,starting1.2     CNH36
     kilometresmetres     and
     downstreamofthePine     CNH56
     Creek–RantygaCreek
     confluence. 
 Kars  KZ1  Seriesofhardpanscaldson11795 3419 KZ1H2,
     distalfloodplainofRantyga    KZ1H3,
     Creek,approximatelythree    KZ1H7
     kilometresupstreamof
     confluencewithPineCreek.
 Kars  KZ2  Seriesofhardpanexposures7203 11192 KZ2H25
     ontopofasandyriseand
     distalfloodplainadjacent
     toRantygaCreek,
     approximately1.5kilometres
     upstreamofconfluence
     withPineCreek.

Table1.Characteristicsofthearchaeologicalsamplingareas.
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Lab	 	 									Result	(year	BP)	 δ	C13	 												 			Calibrated	2	σ	ages		 							Hearth	
Number		 	 	 	 	 	 			(y	BP	(probability)	 							ID 

Wk-9994           261±49  −23.8±0.2    160–166 (0.053)         CN H 42 
       287–315(0.514)
       408–420(0.107) 
Wk-12322          458±58  −24.1±0.2    463–545 (0.682)         CN H 34 
Wk-12323          481±55  −23.5±0.2    477–534 (0.686)         CN H 35 
Wk-12324          516±52  −23.0 ± 0.2    510–554 (0.572)         CN H 36 
       609–620(0.102) 
Wk-12326          584±46  −22.2±0.2    544–564 (0.212)         KZ2 H 25 
       587–590(0.025)
       599–645(0.47) 
Wk-12325          771±46  −24.6±0.2    737–795 (0.344)         CN H 56 
       812–829(0.098)
       862–906(0.235)
Wk-9995           848±69  −23.4±0.2    687–794 (0.542)         KZ1 H 2 
       813–827(0.057)
       866–886(0.078) 
Wk-10282          886±47  −23.9±0.2    737–795 (0.344)          CN H 55 
       812–829(0.098)
       862-906(0.235)

 TheproximityoftheartefactassemblagestothePineCreek–RantygaCreekconfluencesuggested
the possibility that the chronological record would indicate multiple phases of occupation. Although
significant environmental change has occurred with pastoral land use, the creek confluence is a major
landscape feature that appeared to be a focus of past human activity (numerous stone artefacts and
hearths).Itispossiblethatthefourlocationsmayrepresentpersistentplaceswithcharacteristicssimilarto
thoseidentifiedbySchlanger.Toinvestigatethisrequiredtheestablishmentofanoccupationalchronology
andtheanalysisofstoneartefactassemblagecomposition.


Chronological	context		

The remains of 122 heat-retainer hearths were recorded during intensive pedestrian survey of the Pine
Creek–Rantyga Creek confluence. Information on the excavation and recording of the hearths has been
publishedelsewhere(Holdawayetal.2005),andisbrieflysummarisedhere.Hearthswereclassifiedinto
three groups according to their relative degree of preservation. Of those with partially exposed and
clustered heat retainers, 30 were selected for excavation, based on their spatial proximity to the stone
artefactrecordingareas.Theexcavatedhearthsconsistedofasandymatrixwithaclusterofheatretainers
and varied amounts of mostly fragmented charcoal. No structural evidence of hearth reuse or multiple
lensesofcharcoalwerefound.
 Sufficientcharcoalforradiocarbondeterminationswasrecoveredfrom16hearths.Thehearthsare
distributed along the alluvial gullies of Rantyga and Pine Creeks. Hearths KZ1 H2, H3, and H7 are
associatedwiththeKZ1location.KZ2H25isassociatedwithKZ2location.CNH7,H23,H24,H25,H42
and H55 are associated with the CN1 location. Hearths CN H32, H33, H34, H35, H36 and H56 are
associated with the CN3 location. In Table 2 the determinations are listed in chronological order from
youngesttooldest.
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 AfullanalysisofthePinePoint/LangwellradiocarbondeterminationsispresentedinHoldaway
etal.(2005),thefeatureofwhichisaBayesiananalysisoftemporalpatterningwithinthetotalpoolof16
determinations.Thisindicatedthat,ratherthanformingacontinuoussequence,thedeterminationscluster
into five main phases of hearth construction. The oldest is a single determination from KZ1 H3 at
approximately2000calBP.Thesecondgroupconsistsof twohearthswithdeterminationsbetween1500
and1700calBP.Thethirdgroupisonehearthwithadeterminationbetween1050and1300calBP.Seven
determinationsmakeupthefourthgroup,withdeterminationsspanning750to950calBP.Thefifthand
final group consists of five determinations spanning 550 to 350 cal BP. Together the radiocarbon
determinations from the 16 hearths indicate a chronology of late Holocene occupation across the four
studylocalitiesandatemporalframeworkfortheinvestigationofstoneartefactassemblageformation.


Measuring	the	intensity	of	raw	material	utilisation	

Artefactassemblagesusuallyconsistofbothshortand longuse-lifeartefacts.Shortuse-lifeartefactsare
those that have performed little or no work (Shott 1989, 1995). Characteristically, these are unretouched
flakes and other debitage produced during core reduction and tool manufacture (Holdaway et al. 2004;
Shineretal.2005).Thesehaveahighprobabilityofdiscardandthemajorityofassemblagesarecomposed

Lab	 	 									Result	(year	BP)	 δ	C13	 												 			Calibrated	2	σ	ages		 							Hearth	
Number		 	 	 	 	 	 			(y	BP	(probability)	 							ID 

Wk-10280          910±52  −23.0±0.2    765–779 (0.071)         CN H 23 
       787–798(0.059)
       809–839(0.162)
       842–912(0.384)
Wk-10832          959±51  −22.1±0.2    793–814 (0.137)         KZ1 H 7 
       826–867(0.26)
       884–929(0.274)
Wk-12320          967±62  −21.9±0.2    794–814 (0.133)         CN H 25 
       826–867(0.257)
       884–931(0.287)
Wk-12319          1002±48  −24.5±0.2    797–809 (0.094)         CN H 24 
       835–848(0.075)
       911–963(0.517) 
Wk-12321          1247±56  −23.9±0.2    1092–1108 (0.071)                    CN H 33 
       1126–1160(0.158)
       1169–1193(0.132)
       1197–1241(0.259)
       1245–1261(0.082) 
Wk-10281          1653±52  −23.2±0.2    1421–1430 (0.028)          CN H 32 
       1489–1497(0.024)
       1515–1613(0.553)
       1623–1625(0.006)
       1674–1689(0.061) 
Wk-9993           1747±76  −23.5±0.2    1550–1734 (0.678)        CN H 7 
Wk-10831          2004±73  −23.2±0.2    1871–2044 (0.678)        KZ1 H 3 

Table2.RadiocarbondeterminationsfromPinePoint/Langwell(afterHoldawayetal.2005).
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of large numbers of these items. Long use-life artefacts mainly consist of retouched tools that can be
ranked according to the degree to which they have been resharpened. The least resharpened tools are
utilised flakes, which exhibit non-invasive retouch. These are usually flakes that have been used to
perform work without prior edge modification. More heavily resharpened tools consist of denticulates,
notches, scrapers and burren and tula adzes that have been deliberately modified before use. The most
heavily resharpened item in arid zone assemblages is the tula adze, which following repeated
resharpening is often, but not always, discarded as a worked-out ‘slug’ (Gould 1980; Hayden 1979,
Holdawayetal.2004).Insomecases,theuse-lifeoftheseitemsmayexceedtheoccupationdurationofa
singlelocation.
 The discard of artefacts is a time-dependent process and the composition of assemblages is an
indirectresultofoccupationduration(BamforthandBecker2000).Asoccupationbecomeslongerthereis
agreaterprobabilitythatlonguse-lifeartefactswillbecreatedanddiscarded(Holdawayetal.2000).
 Differences in the intensity of raw material reduction offer one promising approach to the
investigation of assemblage composition because increased occupation duration may lead to the more
intensive utilisation of material available within the immediate context of an occupied location (Dibble
1988; Dibble and Rolland 1992; Elston 1990). This can be investigated through the study of assemblage
composition.Assemblages that exhibit high flake-to-core ratios, a low proportion of cortical artefacts, a
decreaseinflakeandcoresize,andthepresenceofheavilyworkedtoolsandcoresreflectmoreintensive
reductionofrawmaterials(Dibbleetal.1995).Thesecharacteristics,combinedwiththeconceptoftime-
dependent artefact discard, provide a method for investigating the intensity of place use from stone
artefactassemblages,withoutrecoursetofunctionalinterpretations.

Raw material utilisation 
 IncommonwithsurfacestoneartefactassemblagesfromotherareasofwesternNSW(Holdaway
etal.2000;Shineretal.2005;Witter1992),thePinePoint/Langwellassemblagesaredominatedbyquartz
andsilcrete.Therearecleardifferences in theproportionof rawmaterialsbetween the twoCNand the
twoKZassemblages(Table3).Allfourassemblagesaredominatedbyquartz,buttheproportionofquartz
intheCNassemblagesisconsiderablygreaterthanintheKZassemblages.Approximately80%ofartefacts
in theCN1andCN3assemblagesaremadefromquartz.Thereare twotypesofsilcrete—clast (quartz
grainspresentinthematrix)andnon-clast(quartzgrainsrareorabsentinthematrix).Thetwotypesof
silcretecombinedaccountfor16.3%ofrawmaterialsatCN1and14.1%atCN3.

 TheKZ1andKZ2assemblagesdemonstrateapatternofrawmaterialabundancedifferentfrom
theCN1andCN3assemblages.Quartzaccountsfor62.4%ofrawmaterialsatKZ1and61.6%atKZ2.The
twotypesofsilcretecombinedaccountfor34.7%atKZ1and36.6%atKZ2.Therefore, theproportionof
silcrete in the KZ assemblages is considerably greater than in the CN assemblages. As with the CN
assemblages,silcreteisdominatedbyclastmaterial.Theproportionofnon-clastsilcreteisslightlygreater
at KZ1 (7.3%) compared to KZ2 (5.1%). The category ‘other materials’ includes crystal quartz, chert,

Core	Type	 										CN1	 	 		CN3	 	 												KZ1	 	 				KZ2	

Clast  1091(12.4)  544(11.1) 936(27.4)  3526(31.5)
Non-clast 347(3.9)  145(3)  248(7.3)  575(5.1)
Quartz  7228(82.2)  4107(83.7) 2135(62.4) 6895(61.6)
Other  122(1.4)  108(2.2) 100(2.9)  196(1.7)

Total  8788(100)  4904(100) 3419  11192(100)

Table3.Rawmaterialnumberandpercentage(inparentheses)perassemblage.
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hornfels, ironstone, quartzite, sandstone and schist, and these make up only a small percentage of raw
material.
 Differencesinrawmaterialaccessarelikelytoaccountforsomeofthevariabilityintherelative
proportions of raw materials between the assemblages. Quartz is available as fist-sized cobbles in creek
bedsandasgibberpavementswithinimmediatevicinityofalltheassemblages,andisclassifiedasalocal
rawmaterial.Clastsilcreteoutcropswithevidenceofhumanuseoccurinthelowhillsapproximatelysix
kilometres north of Pine Creek. The characteristics of one of these assemblages are analysed in Shiner
(2006).Nosourcesofnon-clastsilcretewereidentifiedinthestudyarea.Bothtypesofsilcreteareregarded
asanon-localrawmaterialbecausesourcesofeacharenotavailablewithintheimmediatevicinityofany
of theassemblages.The twoKZassemblagescontain thehighestproportionsofsilcrete,andare located
twotothreekilometresinastraightlinefromthesilcreteoutcrops.TheCNassemblagesarelocatedfive
tosixkilometresinastraightlinefromthesilcreteoutcrops.
 Accesstorawmaterialsisclearlyanimportantfactorinassemblagevariability.Exposureofraw
material sources is unlikely to have been a limiting factor because the landscapes of Pine Point and
Langwell are primarily erosion dominated, and outcrops and gibber pavements are widely distributed.
Alternatively, access to raw material sources is likely to have varied with factors associated with the
durationofoccupation,andmobilityreductionasoccupationdurationincreases.Theroleofthesefactors
can be assessed through the comparison of key technological indices related to the intensity of raw
materialreduction.ThesemethodshavebeenwidelyusedinbothAustralia(Holdawayetal.2000,2004;
Shiner2004;Shineretal.2005;Veth1993)andelsewhere(BamforthandBecker2000;Dibble1995)andare
discussedinthefollowingsection.

Core form 
Coreformisindicativeofthetechniquesusedtoreducenodules.Forexample,non-specialisedcoreforms
withplatforms flaked fromonlyonedirection (unifacial) andwithonlyoneor twonegative flake scars
(test), suggest non-intensive core reduction strategies. Those with platforms flaked from two or more
directions(bifacialandmulti-platform)indicatecorerotationandaconcernwithextendingthereduction
lifeofnodules.There is somepossibility that sample size is influencing theproportionofdifferent core
formsrepresented ineachassemblage.Forexample, the largestassemblage,KZ2,alsogenerallyhas the
greatest number of different core forms. Despite this, the number of artefacts in each assemblage is
sufficiently large to allow confidence that the patterns are also representative of behavioural
characteristicse.g.occupationduration,ratherthansamplesizealone.
 The proportion of different clast silcrete core forms in each assemblage is presented in Table 4.
Eightdifferentcoreformsarerepresented,witheightatKZ2,fiveatKZ1,fouratCN1andthreeatCN3.
Microblade,nuclear-toolandradialcoreformswereonlyrecordedatKZ2,whileflake-blankformswere
confinedtoKZ1andKZ2.Proportionsoftestcoreformsvaryfrom9.4%atCN1followedby3%atKZ1
and2.6%atKZ2.TheyarenotrepresentedatCN3.

Core	Type	 	 CN1	 	 						CN3	 	 					 KZ1	 	 									KZ2	

Bifacial   4(12.5)  2(9.5)  6(18.2)  31(27)
Flakeblank       1(3)  8(7)
Microblade         1(0.9)
Multiple  1(3.1)  4(19)  9(27.3)  5(4.3)
Nucleartool         1(0.9)
Radial          3(2.6)
Test   3(9.4)     1(3)  3(2.6)
Unifacial  24(75)  15(71.5) 16(48.5)  63(54.8)

Total   32(100)  21(100) 33(100)  115(100)

Table4.Frequencyandproportionofclastsilcretecoretypesperassemblage.
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 Unifacial cores are the single most common clast silcrete core form in all of the assemblages,
varyingfrom75%atCN1,71.5%atCN3,54.8%atKZ2and48.5%atKZ1.AtKZ1thecombinedproportion
of rotated forms (45.5%) is smaller than thatofunifacial forms (48.5%),although this is still a relatively
high proportion of rotated forms and is much greater than that for the other three assemblages. The
proportionofrotatedformsdecreasesfrom31.3%atKZ2to28.5%atCN3and15.6%atCN1.
 Theproportionofnon-clastsilcretecore forms ispresented inTable5.Eightdifferent formsare
representedacrossallassemblages,withsixformsintheKZ1andKZ2assemblages,fourinCN1andtwo
inCN3.OnebipolarcorewasrecordedatCN1,whileoneflake-blankcorewasrecordedatKZ1andtwoat
KZ2.OneradialcorewasrecordedatbothKZ1andKZ2.Testcore formswerealsorare,withonlyone
example recorded at KZ1. Two nuclear-tool cores were recorded at KZ2. No microblade cores were
recordedinthismaterial.

















 Unifacialcoresare thesinglemostcommonnon-clastcoreforminallassemblagesexceptKZ1,
varying from 80% at CN3, followed by 60% at CN1, 52.2% at KZ2 and 18.2% at KZ1. At KZ1 the
proportionofbifacialcoresistwicethatofunifacialcores(36.4%comparedto18.2%)andthecombined
proportion of rotated core forms is considerably higher than that of unifacial forms at KZ1 (54.6%
comparedto18.2%).ThispatterndoesnotfollowatCN1,CN3andKZ2.Theseassemblagesshowsimilar
patternstothoseidentifiedforclastsilcrete.
 Table 6 presents the proportion of quartz core forms. As in the clast silcrete component,
microbladeformsareconfinedtoKZ2.RadialcoresoccuronlyatCN1,CN3andKZ1.Bipolarcoresare
uncommoninallassemblages.Nuclear-toolformsaccountforlessthan5%ofquartzcoreformsinallof
theassemblages.Testcoreformsarerelativelyuncommonacrossallassemblages.Thehighestproportion
oftestcoresoccursatCN1(8.5%)andCN3(6.1%).Unifacialcoresarethemostcommonquartzcoreform
inallassemblages,varyingfrom51.1%atKZ1toover66%atCN3.Againtheproportionofrotatedcore
forms (bifacial and multiple combined) is highest at KZ1 (35.2%). The low proportion of rotated core
formsindicatesthatextendingthelifeofquartzcoreswasnotapriority.

Core	Type	 	 CN1	 	 									CN3	 	 	KZ1	 	 								KZ2	
	
Bifacial   92(18.3) 49(16.7)  37(26.6) 118(28.2)
Bipolar   6(1.2)  2(0.7)  6(4.3)  19(4.5)
Flakeblank  5(1)  8(2.7)  1(0.7)  11(2.6)
Microblade         2(0.5)

Core	Type	 	 CN1	 	 									CN3	 	 	KZ1	 	 								KZ2	

Bifacial   2(20)     4(36.4) 5(21.7)
Bipolar   1(10)   
Flakeblank       1(9.1)  2(8.7)
Multiple  1(10)  1(20)  2(18.2) 1(4.3)
Nucleartool         2(8.7)
Radial        1(9.1)  1(4.3)
Test        1(9.1) 
Unifacial  6(60)  4(80)  2(18.2) 12(52.2)

Total   10(100)  5(100)  11(100) 23(100)

Table5.Frequencyandproportionofnon-clastsilcretecoretypesperassemblage.
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Minimum number of flakes (MNF) to core ratio 
TheMNFtocoreratioisthemostbasicmeasureofcorereductionintensityandiscalculatedbysumming
the total number of flakes with a platform (complete and proximal flakes), together with half the
longitudinal splits (Holdaway and Stern 2004). As core reduction proceeds, the number of flakes
produced increases relative to the number of cores (Dibble 1995). Longer occupation by less mobile
groupswilllimitopportunitiestoreplenishrawmaterialstocksandresultinmorecompletereductionof
coresandtheincreasedproductionofflakes.
 Plottingtheratioforeachrawmaterialtype(Table7)indicatesbothsimilaritiesanddifferences
amongtheassemblages.Inalloftheassemblagestheratioforquartzislowest,indicatingthatthislocal
material was the least intensively reduced. The quartz ratio also shows the least variability between
assemblages.KZ2hasthehighestratiowitheightandCN1thelowestwith7.1,whiletheratiois7.3for
bothCN3andKZ1.










 The ratio for clast silcrete is lower than that for non-clast silcrete in each of the assemblages
exceptKZ1.TheCN1assemblagehasthehighestratioforclastsilcrete,followedbyKZ2,CN3andKZ1.
ThehigherratioatCN1andthelowerratioatKZ1areconsistentwithadistance-decayrelationship,but
thisisnotthecaseforeithertheKZ2orCN3assemblages.Theratiosfornon-clastsilcretedemonstratea
greateramountofvariabilitybetweentheassemblages thanthoseforclastsilcreteandquartz.KZ2has
thehighestratiofornon-clastsilcrete,followedbyCN1andCN3.
 Noneoftheassemblagesdemonstrateaclearpatternofintensivecorereductioninalloftheraw
material categories.KZ1has the lowestvalue for clast andnon-clast silcreteand the second lowest for
quartz,suggestingthatreductionwaslessintensiverelativetotheotherassemblages.Thismayreflectthe
closerproximityofKZ1tomajorclastsilcretesourcesthanis truefortheotherassemblages.BothCN1
andKZ2havethehighestratiosforclastandnon-clastsilcrete,indicatingthatsilcretecorereductionwas

Core	Type	 	 CN1	 	 									CN3	 	 	KZ1	 	 								KZ2	

Bifacial   92(18.3) 49(16.7)  37(26.6) 118(28.2)
Bipolar   6(1.2)  2(0.7)  6(4.3) 19(4.5)
Flakeblank  5(1)  8(2.7)  1(0.7) 11(2.6)
Microblade         2(0.5)
Multiple  46(9.1) 19(6.5)  12(8.6) 11(2.6)
Nucleartool  19(3.8) 3(1)  6(4.3) 6(1.4)
Radial   2(0.4) 1(0.3)  1(0.7)
Test   43(8.5) 18(6.1)  5(3.6) 19(4.5)
Unifacial  290(57.7) 194(66)  71(51.1) 233(55.6)

Total   503(100) 294(100)  139(100) 419(100)

Table6.Frequencyandproportionofquartzcoretypesperassemblage.

Material		 	 CN1	 	 									CN3	 	 	KZ1	 	 								KZ2	

Clast   20.8  17.5  16.5  18.3
Non-clast  23.7  21   14.5  25.4
Quartz   7.1  7.3  7.3  8

Table7.MNF(minimumnumberofflakes)tocoreratioperrawmaterialandassemblage.
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mostintensiveintheseassemblages.Inaddition,KZ2hasthehighestratioforquartz.CN3exhibitsmore
intensivecorereductionthanKZ1,butthisisnotasintensiveaseitherCN1orKZ2.Theimplicationofthe
overallpatterninginMNFtocoreratiosisthatKZ2sawthelongestoccupationofthefourassemblages.

Non-cortical flake to cortical flake ratio 
 Increasedcorereductionalsoleadstoadecreaseintheproportionofcorticalsurfacesonflakes
andcores(Dibble1995).TheMNFtocoreratiossuggestedthatnon-clastsilcretewasgenerallythemost
intensivelyworkedmaterial.Thusitisexpectedthatthenon-corticaltocorticalcompleteflakeratiowill
behighestforthismaterial.Resultsforthisratio(Table8)indicatethatthisisnotthecase,butratherthe
ratioishighestforclastsilcreteacrossalltheassemblages.










 Non-clast silcrete has the second highest ratio, followed by quartz. The ratio is consistent for
quartzinthefourassemblagesandpointstothereductionof localcorticalnodules.Thesamecannotbe
saidforclastsilcrete.Clearlyclastsilcrete,althoughavailablewithinthewiderarea,wasnotutilisedinthe
same way as local quartz and was less likely to be available as fist-sized gibber nodules. Clast silcrete
noduleswere transported to the locationsaspartiallydecortifiedcores.This is furthersupportedby the
relativeproportionofcorticalcompleteflakestonon-corticalcompleteflakes(Tables9–11).Quartzexhibits
apatterndifferentfromboththesilcretes.Corticalcompleteflakesarecommonandalargeproportionof
theflakeshavegreaterthan50percentcortex.Thisindicateson-sitereductionofcorticalnodules.

Cortex	Category	 	 CN1	 	 									CN3	 	 	KZ1	 	 						KZ2	
		
None   139(90.8) 67(91.8)  89(89)  189(88.3)
1–50%   12(7.8) 3(4.1)  6(6)  18(8.4)
50–99%   2(1.3) 3(4.1)  5(5)  6(2.8)
Complete  0(0)  0(0)  0(0)  1(0.5)

Total   153(100) 73(100)  100(100) 214(100)

Table10.Frequencyandpercentage(inparentheses)ofnon-clastsilcretecompleteflakeswithdifferentamountsofcortex.

Cortex	Category	 	 CN1	 	 									CN3	 	 	KZ1	 	 						KZ2	

None   431(92.5) 258(92.1)  358(89.9) 1336(89.5)
1–50%   19(4.1) 15(5.4)  31(7.8) 104(7)
50–99%   13(2.8) 6(2.1)  9(2.3) 50(3.4)
Complete  3(0.6) 1(0.4)  0(0)  2(0.1)

Total   466(100) 280(100)  398(100) 1492(100)

Table9.Frequencyandpercentage(inparentheses)ofclastsilcretecompleteflakeswithdifferentamountsofcortex.

Material		 	 CN1	 	 									CN3	 	 	KZ1	 	 								KZ2	

Clast   12.3  11.7  9  8.6
Non-clast  9.9  11.2  8.1  7.6
Quartz   0.8  0.2  1.4  1

Table8.Non-corticaltocorticalcompleteflakeratioperrawmaterialandassemblage.
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 TheKZ1andKZ2ratiosforquartzarehigherthantheratiosforCN1andCN3,suggestingmore
intensivereductionofquartzcoresintheKZassemblages,aresultsupportedbytheMNFtocoreratiofor
KZ2, but not KZ1. The patterns emerging at KZ2 and to a lesser extent KZ1 cannot be attributed to
differential raw material access because both locations are the same distance from the nearest silcrete
sources.CN1andCN3showsimilarvalues forboth typesof silcrete.This result supports the relatively
high values of the MNF to core ratio and suggests that silcrete reduction was intensive in these two
assemblages.KZ1andKZ2havesimilarresultsforbothtypesofsilcrete.Thisresultissurprisingbecause
theMNFtocoreratiosuggestedthatcorereductionwasmoreintensiveatKZ2thanKZ1.

Non-cortical core to cortical core ratio 
 Thenon-corticaltocorticalcoreratioprovidesanothermeasureofcorereductionintensity.Values
forthisratiobyassemblageandrawmaterialarepresentedinTable12.Clastsilcretehasthehighestratio
for each of the assemblages, followed by non-clast silcrete, except for CN3, where no cores with cortex
were recorded. Quartz has the lowest ratio in all the assemblages, with the ratio not exceeding one,
indicatingthattherearemorecorticalthannon-corticalcores.











 The highest ratios for the three raw material types all occur in the KZ1 assemblage. This is
unexpectedbecausetheMNFtocoreandthenon-corticalflaketocorticalflakeratiossuggestedthatKZ1
coresare the least intensivelyworked,but itdoes fitwith thehighproportionof rotatedcore formsat
KZ1,whichsuggestagreaterlikelihoodofcortexremovalresultingfromtheflakingofmultiplesurfaces.
TheresultsfortheCN1andKZ2assemblagesarealsoambiguous.TheMNFtocoreandthenon-cortical
tocorticalcompleteflakeratiossuggestedthatcorereductionwasintensiveatCN1.Thisisnotsupported
by the non-cortical to cortical core ratio, which indicates a low proportion of decortified cores at CN1.
ThereisasimilarresultforKZ2,butthepatternislessclear.TheMNFtocoreratiowashighatKZ2,but
the non-cortical to cortical complete flake ratio low. The low proportion of decortified cores at KZ2
supports the non-cortical to cortical complete flake ratio, but is in disagreement with the MNF to core
ratio.CN3followsapatternconsistentwiththenon-corticaltocorticalcompleteflakeratio.

Material		 	 CN1	 	 									CN3	 	 	KZ1	 	 						KZ2	

Clast   2.6  3.2   3.7  2.1
Non-clast  1.5  0   2.7  1.3
Quartz   0.2  0.1   0.6  0.3

Table12.Non-corticaltocorticalcoreratioperrawmaterialandassemblage.

Cortex	Category	 	 CN1	 	 									CN3	 	 	KZ1	 	 						KZ2	

None   1212(44.6) 698(41.3)  413(58) 1222(50.4)
1–50%   823(30.3) 572(33.9)  189(26.5) 815(33.6)
50–99%   537(19.7) 329(19.5)  97(13.6) 321(13.2)
Complete  147(5.4) 90(5.3)  13(1.8) 66(2.7)

Total   2719(100) 1689(100)  712(100) 2424(100)

Table11.Frequencyandpercentage(inparentheses)ofquartzcompleteflakeswithdifferentamountsofcortex.
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Unmodified flake to tool ratio 
The unmodified flake to tool ratio is the simplest measure of tool production. Low values for this ratio
indicate that proportionally more flakes in an assemblage are modified into tools. Proportionally fewer
quartz flakesaremodified into tools in theCN1,CN3andKZ2assemblagescompared toboth typesof
silcrete(Table13).TheKZ1assemblageisanexception.Heretheratioforquartzislessthanthatformost
clastsilcretecomponents.Theratioinallassemblagesislowestfornon-clastsilcreteindicatingthatthere
arefewerunretouchedflakesrelativetoretouchedflakesonthismaterialthaninanyothermaterial.Non-
clastsilcreteappearstohavebeenfavouredfortoolproduction.











 Ingeneral,toolproductionisleastintensiveatKZ2.TheratioforclastsilcreteandquartzatKZ2
is thehighestof theassemblages; thevaluefornon-clastsilcrete is thesecondhighestbehindKZ1.The
CN1andCN3assemblageshavethelowestvaluesforbothtypesofsilcrete,butthereisonlyamarginal
differencebetweenthenon-clastvalueatCN1andKZ2.Additionally, there isnoclearpatternbetween
thesilcretes intheCN1andCN3assemblages,withthevalueforclast lowestatCN1andthevaluefor
non-clastlowestatCN3.Forquartz,thevalueatCN1andCN3ismuchhigherthanthatatKZ1.


Discussion		

As with much of the archaeological record of western NSW, the surface archaeological distributions
across Pine Point and Langwell Stations cannot be interpreted as ethnographic slices of time. Instead,
theyrepresentatime-averaged(Stern1994)recordofarchaeologicaldepositionandgeomorphicprocess.
Interpretations should take account of the time-accumulative nature of the record. The radiocarbon
chronologyfromtheheat-retainerhearthsindicatesmultipleepisodesofoccupationduringthelast2000
years. Further, inconsistencies in the technological indices point to the variable nature of assemblage
formation. Some of these inconsistencies may reflect the variable forms in which the raw materials are
available as well as the variable nature of the behavioural processes responsible for assemblage
accumulation.Thesebehavioursmayincludeartefactrecycling,andartefactremovalaswellasvariable
occupationspans.Thiswillbefurtherdiscussedbelow.
 Consistentpatternsofreductionintensityforbothtypesofsilcretearedifficulttoidentifyinthe
assemblages. In all four assemblages the non-cortical to cortical complete flake and the non-cortical to
corticalcoreratiosarehighestforclastsilcreteratherthannon-clastsilcrete.Theseresultsdonotfollow
the MNF to core ratio that generally suggested non-clast cores were the most intensively worked. The
MNF to core and the non-cortical to cortical complete flake ratios suggest that core reduction is most
intensiveintheCN1andKZ2assemblages,butthisisnotsupportedbythenon-corticaltocorticalcore
ratio.From this it isdifficult todrawstraightforwardconclusionsabout the intensityof clastandnon-
clastsilcretecorereduction.Instead,thevariabilityhintsatthecomplexnatureofassemblageformation,
and suggests that the Pine Point/Langwell assemblages do not represent a single process of silcrete
acquisition and reduction through time. Rather, the assemblages represent multiple raw material
management processes. The re-occupation of the four locations through time also raises the possibility

Material		 	 CN1	 	 									CN3	 	 	KZ1	 	 						KZ2	

Clast   8.3  10.5  11.7  13
Non-clast  3.8  2.8  4.3  3.9
Quartz   13.9  18   9.5  19.9

Table13.FlaketoMNT(minimumnumberoftools)ratioperrawmaterialandassemblage.
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thatatleastsomeoftheartefactswerereusedonnumerousoccasions.Theimplicationofthisisthatnot
only were many of the artefacts, and especially those made of either type of silcrete, manufactured
elsewhere,butalsotheymayhaveexperiencedmultipleepisodesofreductionandusethroughtimeat
thelocations.
 The reduction of quartz across the assemblages shows far greater consistency compared to
eitherof thesilcretes.Quartzcoresare the least rotated, indicatingreduction frompredominantlyone
platform surface. Further, the MNF to core ratio suggest that quartz is the least intensively worked
material, and the non-cortical to cortical complete flake and the non-cortical to cortical core ratio
supportthis.Quartz isalsogenerallytheleast intensivelyutilisedmaterial fortheproductionoftools.
This consistency suggests a more limited set of behaviours are represented in the acquisition and
reductionofquartz compared to the silcretes.Quartz is a local rawmaterial toall of theassemblages
and occurs as fist-sized rounded cobbles on valley slopes and creek beds. The size and form of the
nodulesmayalsoconstrainthereductionofquartzthusproducingamoreuniformpatternthanthetwo
typesofsilcrete.
 At least some aspects of variability among the assemblages reflect differential access to raw
materials. For example, the non-intensive reduction of quartz reflects to some degree the abundant
sourcesofthismaterialwithintheimmediatevicinityoftheassemblages.Measuresofsilcretereduction
are full of inconsistencies: while there are some aspects of a distance-decay relationship, assemblages
located furthest from possible silcrete sources do not demonstrate a clear pattern of more intensive
reduction. This may be interpreted in a number of ways: silcrete was not always transported to the
locationsfromtheclosestsources,eachlocationhasvariableoccupationhistories,andasingleplacewas
rarelyusedthesamewaythroughtime.
 Thesurfacearchaeological recordofPinePoint/Langwellwas investigatedasa seriesofplaces
with individual use histories. These were revealed through the investigation of assemblage formation
overa2000yearperiodofoccupationwhichwasindicatedbytheradiocarbonagesfrom16heat-retainer
hearths.Whilethis isnotadefinitivechronologicalrecord, itprovidesagoodchronologicalframework
consistentwithotherhearthdatingprogrammesacrosswesternNSW(e.g.Holdawayetal.2002,2005).
The results of this analysis reveal both variability and consistency in assemblage composition across a
relatively small area of the landscape. While some aspects represent responses to the distribution and
form of lithic raw material sources, others are indicative of variability in the intensity of occupation
over the long-term.Different locationsexhibitedvariedoccupationalsignatures.For instance,measures
of raw material utilisation suggest that occupation intensity at KZ1 and CN3 was less intensive than
atKZ2andCN1.
 The Pine Point/Langwell locations can be regarded as persistent places in the sense that they
documentmultipleepisodesofoccupationoverthelast2000years.Althoughitisnotpossibletolinkany
single artefact with a specific period of occupation as indicated by the radiocarbon chronology, the
presence of hearths with multiple age determinations within each of the artefact assemblages, and
around the broader Pine Creek–Rantyga Creek confluence indicate multiple visits. Within this context
artefactdiscardwouldalsohaveoccurredonmultipleoccasions,andsomeof thismayhavecoincided
withtheoccupationalepisodesrepresentedbythehearths.Theboundariesoftheseoccupationsandthe
exactreasonsbehindthereuseofthefourlocationscanneverbeknown.Inanycase,thesearelikelytobe
manyandcomplex.WhatwedoknowisthatthePineCreek–RantygaCreekconfluencewasthefocusof
repeated occupation. As applied by Shiner et al. (2005) in relation to assemblages from Burkes Cave,
Fowlers Gap (SC and ND locations) and Stud Creek, the analysis of stone artefact assemblage
composition within temporal and economic frameworks is one method of assessing the persistence of
occupationwithinpalimpsestdeposits.
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Conclusion

Analysis of the composition of the Pine Point/Langwell assemblages indicates both consistencies and
inconsistencies in the reduction and utilisation of lithic raw materials. Some of these consistencies are
argued to reflect the character and distribution of the wider lithic landscape. In general, there is a
distance-decayrelationshipinthereductionofsilcrete.Thisrelationshipisnotevidentinallmeasuresof
reductionintensity.Variationinmeasuresofcorereductionisinterpretedtoreflectthevariablenatureof
occupation through time at each of the locations in both duration and frequency. Over the time span
representedinthePinePoint/Langwelloccupationalchronology,multiplebehaviouralpatternsresulted
in internal assemblage variability. These patterns are consistent with persistent but varied use of the
locationsduringthelast2000years.
 The variable patterns identified in the Pine Point/Langwell assemblages raise some interesting
questionsaboutinterpretativescales.Dependingupontheperspectiveadopted,thePinePoint/Langwell
assemblagesmayrepresenteitheraccumulationovertoo longatimescaleorover tooshorta timescale.
Thoseseekingethnographic-scaleinterpretationswouldarguethatthePinePoint/Langwellassemblages
are coarse grained with few clear behaviours represented. Others, who are interested in clear average
patternsofassemblagecompositionrepresentativeofthedominanttypesofbehaviour,maycontendthat
the assemblages do not represent enough accumulation through time, hence variable and inconsistent
intra-assemblage patterns. Viewed as persistent places that were utilised on multiple occasions during
the last 2000 years, the Pine Point/Langwell assemblages point to the complex and varied processes
responsiblefortheformationofthearchaeologicalassemblageswedefineinthepresent.
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Abstract	

SurfaceartefactsareacommontypeofarchaeologicaldepositinAustralia.Duringfieldrecordingoften
sitesalongtheMundaring-Kalgoorliehistoricalsettlementcorridor,WesternAustralia,in2004and2005,
methods were developed to record in situ surface artefacts at sites from the late nineteenth and early
twentiethcenturies.Thetypesoffeaturesandartefactsrecordedincludedstructuralremains;largeareas
where individual features could not be distinguished; artefact scatters containing glass, ceramic and
metalamongothermaterials;bottleglassdumps;andindividualartefacts.Detailedspatialdataaboutthe
location of the archaeological material and surrounding topography were recorded using differential
GPS.Usingthearchaeologicalandhistoricaldata,ananalysisofwhenthesiteswereoccupied,howthey
were used and by whom, was conducted. The research considers whether these methods are able to
addressthedifficultiesinherentinrecordinglarge,complicatedsurfacehistoricalsites.

Keywords: surface sites, recording methods, Mundaring, Kalgoorlie, Goldfields Water Supply Scheme,  
Bullabulling

	
Introduction	

The majority of archaeological artefacts found in Australia are from surface scatters (Burke and Smith 
2004:202;Holdawayetal.1998:1).Despitethis,mostarchaeologicalresearchcontinuestoconcentrateon
excavated, and therefore collected, material, particularly in historical archaeology (Crook et al. 2002;     
Murray2002:11).Studiesinhistoricalarchaeologythathaverecordedsurfacematerialinsituincludethe
Central Australia Archaeology Project (Birmingham 1997) and Paterson’s work in the south-western Lake 
Eyre Basin (Paterson 1999, 2003, 2005). Many studies of prehistoric sites are also of surface scatters and 
methodshavebeendevelopedtorecordthesesites.

4
in	situ
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 Therehasbeenmuchdiscussionabouthowmuchinformationcanberecordedatsurfacesites,
and some of the associated problems (e.g. see Lewarch and O’Brien 1981; papers in Sullivan 1998; 
Redman 1987; Wandsnider and Camilli 1992). As part of a study on prehistoric sites in Sturt National 
Park, western New South Wales, Holdaway et al. (1998: 3) identified four main difficulties applicable to 
recording surface sites. First, the lack of chronological control because of the absence of stratigraphy; 
second, the difficulty in determining site boundaries and features demarcated by a group of artefacts;
third, identifying and interpreting artefacts in the field; and fourth, the problem of obtaining a
representativesamplefromsiteswherethereisunevenexposureorvisibility.Becausetheseproblemsare
also relevant to historic sites they need to be taken into account when recording them. 
 Different research questions require different approaches, and this paper presents one way to
recordalargenumberofsurfacesitesfromthehistoricperiod.Theaimwastorecordthearchaeological
information in situ, and to determine whether it was possible to obtain the minimum required
information (as defined by the research questions) without collecting the archaeological material. A case 
studyfromlatenineteenthandearlytwentiethcenturyWesternAustraliaisusedtodiscussthemethods,
and whether they can help overcome the problems identified by Holdaway et al. (1998) at sites 
representingthehistoricperiod.

The	archaeological	project

Archaeology in the School of Social and Cultural Studies, University of Western Australia and the 
National Trust (WA) were awarded an ARC Linkage Grant to conduct archaeological investigations of 
nineteeth and twentieth century society along the Mundaring-Kalgoorlie settlement corridor following
the Goldfields Water Supply Scheme, and this research is part of that project. The National Trust (WA) 
manages many of the sites associated with the Goldfields Water Supply Scheme and is currently
undertaking a major heritage project of the region, the Golden Pipeline Project, conducting interpretation 
and conservation of sites associated with the scheme. The region between Perth and Kalgoorlie is
important in the development of Western Australia’s European history, particularly in the search for 
pastoral landandgold.Whiletherehavebeennumeroushistoricalandsociologicalstudiesof thearea,
usually focusing on Kalgoorlie, there has been very little archaeological work done in this region post-
Europeansettlement.
 The aim of the Mundaring-Kalgoorlie Settlement Corridor archaeological project is to conduct 
archaeological investigations of nineteenth and twentieth century society between Mundaring, east of
Perth, and Kalgoorlie, Western Australia, following the Goldfields Water Supply Scheme (Figure 1) to 
determine what kinds of settlements evolved along the migration route. The study period is from 1830–
1914, as this area of Western Australia was settled by Europeans in 1830. 1914 serves as a convenient cut-
off point, mainly due to technological changes in manufacturing methods around the time of the First
WorldWar.
 Theoverallresearchquestionsrelatetohowthesettlementsitesthatwereoccupiedforvarious
periods of time differed, and how those living and working along the corridor utilised the available 
resources at both temporary and permanent sites. This includes who was living there; the spatial
organisationofthesites;howlongtheywereoccupiedfor;whatmaterialculturewasused;andhowthis
information relates to the historical record. Chronological and spatial information about the site from the 
archaeological data, and functional information about the artefactual material, help to answer these
questionsbyidentifyingoccupationandactivityareas,andtheperiodandnatureoftheiroccupation.
 The study region is approximately 560km long, and is within an arbitrary boundary of 15km 
eithersideofthepipeline.Archaeologicalsiteswithinthisregionwerechosenforstudybasedonseveral
criteria. Sites chosen had archaeological material present from the study period of 1830–1914; were not 
heavilydisturbedbylateruse;andwereselectedtocoverarangeofdifferentsiteuses,includingrailway
stations,townsitesandwatercondensers.
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  The majority of the study area is within two modern administrative regions known as the 
Wheatbelt and the Goldfields (Figure 1). The Wheatbelt is an agricultural area, with low-moderate 
rainfall,andthesitesinthisregionareusuallyeitheronagriculturallandorhavebeenclassedaspublic
reserves. East of Southern Cross, the Goldfields are in a semi-arid environment. Most of the sites are 
within national parks, although some are on leased or unallocated Crown Land. The two major land uses 
havesignificantlyaffectedthepreservationofsitesandartefactswithineachregion.
 Most sites in the Wheatbelt were destroyed by later occupation, and only one (Old Doodlakine) 
had enough undisturbed archaeological material to be included in the study. Sites in the Goldfields
containedsurfacematerialandshoveltestpitswereexcavatedtoconfirmthattherewaslittlesub-surface
archaeologicalmaterial.Theartefactualmaterialacrossallof thesites includedsurfacescattersofcans,
glass, ceramics and metals, as well as isolated artefacts and artefacts common on late nineteenth and
twentiethcenturysites,forexampleclaypipefragmentsandcharcoal.

Methods 

Themethodsweredesigned to record thematerial in situ inaway thatwasbothsimpleandaccurate.
Because the research questions included a comparison of different sites along the route, as many as
possible needed to be recorded in the time available. Systematic sampling of each site was used to
identify trends in spatial distribution of the archaeological material and characterise the assemblages,
withminimaldisturbance.
 ThemethodsforthisprojectwereadaptedfromthosedevelopedbyBirminghamandWilsonfor
the Central Australia Archaeology Project (CAAP), during which material from a similar time period and

Figure	1.		Location	of	study	area	including	administrative	regions	and	sites	mentioned	in	text	
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in a similar environment was recorded (Birmingham 1997: 4–6). Surveys in 1995 and 1996 for the CAAP 
identified 100 sites comprising over 5000 features, which is comparable in scale to this project. The
approach used by the CAAP were developed to record information from as many features ‘as possible, 
withconsistentdatarecordingoneachforsystematicentryintoaGIS[GeographicInformationSystems]
database’ (Birmingham 1997: 4). To achieve this Birmingham and Wilson used survey and feature 
recording,whichalsoformedthebasisofdatarecordingforthisproject.
 For the sites recorded along the Mundaring-Kalgoorlie settlement corridor, site survey was
conducted to determine the extent and the location of archaeological material. The survey methods
varied, both between and within sites, according to topography and ground coverage. In order to
determine the site boundary and the extent of the artefactual material within that boundary, transects,
ranging from 5m to 20m according to visibility, were walked. Also, discrete areas, normally delineated by 
featuressuchasthepipelineandrailwayline,weredefined,andindividualteammembersrecordedall
features within them. As well as the systematic survey, all sites were walked several times during the 
process of feature and GPS recording, which provided an extra check that all features were noted and 
recorded.
 A site chosen for intensive study, as per the criteria outlined above, was divided into features
which ranged fromstructures, scattersof artefacts,bothdiscreteanddisperse, to isolatedartefacts.All
features were designated a type (Table 1) and recorded, resulting in a qualitative and quantitative record 
ofeachbasedonpreviouslyestablishedterminologyconventions.





















 The feature types provide a means of characterising the distribution of artefacts, interpreting
howthesitewasused,andhowthearchaeologicalrecordwasformed.Forexample,ascatter,whichis
the most common feature type, is often formed as a result of several events over a period of time,
whereasacluster is theresultofasingleevent.Assigningatypetoagivenfeaturedoesnotmeanthat
differenttypescannotbecompared.Thecomparisonisofartefactdistribution,dateofmanufactureand
function,whichareindependentofthefeaturetype.
 The edge of a feature was defined as the point where the concentration of artefacts effectively
dropstozero.Thiswasnotalwayseasytodetermineasitwassometimesunclearwhetherthespreadof
artefacts related to the feature being recorded or an adjacent one. It was necessary to make assumptions, 
andsometimesdrawarbitraryboundariesbetween twoadjacent features.Bydefining theextentof the

Feature type   Definition 

generalcover   aspreadofartefactsoveralargeareasuchthatindividual 
    depositionaleventscannotbediscerned
scatter    adiscreteareaofartefactsthatconsistsofseveraldifferentmaterial
    types,forexampleglass,ceramicsandmetal
cluster    adiscreteareaofartefactsthatcontainsonematerialtypeandis
    the result of a single event, e.g. a bottle breaking 
singleartefact   singleartefact
arbitrarypoint   arbitrarypoint
structure – regular  usually a four sided structure, such as a building 
structure – non-regular  any other structure 
fill    adepressioncontainingartefacts,oppositetoaheap
heap    araisedareaofartefacts,oppositetoafill
other    afeaturetypenotcoveredbyotherdefinitions

Table	1.		Feature	types	and	definitions	
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feature and classifying it as a particular type the recorder was forced to think about the feature and what 
itactuallyconstituted.
 As most of the sites were in a semi-arid environment, surface visibility was generally high (>90% 
forindividualfeatures).However,itisinevitablethatartefactsweremissed,particularlyverysmallitems
such as pins, sew-on hooks and eyelets, and items that are hard to see. For example, throughout the study 
region, there was a very low number of clay pipe fragments (less than ten over all of the sites recorded) 
and one of the reasons for this may be due to visibility. Clay pipes are commonly found on nineteenth 
and early twentieth century sites in Australia (Lawrence 2006: 368; Courtney and McNiven 1998: 44), and 
it was expected that there would be a higher number on these sites.Although there was high surface
visibility, there was a bias towards larger artefacts and those that are more brightly coloured, such as
glassandceramics.
 In order to determine artefact distribution and activity areas across the site, the artefacts were
counted usually according to raw material (e.g. glass colour, ceramic type), although some artefacts were 
counted according to type (e.g. can, insulator, copper grommet). Zones of different artefact concentration 
wereidentifiedwithinafeatureandtheartefactswerecountedwithineachzone.Ifafeaturehadgreater
than 100 artefacts then a representative area, usually a 1m x 1m square, was chosen from each
concentration zone as a sample for the artefact count. From a sketch plan of the feature, including the 
different zones, the surface area was determined and the total artefact count was calculated for that
featurebasedonthesamplesquares.
 Theartefactclassificationsofrawmaterialorartefacttypewerebasedoncommonobjectsfound
on similar sites (e.g. Birmingham 1997; Paterson 1999) and from observations made during earlier visits. 
Rawmaterialisoneoftheprimarylevelsofinformationaboutanartefactthatcanberecorded,anddoes
not require any level of interpretation (see Crook et al. 2002; Brooks 2005 for a discussion of the issues 
related to artefact catalogues and interpretation of artefacts). Broad inferences can be made about the
originalintendedfunctionofanartefactbasedonitsrawmaterial.Forexample,curvedcolouredglassis
associated with vessels, as opposed to flat window glass. Dark olive (black) and olive glass are associated 
withalcoholbottles,amberisassociatedwithbeer,medicinesorchemicals,andtintedglassisassociated
withfoodstoragebottles.Althoughtheseclassificationsarenotabsolute,itispossibletogetanoverview
ofthedistributionofartefactsacrossasitebasedonthesecounts.Furtherrefinementofartefactuseand
activityareaswasdonebymoredetailedrecordingofselectedartefactsasdescribedbelow.
 Unlike glass or ceramic which could be easily differentiated based on other aspects of their 
materialtypesuchascolourorware,metals,inparticulariron,neededtobeseparatedbyartefacttypein
order obtain a count that could be used for further analysis. These types included cans, nails, gun
cartridges,scrapironandcoppergrommets.Again,thesewerebroadcategorieschoseninordertogain
anoverviewof the typeofmaterialpresent.Artefacts suchas telegraph insulatorsandelectrodeswere
alsocountedaccordingtotypeasitwasaneasywaytodistinguishthemfromothermaterials.Byusing
these categories for the counts, it was possible to obtain a detailed map of the distribution of artefacts
acrossthesite,inordertohelpanswertheresearchquestions.
 Artefactswithidentifyingfeaturesthatallowedthemtobedatedwererecordedinfurtherdetail
for a later functional analysis. The artefacts included any items with inscriptions, cans, buttons, nails,
unusual artefacts or artefacts that could not be easily identified on site. The attributes recorded about
these artefacts were material (e.g. glass colour, metal type); form (bottle, jar, can etc.); technology (hand 
or machine made); shape; modifications; inscriptions; dimensions; and minimum item count. A set of
established attribute codes was used to record these attributes. When there were no codes for a given
artefact,therecordergaveadetaileddescriptionwitheitheradiagramand/oraphotograph.
 To identify recycled and reused artefacts (e.g. see Stuart 1993; Busch 1987 for discussions of 
bottle reuse) modifications to the artefact were noted. However, unless there are any obvious
modifications,itisoftenalmostimpossibletodeterminewhetherornotanartefacthasbeenreused,and
ifso,whatfor.Therefore,theassumptionwasmadethateachartefactwasusedaccordingtoitsprimary
intendedfunction,anditwasthatfunctionthatwasrecorded.
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 The attributes recorded provided information to answer questions about what artefacts were
used,whereandwhentheyweremade,andhow,ifatall, theywereadaptedforotheruses.Thecodes
enabled this information to be recorded in the field in a relatively fast and systematic way, so the
informationrecordedbydifferentpeoplewasdirectlycomparable, thereforeaddressingtheproblemof
identifying and interpreting artefacts. Additionally, diagnostic information, such as inscriptions,
technology,formandcolour,providedaterminus ante quem foroccupationofthesiteandagivenarea,
therebygivingalevelofchronologicalcontrol.
 The survey component consisted of recording the location of each feature using a differential
global positioning system (dGPS). The GPS location of each feature was combined with the sketch plan of 
the feature using GIS software (ArcGIS) to create a site plan. The artefact count was then linked to the 
individualfeaturepointsonthesiteplaninordertogiveavisualrepresentationofartefactdistribution
(e.g. Figure 2). This information is used to provide overall maps of the site and its boundary, different 
activityareas,andhowoccupationofthesitevariedovertime.





























Case	study

Acasestudyofoneofthesitesinthestudy,Bullabulling,illustrateshowthesemethodscanovercomethe
problemsassociatedwithsurface site recording toproduce informationwithchronological controland
answer the research questions. Bullabulling was a town site and railway station established in 1893 as a 
watering point, for trains and people (RICH 2001: 7) (Figure 1). The site is located at the base of a 15m 
high granite outcrop and was built as a rock catchment, which is a wall of upright granite slabs, 

Figure	2.		Site	plan	of	Bullabulling	showing	distribution	of	glass	
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approximately0.5mhigh,builtaroundthebaseofagraniteoutcropdesignedtocatchthewaterflowing
off the rock and channel it into a reservoir. Its population reached a maximum of 54 in 1903 (RICH 2001: 
9) and, following the closure of the railway in the 1960s, the population dramatically declined, to the
currentleveloftwo.
 Four major zones of occupation were identified based on the archaeological material (Figure 2, 
Figure 3). To the north and the south were two areas containing material almost exclusively produced 
before1910,suggestingthattheseareaswereabandonedbythisdate.Theartefactsinthenorthernarea
included hole-in-cap cans, common before 1910 (Rock 1984), which were recorded as individual objects. 
In the southern area, among other artefacts, there was glass predominantly from the 1890s (see discussion 
below, Figure 4) and a large number of torpedo, or egg-shaped, bottles, common in the nineteenth
century (Jones and Sullivan 1989: 72). To the northwest of the site is a 1960s workers’ camp (Rosa Minozzi 
pers. comm. 2004; RICH 2001:9) which was not included in the study as it was outside the study period. 






























 Fromtheartefactcountsandthelocationofthefeatures,thedistributionofartefacttypescanbe
seen (Figure 2). Figure 4 is a graph of the distribution of glass according to colour and indicates that the 
colours commonly associated with older bottles (e.g. dark olive and amethyst) are more common in the 
northern and southern areas, and those associated with more modern bottles (e.g. amber, which at this 
 sitecameonly from items thatwereproducedafter1920)aremostcommon in thecentralarea.Using
glasscolourtodatethemanufactureofbottlesisnotdefinitive,howeveritcanserveasausefulguideto
overall trends (Jones and Sullivan, 1989:12; also see Boow, 1991; Lockhart, 2006; Bolton, 2005; Burke and 
Smith,2004forsomeguidestothedatingofglassbasedoncolour).

Figure	3.		Site	plan	of	Bullabulling	showing	areas	of	archaeological	deposits	
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 From the amount and date range of all of the artefactual material, recorded using the artefact
countsand individualobject recording,and the locationof thestructures, it candemonstrated that the
centre, where the gazetted townsite and railway station were (RICH 2001: 14), was the main focus of 
occupation.Theartefactshereincludedmaterialranginginproductionfromthelatenineteenthcentury
untilthe1960s,and,asanexample,Figure2showsthatthereismoreglassinthiscentralarea.
 Based on the distribution of archaeological material, the following interpretation can be made.
Initial occupation occurred in the southern area, when the rock catchment was built. The focus then 
moved to themainarea in the centre, around the railway station.At first thisoccupation included the
area to north, however once the pipeline was built the area was cut-off and abandoned. Unlike other sites, 
there was no evidence for any ladders over the pipeline, so it was probably too difficult to constantly
climbover.
 AtBullabullingthearchaeologicalmaterialwasusedtodeterminedifferentzonesofoccupation.
Withoutstratifiedmaterialitcanbedifficulttodeterminechangeovertime,however,thecombinationof
knowing when certain elements were built and the distribution of all artefacts from a given time period 
can be used to answer questions about changes in the site’s use over time. 

 
Discussion

The first problem raised by Holdaway et al. (1998) is the lack of stratigraphy on surface sites, and 
therefore chronological control. Historical records and technological changes in the manufacture of
artefacts allow sites to be dated, and this inevitably makes it possible to date historical sites with a finer 
resolutionthanprehistoricsites.However,historicalrecordsforagivensitedonotalwaysexistandthere
may be a time lag between the manufacturing date and the use of an artefact (Adams 2003). Also, 
artefacts were often recycled and re-used. Despite these problems, based on the distribution of
archaeologicalmaterialatBullabulling,itwaspossibletoidentifydifferentzonesofoccupation.Allowing
fortimelag,thezoneswerebasedonthecleardemarcationofartefactsfromdifferenttimeperiods.

Figure	4.		Distribution	of	glass	at	Bullabulling	according	to	colour	
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 The second problem identified by Holdaway et al. that activity areas are difficult to identify
because featureboundariesarenot clear isdealtwithbyusingarbitraryboundaries.Featuresoftendo
nothaveclearboundaries,andatsomepointadecisionhastobemadeabouttheirextent.Byrecording
different zones of artefact concentration and looking at the site as a whole, activity areas can be identified 
andinterpretationsmadeabouttheuseofthesite.
 The problem of identifying and interpreting an artefact’s use for applies to both historic and 
prehistoricartefacts.Whenrecordingartefactsinthefield,lessinformationisoftenrecordedaboutthem,
for example it is difficult to weigh artefacts in the field, and the artefacts cannot be checked. Whether it is 
necessarytorecordthat informationdependsonwhat theresearchquestionsare. In thisproject insitu
recordingwassufficientas thequestions related to the spatialorganisationof the site,whatwasbeing
used, when and how, and by whom. By identifying the artefacts that have diagnostic information and
recordingonlythose,andbystandardizingtherecordingasmuchaspossible,timeisspentinthefield
recordingtheinformationrequiredtoanswertheresearchquestions.
 The third problem about exposure and visibility of features and artefacts varies between and
within sites. This was dealt with by conducting a systematic survey of the site, followed by feature
recordingand theGPSsurvey,ensuring that the locationandcompositionofallexposed featureswere
recorded.
 InadditiontotheproblemsidentifiedbyHoldawayetal.otherfactorsaffectsurfacesites.These
include a greater potential for disturbance by environmental, animal and human factors, and when
recording surface sites in situ, there is a bias towards larger artefacts, such that small personal items,
includingpins,eyeletsaswellasclaypipefragments,maynotbeseenandrecorded.
 Regarding the greater potential for disturbance by environmental, animal and human factors,
surfaceartefactsfromthehistoricalarchaeologicalperiodarehighlyvisible.Theyarepronetobeblown
by the wind, washed away during heavy rain, kicked about by passing animals and picked up, moved, 
and taken away by artefact collectors and the curious. Numerous bottle dumps have been identified at 
the sites recorded, and because they are very visible, without fail, all have been raided by collectors.
However, features recordedat several siteshaveclear spatialpatterns that indicate theyhavenotbeen
significantlydisturbed.
 There will be a bias towards larger artefacts such that small items may not be recorded.
Nevertheless, small artefacts, including buttons, eyelets and sew-on hooks, have been found in this 
project and recorded at a number of features, demonstrating they are not being missed altogether. By
studyingthedistributionofartefactsusingtheGIS,andincorporatingotherfactorssuchastopography
and ground coverage, it may be possible to predict where the small artefacts are likely to be located.  

Conclusion

 Chronological controls provided by the presence of material of a known period of production 
allow the interpretation of site functions over time. Unlike prehistoric sites, historical archaeological sites 
usually feature some datable material. Changes in manufacturing technology, the use of makers’ marks, 
andtheintroductionofnewitemsandnewmaterials,enabletheproductionofmanyindividualartefacts
tobedated.Usingthearchaeologicalandhistoricalrecordsit ispossiblenotonlytoprovideaterminus 
ante quemfordatingtheoccupationofasiteasawhole,butdifferentcomponentsofthesite.
 The artefacts are also used to identify different activity areas such as a workshop of domestic 
area. Not only can an interpretation be made about what areas of a site were used at different times, it is 
alsopossibletodeterminehow,ifatall,thesefunctionschangedovertime.Bystudyingthedistribution
ofartefactsfromearlierperiodsofoccupationascomparedtothosefromlaterperiods,itmaybepossible
todeterminehowthesitewasusedovertimeandtherateofchange.
 Themethodsdescribedhereareonewayof recordingarchaeologicaldata fromhistoricperiod
sites in situ. Further testing and development will ultimately determine whether they are successful.
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SurfaceartefactsareamajorcomponentofthearchaeologicalrecordinAustraliaforsitesoccupiedinall
timeperiods.Therearenumerousdifficulties inherent in recordingsurfaceartefacts,mostly relating to
datingandpreservationofsites.Yet theyare importantsourcesofarchaeological information,and it is
necessarytocontinuetodevelopandrefinemethodstorecordthem,suchthatquestionsaboutasitecan
beanswered.
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Abstract

Amultidisciplinaryapproachhasbeenemployed to study theenvironmentalandculturalevolutionof
theVictorianMallee.Regionalgeomorphicmappingofrelictlandformsandstratigraphicanalysesreveal
evidence of ongoing climatic oscillations in the central Murray Valley, where the Murray River system
interactswithaeolianMalleelandscapes.Analysisoflandformsusingalandsystemsapproachprovides
newinsightsintopatternsoffluvial-aeolianinteractionoverthelastglacialcycle.Fivelandsystemsare
identified within the study area; three of these preserve evidence of palaeochannel activity markedly
different from the present Murray River system. Fluvial morphology evolved over the late Quaternary
from wide, laterally-migrating channels associated with source-bordering dunes to narrower, more
sinuous regimes. An extensive archaeological record overprints the region, with radiocarbon and
opticallystimulatedluminescence(OSL)datingrevealinghumanpresenceinthislandscapefromatleast
15,000calBP.

Keywords:Australia; Mallee; Quaternary; environmental change; geomorphology; archaeology; oxygen
isotopes;luminescencedating;radiocarbondating;Alathyriajacksoni.

Introduction	

Thesemi-aridcentralMurrayValley(Figure1)preservesawealthofevidencewithwhichtoreconstruct
theenvironmentalandculturalevolutioninsoutheasternAustralia.Thelackof icecoverduringglacial
periods has ensured that a relatively complete record of climate change is preserved in sediments and
landforms(BowlerandMagee1978).Inaddition,thesemi-aridfringesofsoutheasternAustraliapreserve

5
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one of the longest records of human occupation on the continent (Mulvaney and Kamminga 1999;
O’ConnellandAllen2004).
 This paper aims to investigate the impact of climate change over the last glacial cycle on the
geologicalandarchaeologicalrecordsoftheMalleeregion.Adetailedgeomorphicandsedimentological
study of fluvial, aeolian and lacustrine landforms provides the basis for interpreting climatic trends
throughtheproxyofanevolvinglandsystem.Inaddition,archaeologicalsurveyandexcavationreveals
human interactions with this changing landscape. This evidence is integrated to construct a model of
environmentalevolutionintheMalleeoverthelastglacialcycle.

Materials	and	methods	

Land systems mapping
Land systems (Christian and
Stewart 1952; Gerard 1981) and
sediment mapping were carried
out through satellite image
(LandsatTM)andaerial photo-
graph interpretation (River
MurrayMappingDigitalColour
Infrared Orthophotomap series,
Murray-Darling Basin Com-
mission 1996), supplemented
with detailed field traverses.
Stratigraphiclogswereobtained
by cleaning vertical sections
along river banks and gullies,
and by digging trenches.
Soil development and sediment
composition were assessed in
the field and later confirmed
throughthinsectionanalysis.

Archaeological investigation 
and dating 
Archaeological survey was
conducted in tandem with
land systems mapping. North
to south transects were
surveyed at approximately one
kilometre intervals from the
base of the Woorinen Land
System to the southern edge
of the Murray River. The
Woorinen Land System and
the northern sideof the Murray
River were not surveyed.
Several previously unrecognised
sites were identified (Figure 2,
Table3).

Figure 1.  Map of the Murray Basin showing the location of the study area, the major 
drainage networks and the division between the Aeolian Mallee Plain and the Riverine 
Plain (adapted from Brown and Stevenson 1989). 
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 Two 1 m x 1 m trenches were excavated in a previously unrecorded shell midden (the
Homestead Midden: 34°08’08.2’’S,141°21’40.5’’E). All sediments were sieved and freshwater mussel
shells (Alathyria jacksoni) were collected for radiocarbon dating at the Waikato Radiocarbon Dating
Laboratory,NewZealand.

Figure 2.  
A: Land systems map of the study area showing the locations of archaeological sites. From south to north the five land systems 
defined within the study area are: Woorinen Land System, Neds Corner Land System, Lindsay Land System, Mulcra Island Land System 
and Murray Land System. Within the land systems are land units of lunette lakes, palaeochannels and source bordering dunes.  
B: Schematic southeast to northwest cross section (a-a’) of the study area. Vertical scale is exaggerated. 
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 Four OSL samples were obtained from above and below archaeological horizons by
hammering40mmdiameterstainlesssteeltubesintofreshlycleanedverticalsedimentfaces.The90–125
µmsedimentfractionswereretainedforOSLdatingattheUniversityofMelbourneusingstandardpro
cedures (Galbraith et al. 1999). Palaeodoses were calculated using a single aliquot regenerative dose
(SAR) protocol using procedures described in Stone and Cupper (2003). Cosmic-ray dose rates were
determinedfromestablishedequations(PrescottandHutton1994).
	
	
Land	systems	mapping 

Five land systems were defined via affinities in topography, pedology, sedimentology and vegetation.
Each of these land systems was subdivided into land units, such as palaeochannels, lunettes or linear
dunes. They are described sequentially from south to north in progression from highest to lowest
elevation(Figure2,Table1).Thisbroadlycorrespondstoachronologicaldescriptionfromtheoldestto
theyoungestunits.

Woorinen Land System 
TheWoorinenLandSystemcompriseslandunitsofeast-westlineardunesandsandplains,whichflank
thesouthernmarginsof thestudyarea.Thissystemextendssouthwards tobecomepartof theCentral
Mallee Land System described by Rowan and Downes (1963). The Woorinen Land System forms the
uppermost topography of the study area, occurring around ten metres above the Neds Corner Land
System(Figure2,Table1).
 Several alternating phases of soil formation and aeolian activation have previously been
identified within linear dune sequences throughout the Mallee (Churchward 1961; Bowler and Magee
1978).Thelastphaseofduneactivationoccurredbetween~25–15ka,duringandjustafterthelastglacial
maximum(BowlerandMagee1978;Bowler1980,1986a;Wasson1989;Readhead1990).Thechronology
of linear dune palaeosol formation serves as a benchmark that is used in this study to correlate to the
fluvio-aeolian-lacustrineunitsdefinedwithinthestudyarea.

Neds Corner Land System 
 The Neds Corner Land System (Rowan and Downes 1963), situated around 10 m below the
Woorinen Land System, extends throughout the study area as a large, flat terrace (Figure 2, Table 1).
Although it is thedominant featureof theMurrayValley in thisarea, its soil-sedimentarycomponents
havenotpreviouslybeenanalysed.Thepalaeochannel-floodplainandlunette-lakelandunitsoftheNeds
CornerLandSystempreservethebestevidenceofcombinedfluvial,aeolianandlacustrineinteractionsin
theregion.
 Basedon its relativeposition in the landscape,aswellas itshighpedogenic carbonatecontent
(Figures 2, 3, Table 1), the Neds Corner Land System is interpreted to be the oldest of the four fluvial
terraces identified in this study. Meander wavelengths and channel widths of the palaeochannels are
substantially larger than in thepresentlyactiveMurrayLandSystem(Table2).Twolunette lakes,Lake
Wallawalla and Little Lake Wallawalla, occur as broad, low relief, oval depressions incised into the
surface of the Neds Corner Land System (Figure 2). As the lakes overlie fluvial meander loops, their
formationpostdatesthefinalphaseoffluvialactivityontheNedsCornerLandSystem.
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  MurrayLand MulcraIsland  Lindsay  NedsCorner
  System  LandSystem  LandSystem LandSystem

Meander highlysinuousmoderately  laterally  laterally
geometry    sinuous   migrating migrating
Meander 600m  800m  1000m  1200m
wavelength
Channelwidth 60m  75m  100m  150m
Fluvialload suspendedload mixedloadto bedload bedload
     suspendedload 
			Pedology	 								negligible	 									 soil	forms	in		 																more	pedal		 								significant	
     peds(1-5cm)  development dispersedand
       thanMILS,some blockycarbonate
        carbonate accumulation
        accumulation 
        insource-
        borderingdunes
Mineralogy quartz,clay,  quartz,gilgaiclay, quartz,gilgaiclayquartz,clay,
  feldspar,mica feldspar,mica feldspar,micafeldspar,mica,
										 	 	 	 	 	 	 	 significant	 								and	carbonate
       carbonate below30	cm	/	
          quartzwithclay
          cutansabove30cm
Elevation presentriver  1-2m   2-4m  6-8m
abovepresent level
MurrayRiver
system
Dominant RiverRedGum BlackBoxtrees Lignum  Chenopod
vegetation         shrubland

Table 2.  Summary of the fluvial units observed in the Central Murray Valley, northwestern Victoria: MLS is the Murray Land System, 
MILS is the Mulcra Island Land System, LLS is the Lindsay Land System, NCLS is the Neds Corner Land System. 

Lindsay Land System 
TheLindsayLandSystemisafluvio-aeoliansystemoffloodplains,palaeochannelsandsource-bordering
dunes. It sporadically outcrops between the Neds Corner Land System and the Mulcra Island Land
System, with an average terrace width of 500 m. Alternating vegetation bands of Black box trees and
Lignum preserve evidence of large meander scrolls on Lindsay and Mulcra Islands (Figure 4a, 4d,
Tables1,2).

Mulcra Island Land System  
The Mulcra Island Land System typically sits 1–2 m above the Murray Land System, 1 m below the
LindsayLandSystem(wherepresent)and2–4mbelowtheNedsCornerLandSystem(Figure2,Table1).
Its width ranges from 50 to 900 m. The system is essentially composed of floodplain, palaeomeander
scrollsandbillabongs(Table2).
 
Murray Land System 
The Murray Land System includes the River Murray and its presently active floodplain. The terrace
occupies the lowest point in the landscape, typically 1–2 m below the Mulcra Island Land System
(Figure2,Table1).Floodplainwidthvariesfrom10to200m(Table2)andisvegetatedwithRiverRed
Gumwoodland.
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Figure 3.  Interpretative stratigraphic log from the Neds Corner Land System floodplain (34˚10’30’’S, 141˚19’30.6’’E) with thin section 
photomicrgraphs.  
 
A:  Polycyclic clay cutans surrounding quartz grains in the upper 30 cm aeolian-dominated horizon;  
B:  Typical suspension-load quartz grains surrounded by clay cutans in the upper 30 cm aeolian-dominated horizon;  
C:  A muscovite flake amidst clay-rich pedogenic carbonate from the lower pedogenised fluvial horizon. For further thin section 
description and interpretations see Table 3. 
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Figure 4.  Photomicrographs and field photographs from the lower three land systems. 
 
A:  Thin section of typical gilgai floodplain sediments from the Lindsay Land System. Note the abundance of quartz and clay with 
significant muscovite (crossed polars); 
B:  A thin section viewed under plain light showing pedal development in the upper clay-rich sediments of the Mulcra Island Land 
System. The peds are a reflection of cyclic wetting and drying regimes; 
C:  Plain light thin section of grey clay alluvium from the Murray Land System terrace. Note the dominance of clay over quartz and  
the occurrence of muscovite which is characteristic of these fluvial sediments; 
D:  A large meander scroll bounded by a source-bordering dune (34°09’26.2’’S, 141°16’24.3’’E) of the Lindsay Land System; 
E:  Typical gilgai cracking clays from a meander scroll in Lindsay Land System (the ruler is 30 cm long). 

Archaeology	and	dating

Climaticconditionsinfluencewherehumanslivebyaffectingthedistributionofwater,food,shelterand
theavailabilityofrawmaterials.Geomorphicandstratigraphicevidenceshedslightontheenvironments
inhabited by people in the past. Correlating this evidence with analysis of the distribution of cultural
material can reveal the human response to changing environments. In the Mallee, this response is
reflectedinthearchaeologicalrecordofburials,middensandartefactscatters.
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Archaeological survey 
 Archaeologicalmaterialwasrecordedateightlocationsinthestudyarea.Mostofthesewereon
topographic highs such as source bordering dunes and lunettes associated with the Neds Corner and
LindsayLandSystems(Figure2,Table3).


























Severaldifferenttypesofarchaeologicalmaterialwerefoundateachlocationasfollows:
 •  Heat-retainer hearths were recorded at six of the eight locations, all elevated above the level
     of the plain and always associated with stone artefacts such as flakes and grinding stones.
 Duetothelackofrockoutcropinthestudyarea,theheatretainersarepredominantlybaked
 clayballs(Figure5a),eitherinsituorasscatteredfragments.
 •Burials:threelocationscontainingburialswereidentifiedinthestudyarea(Figure2,Table3),
    each including multiple internments. The Potterwalkagee Gully and Homestead Midden
 locationsalsocontainedshellmiddensandartefactscatters.
 • Grinding implements: sandstonegrinding implements (mullersandmillstones)were foundat
    three sites (Figure 5b, Table 3), all of which had associated hearths. The lack of suitable
 outcropsofsandstonenearbyimpliesthattheseimplementswereimported.
 •  Stone artefact scatters: predominantly of ferruginised silcrete, were found at four sites in the
    study area (Figure 2, Table 3), generally associated with hearths. Assemblages comprised
 workedflakes(averagelength5cmfrom20measuredflakes,Figure5c)andsomecores.The
    most likelysource for thestone is theBerribeesilcretequarry to thewestof thestudyarea,
    which isanoutcropof theKaroondaweatheringprofileabove theParillaSands (Figure2b)
 (Grist1995).
 •  Shell middens: three middens were identified in the study area (Figures 2, 5d, Table 3). All
    were associated with stone artefact scatters and burials. The Homestead Midden (discussed
 below)wasthelargestanddensestmiddenrecorded.

        Archaeologicalmaterial
Site Location LandformFreshwaterFreshwaterStoneHearthGrindingBurials
     MusselsSnails ArtefactsStonesStones

Homestead34°08’08.2’’S,source-     

*       *           *             *              *
 

Midden 141°21’40.5’’Eborderingdune 
Potterwalkagee34°09’21.4’’S,source- 

* Gully 141°20’42.5’’Eborderingdune
TipSite 3°09’21.2’’S,source- 

*            *            *            *             *  141°20’41.9’’Eborderingdune
LindsayIsland34°08’32.8’’S,source-

                *            *  Dune 141°16’51.2’’Eborderingdune
Lake 34°11’51.3’’S,lunette    

               *Wallawalla141°12018.6’’E
LittleLake34°12’22.8’’S,lunette

                 *            *             *  Wallawalla141°12’17.2’’E 
Subdued34°10’49’’S,lunette    

 *            *
 

Lunette 141°20’32.6’’E  
CentralRise134°12’20.1’’Ssource-    

**
 

 141°12’8.2’’borderingdune

Table 3.   Archaeological material recorded in the study area.  
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Archaeological excavation 
The Homestead Midden occurs on a source-bordering dune associated with the Lindsay Land System
(Figure2).Thedimensionsofthemiddenareapproximately400meast–westand20mnorth–south.Four
humanburialswereobservederodingoutofthedune.
 Trench 1 was excavated to a depth of 110 cm (Figure 6). The archaeological deposits (~70 %
Alathyriajacksonifreshwatermusselshells,~10%Notopalahanleifreshwatersnailshells,~20%sediment,
scattered silcrete flakes and clay heat retainers) sit unconformably over a reworked carbonate horizon
of the dune surface. This indicates that the cultural material was deposited after stabilisation of the
Lindsay Land System, when the Mulcra Island Land System was active (Figure 6). Ferruginised sand
stratigraphicallyoverliesthemidden,althougherosionhasexposedsomesectionsatthesurface.
 Radiometric radiocarbon ages (Table 4) were determined from two excavatedAlathyria jacksoni
shells.Theshellsyieldedsimilaragesof15,000±750calBP(Wk-15263)and15,100±750calBP(Wk-15262).

Figure 5.  Archaeological deposits found during archaeological survey of the study area.  
 
A:  An           hearth from the Subdued Lunette site; 
B:  Sandstone grinding implement (muller) from the Lindsay Island Dune; 
C:  A silcrete flake from the Homestead Midden; 
D:  Freshwater mussels (                           ) from the Tip Site midden. For locations of archaeological sites see Figure 2 and Table 3. Alathyria jacksoni 

in situ 
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Figure 6.  Stratigraphic log of the trench 1 excavation at the Homestead Midden, into source-bordering dune sediments. 
 
^  OSL age (Table 6) 
*  Uncalibrated radiocarbon years before present (Table 5) 
#  Calibrated radiocarbon years before present (Table 5). 
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 TwosedimentsamplesoverlyingarchaeologicaldepositsfromtheHomesteadMidden(Figure6)
andnearbyPotterwalkageeGully(Table3)yieldedidenticalOSLagesof0.3±0.1ka(Figure6,Table5).
TheseyoungagesmayindicatereworkingofthedunesurfaceimmediatelyafterEuropeancontact.The
agesfromtheupperandlowerhorizonsoftheHomesteadMidden(0.3±0.1kaand17.2±4.4karespecti
vely)areinstratigraphicagreementwiththeradiocarbonages(15,000±750calBPand15,100±750cal
BP),whilstanageof11.1±1.9kafromPotterwalkageeGullymiddensedimentsisslightlyyoungerthan
theexcavatedmiddendeposits.

Discussion:	 Environmental	 evolution	 and	 archaeology	 of	 the	 central	 Murray	
Valley

The soils, sediments and landforms of the central Murray Valley preserve evidence of environmental
evolutionthroughoutthelastglacialcycle.Incorporationofarchaeologicalevidenceallowsanevaluation
of the human response to environmental changes as these human populations would have needed to
adapt their settlement, hunting and foraging activities to the changing environment as the landscape
evolvedthroughsuccessivearidandhumidcycles.

The fluvial activation of the Neds Corner Land System: >40 – ~24 ka 
TheNedsCornerLandSystempreservesevidenceofmultiplephasesofenvironmentalevolution in its
fluvial, aeolian and lacustrine landforms. The oldest units are floodplain and palaeochannel sequences
with morphologies markedly different from the modern Murray fluvial system (Table 2). These
differencesimplyacontrastinghydrologicalregime,likelytoreflectdivergentclimaticconditions(Drury
1967). A change in channel morphology also connotes a change in fluvial load. While the present
regime is characterised by suspended-load, low flow rates and sinuous channels, the larger, laterally-
migrating channels of the Neds Corner Land System may have resulted from bedload-dominated flow
regimes (PageandNanson1996).This interpretation is consistentwith thecoarser sandychannelsand
source-bordering dunes observed on the Neds Corner land surface (Table 1). In Australia, source-
borderingdunesareassociatedonlywithrelictchannelsystems(BowlerandMagee1978;Mabbutt1980;
Williamsetal.1991;Pageetal.2001).Theirformationisaresultofreducedvegetation,highbedloadand
astrongcomponentofseasonalflow(Bowler1986a;Pageetal.1991;PageandNanson1996;Bullardand
McTainsh2003).

Site	 											Material	 					Lab		 														Depth		 Uncalibrated							Calibrated											Geomorphic							δ13C        
        Reference       (cm)  Radiocarbon        Radiocarbon       Context             (‰) 
         Number  Agea                Ageb 


HomesteadAlathyria Wk-1526270cm 12,787 15,100 source- -9.7
Midden jacksoni    ±104BP±750CalBPbordering±0.2
trench1 shell       dune
 (aragonite) 
HomesteadAlathyria Wk-1526360cm 12,73115,000 source- -9.1
Midden jacksoni    ±88BP ±750CalBPbordering±0.2 
trench1 shell       dune
 (aragonite) 

a:	mean	±	1	σ	uncertainty	
b:	mean	±	2	σ	uncertainty

Table 4.  Conventional and calibrated radiocarbon ages from the Homestead Midden, Ned’s Corner Station 
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 Thedegreeofpedogenesis intheNedsCornerLandSystemfluvialhorizons, togetherwiththe
accumulationof~30cmofaeoliandustabovethefloodplainsurface,suggestthatthisfluvialactivityis
substantially older than the other land systems identified by this study (Figure 3). Although this
sequence has not been dated, its relative age can be inferred by comparison with equivalent fluvial
sequences in the adjacent Riverine Plain. Channels of the Green-Gully Tallygaroopna system (Bowler
1978), like the Neds Corner channels, are wide, laterally migrating, bedload-dominated and associated
with source-bordering dunes. Both sequences are highly pedogenised. Channel widths and meander
wavelengthsarecomparablewiththoseoftheNedsCornerfluvialsystem,suggestingthatbothchannel
sequencesrepresent thesameregimeofgreaterseasonaldischarge.Bowler (1978)estimatedtheGreen-
GullyTallygaroopnachannelstobeatleast40,000yearsold.Thisassumptionhasbeensubstantiatedby
recentOSLdatingofthesesequences(DrTimStone,pers.comm.).
 Climaticconditionsatthistimeweremorearidthantoday.Theapparentcontradictionbetween
drierconditionsandincreasedsurfaceflowisafunctionofenhancedeffectiveprecipitation:asvegetation
decreased during arid, glacial periods, infiltration was reduced. Furthermore, periglacial conditions in
highland catchments have the effect of increasing runoff. Discharge is increased even though actual
precipitationmaybereduced(Barrowsetal.2001).
 This fluvial regime was probably active as far back as the commencement of Oxygen Isotope
Stage 3, when global climates became relatively more arid. The initiation of this fluvial regime may
correspondtotheSnowyRiverGlacialAdvanceinthesoutheasternhighlandsat59.3±5.4ka(Barrowset
al.2001,2002).FurtherglacialadvancesintheLatePleistocenesuchasthefirstadvanceintheKosciusko
glaciationat32±2.5kamayalsohaveinfluencedtheaggradationofthissystemwithincreasingaridity.

Aeolian activity of the Neds Corner Land System and activation of the fluvial Lindsay Land System: 
Oxygen Isotope Stage 3 to the last glacial maximum 
Significant dust transport, represented by ~30 cm of parna accumulation on the floodplain surface
followed the finalphaseofchannelevolution in theNedsCornerLandSystem(Figure3).This implies
intensificationofthearidconditions,whichculminatedduringthelastglacialmaximum(~24–18ka)(Mix
and Schneider 2001). The polycyclic clay cutans and higher degree of carbonate pedogenesis in
the lower part of the parna profile indicate successive depositional cycles. The first phase of aeolian
mobilizationislikelytohaveoccurredlateinOxygenIsotopeStage3(~64–32ka),coevalwithasignificant
dustfluxrecordedthroughoutsoutheasternAustralia(Bowler1986b;Wasson1989;PageandNanson1996).
 Thelastmajorphaseofparnadispersalislikelytohavecoincidedwiththelastglacialmaximum
(Butler1956;Bowler1976,1986a;Bowleretal.1976;WassonandDonnelly1991;Hesseetal.2003;Hesse
and McTainsh 2003). Aluminium- and quartz-rich aeolian detritus within the Vostok ice core are
indicative of the greater wind speeds and dust mobilization that occurred during the last glacial
maximum(McTainsh1989;Petitetal.1990).Cool,aridconditionspeakedat~20ka.Sealevelwas~120m
below present, which increased aridity and landmass area, linking theAustralian mainland with New
GuineaandTasmania(Williamsetal.1998).Continentaltemperatureswere6–10°Clowerthanmodern
temperatures(HarrisonandDodson1993,HarrisonandPrentice2003).PalynologicalevidencefromLake
Frome,SouthAustraliashowsdecreasedwoodlandvegetationatthistime,enablingstrongglacialwinds
tomobilisesedimentsforaeoliantransportandduneformation(SinghandLuly1991).
 The lunette lakesof thestudyarea incise,and thuspostdate, theNedsCorner fluvialchannels
(Figure2).Almostall lunettes inAustraliaare relict,with theexceptionof somereactivated lunettesat
LakesTyrrell (Telleretal. 1982)andEyre (Dulhunty1983).Thus the lunettesof theNedsCornerLand
System provide an insight into previous hydrological conditions (Bowler 1986b). The pelletal clay
compositionsofthelunetteswithinthestudyareaindicatethattheyformedduringcool,aridconditions
whensalinewatertableswerenearthesurface(Bowler1973;Macumber1980;Dare-Edwards1984).Lake
Wallawalla preserves two lunette phases, which are potentially analogous to the two cycles of parna
activityattributedtolateOxygenIsotopeStage3andthelastglacialmaximum.
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 The largemeanderwavelengths, channelwidthsandassociationswithsource-borderingdunes
suggest that, similar to theNedsCornerLandSystem, theLindsayLandSystemconsistedof laterally-
migratingbedload-dominatedfluvialchannelswithseasonallyhighdischargetoexposepointbarsand
providea sediment source for source-borderingdune formation (Figure2,Table2).Gilgai clayson the
floodplainof this landsystem(Figure4a) support thenotionof increasedseasonal flow,with thedeep
crackssuggestingstrongseasonalwettinganddryingregimes(Retallack1997).
 Unlike theNedsCornerLandSystem, theupper surfaceof theLindsayLandSystemdoesnot
preserveevidenceofparnadeposition.Thissuggestsitwasfluviallyactiveduringorafterthelastglacial
maximumwhenthelastphaseofparnadepositionoccurred.OSLdatesof17.2±4.4kaobtainedfromLin
dsay Land System source-bordering dunes (Table 5) indicate that activation of the Lindsay
palaeochannels was roughly synchronous with lunette dune building and parna accumulation on the
NedsCornerlandsurface.EquivalentsoftheLindsayLandSystemfluvialphasefromtheRiverinePlain
have been identified by Bowler (1978) (Kotupna phase) and Page et al. (1991; Page and Nanson 1996)
(Yanco phase), both of which have been dated (by radiocarbon and thermoluminescence) to the last
glacial maximum. These systems are characterised by large, laterally migrating meanders, source-
bordering dunes and channel widths wider than the modern River Murray, but smaller than the Neds
Cornerpalaeochannels.Thesechannel forms implyaregimeofseasonallyhighdischarge,onasmaller
scalethantheNedsCornerLandSystem.
 The last advancesof theKosciuskoglaciation in the southernhighlandsoccurredat19±1.6ka
and16.8±1.4ka(Barrowsetal.2001,2002).Thelessextensiveadvancesoftheseglaciers,comparedwith
the previous glaciations (Barrows et al. 2001), suggest lower precipitation may account for the smaller
channelwidthsandmeanderwavelengthsof theLindsayLandSystemcomparedwiththeNedsCorner
LandSystem.
 The effect of these hyper-arid conditions on human populations is reflected in the lack of
archaeological sites in the region dating to the last glacial maximum (Hope 1998; Mulvaney and
Kamminga1999).Glacialconditionswouldcauseareductionintheavailabilityoffoodresources,shelter
andrawmaterials. Thissuggeststhatasclimaticconditionsdeteriorated,peoplewereforcedtoretreat
towardsthecoastalmarginsofAustralia.Itisonlyafterthelastglacialmaximumthatinlandsiteswere
onceagaincolonised(MulvaneyandKamminga1999).

Mulcra Island Land System fluvial phase:The transition from glacial conditions 
Channels of the Mulcra Island Land System cut across, and thus must postdate, those of the Lindsay
LandSystem(Figure2).Severalbillabongs,characteristicofmoresinuous,suspended-loadsystems(Page
andNanson,1996),haveformedfrommeander-cutoffswithintheMulcraIslandLandSystem(Figure2,
Table1).Theabsenceofsource-borderingdunessuggeststhereturnofchannel-marginvegetationbefore
theconversiontothemodernsystem(Bowler1978;Pageetal.1991;PageandNanson1996;Ogdenetal.
2001).Thesinuous,mixed-tosuspended-loadchannelsoftheMulcraIslandLandSystem(Figure2,Table
2) imply a change in hydrologic regime at the end of the Lindsay Land System during the last glacial
maximum.TherelativelylargerchannelsoftheMulcraIslandLandSystemcomparedwiththemodern
Murraypreserveatransitional,deglacialphaseofchannelevolution,noequivalentsofwhichhavebeen
recognisedontheRiverinePlain.Between~17and~14.5ka,sufficientraininthecentralMurrayValley
allowed eucalypt woodland to recolonise and restabilise the landscape (Singh and Luly 1991). This
observationisconsistentwiththehighersinuosityandabsenceofsource-borderingdunesonthissystem.
 From Vostok ice core records, dust flux decreased and temperatures began to increase
immediately following the peak of the last glacial maximum, but did not approach modern conditions
until the middle Holocene (Barnola et al. 1987; Jouzel et al. 1987; McTainsh 1989). Global sea levels
gradually rose following the end of the last glacial maximum, with a rapid increase at 15 ka from the
meltingofNorthAmericanicesheets(Chappell1993).Thefinalretreatofglaciersfromthesoutheastern
highlandsat16.8±1.4ka(Barrowsetal.2001,2002,2004),mayhavesuppliedtheclimaticimpetusforthis
changeinhydrologicregime.Byinference,theevolutionfrombedloadtosuspendedloadchannelswas
probablymoregradualthanhaspreviouslybeenassumedfromstudiesoftheRiverinePlain. 
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 Some studies contend that substantial occupation of the central Murray Valley region did not
occuruntiltheLateHolocene,withthemostintensivesettlementinthelast2000years(Ross1981,1982
1985; Hope 1998). However, radiocarbon ages from the surrounding regions (Edmonds 2004) show a
spreadofagesoveragreaterperiod,withasignificantnumberofdatesclusteringaroundtheterminal
PleistoceneandearlyHolocene.The15,000calBPdatesobtained fromthis studyaswellas largeshell
middenaccumulationsonsource-borderingdunessuggestsubstantialoccupation,atleastoftheriparian
margins, during the Mulcra Island climatic phase.At this time, the river evolved from a high-velocity
bedload-dominatedregimetoamixed-tosuspended-loadsinuouschannelsystem.Thechangeinfluvial
regime would have increased the resource potential of the riparian margins (Mulvaney and Kaminga
1999). As the channel became narrower and more sinuous, water temperature increased and current
velocitydecreased,creatingconditionsmoreconducive to thesupportof fishandmolluscpopulations.
Billabongs, characteristic of this land system, provided an additional resource as seasonal wetlands,
attractingbirdandmammalpopulations,whichcouldbehunted for theirmeat, skins, sinewandbone
fortools.

Murray Land System fluvial phase: The Holocene 
The higher sinuosity, smaller channel width, and smaller meander wavelengths of the Murray Land
Systemareafunctionofthecurrentfluvialregime:asuspended-load,low-gradientflowsystem(Table2).
ChangetowardsmodernregimesinboththeMalleeandtheRiverinePlainislikelytohavebeengradual,
occurring some time in the early Holocene. Bowler (1978) has dated this change to 9 ka BP, which is
coevalwithanincreaseinwoodlandvegetationatLakeFrome(Singhetal.1981).Decreasedrunoffdue
to the presence of woodland vegetation, along with increasing summer insolation throughout the
Holocene,causedincreasedevaporationtodepletewateravailability,reducingflowpeaksanddecreasing
channelandmeandersize(HarrisonandDodson1993).
 During natural flow conditions in the Holocene, the Murray River dried to a series of saline
water holes, which would have necessitated the exploitation of the surrounding Mallee hinterland
(Pardoe 1990; Cupper 2003). Elevated regions (such as lunettes) may have been used as campsites for
shorttermorseasonalhuntingandgatheringexpeditions.Thesurfaceartefactdepositsondrylakefloors
andrelictdunesinthestudyareamayreflectsuchseasonaloccupation.Thesedepositsarelowdensity,
unstratifiedandclearlypostdatethelastglacialmaximumactivephaseofthelacustrineunitsintheNeds
CornerLandSystem.
 Avarietyoffoodresourcesarefoundinthehinterland,includingseedsfromsaltbushthatcould
have been processed with grinding stones like those found at Little Lake Wallawalla, Tip Site and
Lindsay IslandDune (Figure2,Table3).Thepresenceofgrinding implementssuggests that thesesites
maybeHoloceneaspreviousstudieshaveshowngrindingimplementstobealateHoloceneinnovation
inaridandsemi-aridAustralia(Ross1981;Rossetal.1992).

Conclusions

Thisprojectaddressesapreviouslyunstudiedarea, linking fluviatile,aeolianand lacustrinesystems in
the central Murray Basin.A multidisciplinary approach to a complex set of environmental parameters
inevitablyposesmorequestionsthanitanswers.However,throughapplicationoflandsystemsmapping
andarchaeology,significantconclusionsemerge.
 Five land systems have been identified in the central Murray Valley, each reflecting different
hydrologicalandclimaticregimes.TheNedsCorner,Lindsay,MulcraIslandandMurrayLandSystems
show a progressive evolution from large, laterally-migrating bedload-dominated regimes to the
modernMurrayRiverregimeofnarrow,highlysinuous,suspended-loadchannels.Theprogressionof
fluvio-aeolian-lacustrineenvironmentsobservedwithinthestudyareademonstratesclimaticevolution
throughsuccessivehumid-aridcycles.
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 Extensive archaeological evidence is preserved in the study area. OSL and radiocarbon dating
showthathumanswerepresentinthelandscapefromatleast15,000yearsago.Thiswasatimewhenthe
fluvialregimeandclimatewassubstantiallydifferentfromthatoftoday.Theclimatewasshiftingfrom
theariditycausedbythelastglacialmaximumtowardsthecharacteristichumidHoloceneclimates.The
recognition of fluvial and aeolian environments presents background for the interpretation of human
adaptationtochangingenvironmentalregimesinthispartoftheMurrayBasin.


Acknowledgements

Thank you toAboriginalAffairs Victoria, particularly Mark Dugay-Grist for supporting the work and
securing funding for radiocarbondating,and toLatjeLatje community forallowing thisworkon their
land.TrustforNatureprovidedlogisticalsupport.GordonHolmassistedwiththinsectionpreparation.
Chris Rowley and Brian Smith identified the sub-fossil shell species. Tim Stone and Malcolm Wallace
provided constructive advice throughout the project. The authors are grateful to Dr Patricia Fanning,
Dr Adrian Fisher and one anonymous reviewer for their helpful reviews of an earlier draft of the
manuscript.

71



References	

Adamiec,G.andM.J.Aitken.1998.Dose-rateconversionfactors:Update.AncientTL16,37–50.
Barnola,J.M.,D.Raynaud,Y.S.KorotkevichandC.Lorius.1987.Vostokicecoreprovides160,000-year 
 recordofatmosphericCO2.Nature329:408–414.
Barrows,T.T.,J.O.Stone,L.K.FifieldandR.G.Cresswell.2001.LatePleistoceneglaciationofthe
 Kosciuskomassif,SnowyMountains,Australia.QuaternaryResearch55(2):179–189.
Barrows,T.T.,J.O.Stone,L.K.FifieldandR.G.Cresswell.2002.Thetimingofthelastglacialmaximum
 inAustralia.QuaternaryScienceReviews21(1–3):159–173.
Barrows,T.T.,J.O.StoneandL.K.Fifield.2004.ExposureagesforPleistoceneperiglacialdepositsin
 Australia.QuaternaryScienceReviews23:697–708.
Bullard,J.E.andG.H.McTainsh.2003.Aeolian-fluvialinterpretationsindrylandenvironments:
 Examples,conceptsandAustraliacasestudy.ProgressinPhysicalGeography27(4):471–501.
Butler,B.E.1956.Parna,anaeolianclay.AustralianJournalofScience18(5):145–151.
Chappell,J.1993.LatePleistocenecoastsandhumanmigrationsintheAustralregion.InMSpriggs,D.
 E.Yen,W.Ambrose,R.Jones,A.ThorneandA.Andrews(eds),pp13–17.ACommunityofCulture.
 Canberra:AustralianNationalUniversityPress.
Christian,C.S.andG.A.Stewart.1952.SummaryofgeneralreportofsurveyofKatherine–Darwinregion.
Churchward,H.M.1961.SoilstudiesatSwanHill,Victoria,Australia.JournalofSoilScience12:73–86.
Cupper,M.L.2003.LateQuaternaryenvironmentsofplayasinsouthwesternNewSouthWales.
 UnpublishedPhD,Melbourne:UniversityofMelbourne.
Dare-Edwards,A.J.1984.AeolianclaydepositsofsoutheasternAustralia—parnaorloessicclay.
 TransactionsoftheInstituteofBritishGeographers9(3):337–344.
Dulhunty,J.1983.LunettesofLakeEyreNorth,SouthAustralia.TransactionsoftheRoyalSocietyofSouth
 Australia107:219–22.
Dury,G.H.1967.Climaticchangeasageographicalbackdrop.AustralianGeographer10:231–242.
Edmonds,V.2004.IndigenousCulturalHeritageassessment.Proposedculvertreplacement,Lake
 Wallawalla,northwestVictoria.BurongaNSW:ArchaeologicalConsultingServiceforSinclair
 KnightMerz,Melbourne.
Galbraith,R.F.,R.G.Roberts,G.M.Laslett,H.YoshidaandJ.M.Olley.1999.Opticaldatingofsingleand
 multiplegrainsfromJimniumrockshelter,part1:Experimentaldesignandstatisticalmethods.
 Archaeometry41:339–364.
Gerard,A.J.1981.Soilsandlandforms:Anintegrationofgeomorphologyandpedology.London:Allenand
 Unwin.
Grist,M.J.1995.Anarchaeologicalinvestigationintothe‘NoStoneSaga’offarNorthwestVictoria:Astudy
 oftheBerribeequarriesinthelandscape.UnpublishedHonoursThesis.Canberra:Australian
 NationalUniversity.
Harrison,S.P.andJ.R.Dodson.1993.ClimatesofAustraliaandNewGuineasince18,000yrBP.InH.E.
 Wright,J.E.Kutzbach,T.WebbandW.F.Ruddiman(eds),pp265–294.Globalclimatessincethe
 lastglacialmaximum.Minneapolis:UniversityofMinnesotaPress.
Harrison,S.P.andA.I.Prentice.2003.ClimateandCO2controlsonglobalvegetationdistributionatthe
 lastglacialmaximum:Analysisbasedonpalaeovegetationdata,biomemodellingand
 palaeoclimatesimulations.GlobalChangeBiology9(7):983–1004.
Hesse,P.P.andG.H.McTainsh.2003.Australiandustdeposits:ModernprocessesandtheQuaternary
 record.QuaternaryScienceReviews22(18–19):2007–2035.
Hesse,P.P.,G.S.Humphreys,B.L.Smith,J.CampbellandE.K.Peterson.2003.Ageofloessdepositsin
 theCentralTablelandsofNewSouthWales.AustralianJournalofSoilResearch41(6):1115–1131.
Hope,J.1998.LakeVictoria:Findingthebalance.Canberra:Murray-DarlingBasinCommission.

72



Jouzel,J.,C.Lorius,J.R.Petit,C.Genthon,N.I.Barkov,V.M.KotlyakovandV.M.Petrov.1987.Vostok
 icecore:Acontinuousisotopetemperaturerecordoverthelastclimaticcycle(160,000years).
 Nature329:403–408.
Mabbut,J.A.1980.Somegeneralcharacteristicsoftheaeolianlandscapes.InR.R.StorrierandM.E.
 Stannard(eds),Aeolianlandscapesinthesemi-aridzoneofsouth-easternAustralia,pp1–15.
 WaggaWagga:AustralianSocietyforSoilScience,RiverinaBranch.
Macumber,P.G.1980.TheinfluenceofgroundwaterdischargeontheMalleelandscape.InR.R.Storrier
 andM.E.Stannard(eds),Aeolianlandscapesinthesemi-aridzoneofsouth-easternAustralia,
 pp67–84.WaggaWagga:AustralianSocietyforSoilScience,RiverinaBranch.
McTainsh,G.H.1989.QuaternaryaeoliandustprocessesandsedimentsintheAustralianregion.
 QuaternaryScienceReviews8:235–253.
Mix,A.C.andSchneider,R.2001.Environmentalprocessesoftheiceage:Land,oceans,glaciers.
 QuaternaryScienceReviews20:627–657.
Mulvaney,D.J.andJ.Kamminga.1999.PrehistoryofAustralia.Sydney:AllenandUnwin.
Murray-DarlingBasinCommission.1996.RiverMurraymapping:Colourinfraredorthophotographyand
 naturalresourcedata.Canberra:Murray-DarlingBasinCommission.
O’Connell,J.F.andJ.Allen.2004.DatingthecolonizationofSahul(PleistoceneAustralia–NewGuinea):
 Areviewofrecentresearch.JournalofArchaeologicalScience31:835–853.
Ogden,R.,N.Spooner,M.ReidandJ.Head.2001.Sedimentdateswithimplicationsfortheageofthe
 conversionfrompalaeochanneltomodernfluvialactivityontheMurrayRiverandtributaries.
 QuaternaryInternational83–5:195–209.
Page,K.J.,A.J.Dare-Edwards,J.W.Owens,P.S.Frazier,J.KellettandD.M.Price.2001.TLchronology
 andstratigraphyofriverinesourceborderingsanddunesnearWaggaWagga,NewSouthWales,
 Australia.QuaternaryInternational83:187–193.
Page,K.J.,andG.C.Nanson.1996.StratigraphicarchitectureresultingfromLateQuaternaryevolution
 oftheRiverinePlain,south-easternAustralia.Sedimentology43(6):927–945.
Page,K.J.,G.C.NansonandD.M.Price.1991.ThermoluminescencechronologyofLateQuaternary
 depositionontheriverineplainofsouth-easternAustralia.AustralianGeographer22(1):14–23.
Pardoe,C.1990.ThedemographicbasisofhumanevolutioninsoutheasternAustralia.InB.Meehan
 (ed.),Hunter-gathererdemography:Pastandpresent,pp59–70.Sydney:UniversityofSydney.
Petit,J.R.,L.Mournier,J.Jouzel,Y.S.Korotkevich,V.M.KotyakovandC.Lorius.1990.
 PalaeoclimatologicalandchronologicalimplicationsoftheVostokcoredustrecord.Nature
 343:56–58.
Prescott,J.R.andJ.T.Hutton.1994.CosmicraycontributionstodoseratesforluminescenceandESR
 dating:Largedepthsandlong-termtimevariations.RadiationMeasurements23:497–500.
Readhead,M.1990.TLdatingofsedimentsfromLakeMungoandNyahWest.InR.Gillespie(ed.),
 PapersPresentedattheQuaternaryDatingWorkshop,pp35–37.Canberra:Departmentof
 BiogeographyandGeomorphology,ResearchSchoolofPacificStudies,AustralianNational
 University.
Retallack,G.J.1997.Acolourguidetopaleosols.NewYork:JohnWileyandSons.
Ross,A.C.1981.HoloceneenvironmentsandprehistoricsitepatterningintheVictorianMallee.
 ArchaeologyinOceania16:145–154.
Ross,A.C.1982.ProblemsofdisentanglinghumanandclimaticinfluencesupontheAustralian
 landscape.InB.G.ThomandR.J.Wasson(eds),HoloceneresearchinAustralia,pp29–35.
 Duntroon:RoyalMilitaryCollege.
Ross,A.C.1985.ArchaeologicalevidenceforpopulationchangeinthemiddletolateHolocenein
 southeasternAustralia.ArchaeologyinOceania20:81–89.
Ross,A.C.,T.H.DonnellyandR.J.Wasson.1992.Thepeoplingofthearidzone:Human-environment
 interactions.InJ.R.Dodson(ed.),Thenaivelands,pp76–114.Melbourne:LongmanCheshire.

73



Rowan,J.N.andR.G.Downes.1963.Astudyofthelandinnorth-westernVictoria.Victoria:Soil
 ConservationAuthority.
Singh,G.,N.D.OpdykeandJ.M.Bowler.1981.LateCainozoicstratigraphy,paleomagneticchronology
 andvegetationalhistoryfromLakeGeorge,NSW.JournaloftheGeologicalSocietyofAustralia
 28(3–4):435–454.
Singh,G.andJ.G.Luly.1991.Changesinvegetationalandseasonalclimatesincethelastfullglacialat
 LakeFrome,SouthAustralia.Palaeogeography,Palaeoclimatology,Palaeoecology84:75–86.
Stone,T.,andM.L.Cupper.2003.LastglacialmaximumagesforrobusthumansatKowSwamp,
 southernAustralia.JournalofHumanEvolution45(2):99–111.
Teller,J.T.,J.M.BowlerandP.G.Macumber.1982.ModernsedimentationandhydrologyinLakeTyrrell,
 Victoria.JournaloftheGeologicalSocietyofAustralia29:159–175.
Wasson,R.J.1989.Landforms.InJ.C.NobleandR.A.Bradstock(eds),Mediterraneanlandscapesin
 Australia,pp13–34.Canberra:CSIRO.
Wasson,R.J.andT.H.Donnelly.1991.Palaeoclimaticreconstructionsforthelast30,000yearsinAustralia—
 acontributiontopredictionoffutureclimate.Canberra:CSIRODivisionofWaterResources.
Williams,M.A.J.,P.DeDeckker,D.A.AdamsonandM.R.Talbot.1991.Episodicfluviatile,lacustrine
 andaeoliansedimentationinaLateQuaternarydesertmarginsystem,centralwesternNew
 SouthWales.InD.F.Williams,P.DeDeckkerandA.P.Kershaw(eds),TheCainozoicinAustralia:
 Areappraisaloftheevidence,pp258–287.Sydney:GeologicalSocietyofAustraliaInc.
Williams,M.A.J.,D.L.Dunkerley,P.DeDeckker,A.P.KershawandJ.M.A.Chappell.1998.Quaternary
 environments.London:Arnold.



74













 Seeingred:Theuseofabiological
 staintoidentifycookedand
 processed/damagedstarchgrains
 inarchaeologicalresidues

 JennaWeston   AustralianMuseumBusinessServices   
     6CollegeSt
     SydneyNSW2010Australia



Abstract

Starchyplantfoodsareamajorcomponentinthedietofalmostallpeoples,particularlyhunter-gatherers
such as Aboriginal Australians. However, the archaeological preservation of such plants is rare, as is
other direct evidence of plant use by past peoples. While analysis of starchy residues preserved on
artefactshasgainedacceptanceasaneffectivemethodforidentifyingstarchyplantuse,itisverydifficult
usingthestandardmorphologicalmethodtoaccuratelyidentifystarchgrainsthathavebeendamagedby
processingactivitiessuchasmillingorcooking.Therefore,amethodispresentedfortheidentificationof
suchdamagedstarchgrainsusingthestainCongoRed,whichdyesdamaged(cookedorprocessed)but
not undamaged starch. This method has been applied to identify cooking or milling activities in the
subsistenceofhunter-gatherersfromsouth-eastQueensland,Australia.

Keywords: Congo Red; starch grains; cooking; residue analysis; bevel-edged artefacts; south-east
Queensland.

Introduction

Thefollowingpaperpresentstheresultsofafeasibilitystudythatwasinitiallyundertakenaspartofan
HonoursthesisattheUniversityofQueensland(Lamb2003)underthesupervisionofDrTomLoy.This
work resulted in the establishment of a new method for determining cooking in archaeological plant
residues, which was published (Lamb and Loy 2005) and then presented at the 2005 Australasian
Archaeometry Conference. This paper provides a summary of the methods and archaeological
applicationspublishedbyLambandLoy(2005),andexpandsuponthe2005publicationwithnewdata
on taphonomic controls and additional images. It is published in this forum subsequent to Dr Loy’s
death,withacknowledgementforhisroleindevelopingthemethod.
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Background

Ashasbeenestablishedbyanumberofstudies(e.g.,BrandandCherikoff1985;Gould1969;Latz1995;
Latz and Griffin 1978; Lee 1965, 1968; Meehan 1989; O’Connell et al. 1983; Peterson 1978), plant foods,
particularlystarchyplants,areamajorpartofpeople’sdiets.Thisisespeciallytrueforhunter-gatherers,
such as Aboriginal Australians (Beck et al. 1989:6; Kaberry 1935:6; Mountford 1960; Peterson 1973).
However,theseplantsareoftennotpreservedinwholeforminthearchaeologicalrecord,particularlyin
Australia,anddirectevidenceofplantusebypastpeoplesisalsorare(Hather1991:661;Meehan1989:14;
Pearsall 2000:153; Piperno and Holst 1998:765; Therin et al. 1999:439). Residue analysis, particularly
analysisofstarchyresiduespreservedonartefacts,hasnowbecomeacceptedasaneffectivemethodfor
identifying past plant use and starch grains, which seem to be fairly prolific in archaeological plant
residues,canalsoallowtheidentificationofcookinginresidueevidence(Babot2003;Bartonetal.1998;
Fullagar1998;Loy1994;Loyetal.1992;PipernoandHolst1998;TorrenceandBarton2006).

Starch
Starch grains have a very regular structure of amylose and amylopectin layers (Badenhuizen 1965:81;
Banks and Greenwood 1975:242; Cortella and Pochettino 1994:172; Loy 1994:89; Reichert 1913:89). This
structureimpartsthedistinctive‘cross’thattheyexhibitwhenviewedmicroscopicallyincross-polarised
light,whichwillrotateradiallywhenthepolariserplateisrotated.Thiscrosseffectisalsodisplayedby
faecalspherulites,ooliths,somecoccoliths,someavianandreptileuricacidspheres,someplantcalcium
oxalates and some other biologically precipitated compounds, but each of these has a much higher
refractive index than starch, so viewing residues through a low refractive index medium like water
makes thesecompoundsalmost invisibleowing toexcessivelyhighrelief (BanksandGreenwood1975;
Canti1998;Loy1994;Reichert1913).
 The regular structure of starch is altered by cooking, however, a feature which allows the
identification of cooking via residue analysis. This is important because it can provide additional
evidencethatanartefactwasusedinhumansubsistence-relatedactivities,namelythecookingofplant
foods,which is auniquelyhumanactivity.Other evidenceof thehumansubsistenceuseof anartefact
may include the presence of other food residues from plants, use wear, and ethnohistoric accounts of
certainstonetoolsbeingusedtopreparefood.
 Theknowneffectsofcookingonstarchincludemainlyswellingandlossoftheregularstructure
of thegrains,withacorresponding lossof theextinctioncross (BanksandGreenwood1975;Halletal.
1989;Loy1994).Thisisaprocessknownasgelatinisation,anditoccurswhenthegrainisinthepresence
of moisture and is heated at temperatures greater than 30°C. During this process, the hydrogen bonds
linkingtheamylosechainsareprogressivelybrokenandthegrainabsorbswater,which iswhatcauses
ittoswell.Thetemperatureandrateatwhichagraingelatinisesdependonfactorssuchasthepresence
ofadditiveslikeglucoseormineralsalts,andthesizeandshapeofthestarchgrain.Thislossofthecross
effect in cooked starch grains makes it very difficult to identify them accurately using the standard
morphological method, because their appearance depends on the stage of gelatinisation, and at some
point in this process the cross becomes completely invisible (Banks and Greenwood 1975; Loy 1994;
Reichert1913).
 Onewaytoaddressthisproblemofhowtoidentifycookedstarchliesintheeffectsofcooking
onstarchgrains.The lossof thestructurefromthebreakingof theirhydrogenbonds,andtheswelling
caused by absorption of water, should allow cooked grains to absorb certain stains where raw and
undamagedstarchgrains,whicharehydrophobic,willnot.

CongoRed
CongoRed(CI22120,CIname‘DirectRed28’;empiricalformulaC32H22N6O6S2Na2)isawater-solubledye
and a suspected carcinogen, which depends on linear hydrogen bonding for staining (Conn and
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Lillie 1969). This stain has been used in other studies as a general contrast stain for cellulose, amyloid
fibrilsandagriculturalstarchproducts(Chouetal.2001;ConnandLillie1969;RameshandThranathan
1999).However, itstainsproteinslikeamyloidfibrilsonlyinacidoralkalineconditions,soataneutral
pH only starch and cellulose will stain (Badenhuizen 1965:86; Conn and Lillie 1969; Cortella and
Pochettino 1994; Khurana et al. 2001 [pH2–4]; Loy 1994:92; Mehta and Rajput 1998 [pH3.5]; Reichert
1913). Congo Red appears to react with the amylose in starch, which is exposed when grains are
damagedbystructurelossandswollenwithwater,aswhentheyhavebeencooked.
 The amylose in starch is based on the same monosaccharide molecule as cellulose (Figure 1).
However,asFigure1shows,themoleculeisbondedinadifferentwayineach.Thereforebothcellulose,
andstarchgrainsthathavebrokenbonds,willstainwithCongoRed,buttheirappearanceandstructure
arevisiblydifferent,sotheycanbedifferentiatedunderthemicroscope.
















Methodology
 
Inordertotesttheeffectsofthestain,itwasnecessarytouseitonbothexperimentalandarchaeological
residues.Fortheexperimentalphase,threeplantswerechosenwhicheachhadhighstarchcontentand
were present in south-east Queensland, and for all of which there are ethnohistoric accounts of their
havingbeencookedand thenpoundedbetween stonesbyAboriginalpeople in this area.Theseplants
were Alocasia macrorrhiza (elephant ear; see Brown 1893, Roth 1901, Thozet 1866), Blechnum indicum
(Bungwahlfern;seeThrelkeld1825,Watkins1891),andCastanospermum australe(MoretonBaychestnut;
seeBanfield1908,Moore[citedinMaiden1900],Roth1901).Thestarchyrootorseedfromeachofthese
plantswastaken,andrawsamplesweresmearedontoslides.Theremainingroot/seedwasthencooked
in an electric frypan filled with sand (to simulate roasting as if in a fire), and cooked samples were
smeared onto slides. Another specimen of the three plants was then taken, and part of each was
processedwhen rawbypoundingbetween twostones, thenanotherpartof eachwasprocessed in the
samewayafterhavingbeencookedinafire(ondifferentdaysanddifferentplacesinthefencedareaof
theUniversityofQueensland’sTARDISexcavationsite,soastoavoidcontamination).Aftertheresidues
haddried,sampleswereextractedfromtheexperimentalstonesandplacedontomicroscopeslidesusing
theprocedureoutlinedinLambandLoy(2005:1435[Table1]).
 After microscopic examination of the characteristics of each of the raw, cooked, raw and
processed,andcookedandprocessedstarchsamples,eachwasthenstainedwithCongoRed,usingthe
procedureoutlinedinLambandLoy(2005:1435[Table1]),beingverycarefultotakeprecautionsagainst
the possible carcinogenic properties of the stain. This was achieved mainly by wearing a lab coat and
non-starch-powdered gloves, and sealing the slide covers once the stain was applied. The Congo Red
solution used was originally made up by dissolving 50 mg of the powder into 50 ml of water; in this

Figure1.Primarystructureofcelluloseandα-amylose(fromstarch).nmaybeseveralthousand(afterVoetandVoet2004:365-6).
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situation face masks and eye goggles were worn in addition to the lab coat and gloves. The solutions
applied to theslidesallhadthe lowrefractive indexofwater, toavoidconfusionwith thecrosseffects
givenbynon-starchresidues,aspreviouslymentioned.
 Archaeologicalresidueswereinitiallytakenfromthreebevel-edgedartefactsfromtheSouthern
Curtis Coast (Figure 2). These artefacts (Figures 3–5) were provided by Dr Sean Ulm, having been
collected by him during his PhD research (Ulm 2006).A further archaeological residue was recovered
fromafourthbevel-edgedartefactwhichwasexcavatedfromashellmiddenontheGoldCoast(Robins
etal.2005).

Figure2.LocationofSouthernCurtisCoastfromwheretheinitialthreearchaeologicalartefactswererecovered(Ulm2006:15).
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Figure3.Bevel-edgedartefact1,surface-collectedfromanerodingcreeksectionatEurimbulaSite1(ES1)onthewesternbank
ofRoundHillCreekaspartoftheGoorengGoorengCulturalHeritageProject(GGCHP),on9March1999.ES1isanextensiveopen
middencomplexlocatedinEurimbulaNationalPark,withdepositsdatingtothelast3,200years(Ulm2006:177).

Figure4.Bevel-edgedartefact2,surface-collectedfromanerodingcreeksectionatES1onthewesternbankofRoundHillCreek
aspartoftheGGCHP,on3June2001.Scale=5cmunits.
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Figure5.Bevel-edgedartefact3,found20mfromSquaresOandPattheIronbarkSiteComplex(ISC)aspartoftheGGCHP,
on13February1998.ISCisanextensivestonequarry/shellmiddensitecomplexlocatedonthelowersouthernbankofMiddle
Creekestuary,withdepositsdatedtothelast500years(Ulm2006:131).

 Residueswereextractedfrommultiplepositionsoneachartefact,mainlyalongtheedgesandon
the flat, bevelled surface. All archaeological residues were extracted using the procedure outlined in
LambandLoy(2005:1436[Table2]).
 Afterexaminingeachresidueslideandnotingthepresenceandcharacteristicsofthestarch(and
otherplantresidues),eachslidewasstainedusingthesameprocedureasfortheexperimentalresidues
(LambandLoy2005:1435[Table1]).


Results

Samplesofstarch fromtheprocessedrawplants tended tostain light red inregular lightandretained
their cross effect in cross-polarised light, often as four dark points in their outline (Figure 6a and b).
Partially-cookedgrainsmayalsohavethisappearancewhenstained,butwouldhaveswollensomewhat,
soifthespeciesoftheplantresidueisknown,thisdistinctioninactivitymaybedetermined.
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 The raw, unprocessed starch samples did not stain, unless they had been unintentionally
damagedduringtheexperiments.However,thewell-cooked,gelatinisedgrainsstainedbrightred,often
with either an orange-red or green-gold glow. These grains were not seen in regular light without
staining,butapplicationofCongoRedrevealedthattheyhadswollenquitedramatically.Intheinstance
ofMoretonBaychestnut(seeninFigures7–8),thegrainshadswollentoaroundtentimestheiroriginal
size. Some pitting, layering and cracking can also be seen in the swollen grains (Figure 8). Generally,
cookedgrainsdidseemtoretainenoughoftheirstructureforthemtomaintaintheirprimarilyroundor
oval shape, although extensive swelling associated with heating appears to be able to change the
morphology of grains somewhat (e.g. from round to oval-shaped; see Figures 7–8) and for a modified
crosstoappear,asfourdarkerpointsintheiroutline,whenviewedincross-polarisedlight.

6b.6a.

Figure6.Damagedstarchgrainsfromraw,processed  sample,400xmagnification,stained(a)transmittedlight
(b)cross-polarisedtransmittedlight.

Alocasiamacrorrhiza

Figure7.Starchgrainsfromraw  
sample(cross-polarisedtransmittedlight,400xmagnification,
stained).Scalebar20μm.

Castanospermumaustrale Figure8.Starchgrainsfromcooked
sample(transmittedlight,400xmagnification,stained).Scalebar
20μm.

Castanospermumaustrale
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 Substantialquantitiesofbothstainedandunstainedstarchgrainswereseeninthearchaeological
residues.Theunstainedgrainswereinterpretedasbeingrawandunprocessed,ornotheavilyprocessed.
Thestainedgrainswereconsideredtobelongtooneoftwocategories.Figures9(aandb)and10(aand
b)showsomegrainsthatarethoughttohavebeenprocessedtosomeextentbutwereuncooked,because
theystainedslightlyredbutretainedtheirextinctioncross.Incontrast,Figures11–15showstainedgrains
arguedtohavebeencooked,becausetheystainedbrightredinregulartransmittedlight,andhadonlya
modifiedcrossasfourdarkpointsintheoutlineofthegrainwhenviewedincross-polarisedlight.

11b.11a.

Figure11.StarchgrainfromArtefact#2,400xmagnification,stained(a)transmittedlight(b)cross-polarisedtransmittedlight.

10b.10a.

Figure10.Starchgrains(arrowsinB)frombevelledface,Artefact#3,400xmagnification,stained(a)transmittedlight(b)cross-
polarisedtransmittedlight.

9b.9a.

Figure9.Damagedstarchgrainfrombevelledface,Artefact#2,400xmagnification,stained(a)transmittedlight(b)cross-polarised
transmittedlight.
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12b.12a.

Figure12.GelatinisedstarchgrainfromArtefact#2,400xmagnification,stained(a)transmittedlight(b)cross-polarised
transmittedlight.

Figure13.Groupofstarchgrainsfromslopedface,Artefact#1
(transmittedlight,400xmagnification,stained).

Figure15.Gelatinisedstarchgrainfrombevelledface,Artefact
#2(transmittedlight,400xmagnification,stained).

Figure14.Gelatinisedstarchgrainfrombevelledface,Artefact#1
(cross-polarisedtransmittedlight,400xmagnification,stained).

 The fourth archaeological artefact
produced plant-dominated residues, with pre-
dominantly small starch grains (approximately
10–15 microns in diameter), many of which
stained and hence were interpreted as having
been processed or cooked. The grain shown
below in regular transmitted (Figure 16a) and
cross-polarised light (Figure 16b) was assessed
as having been cooked because it was stained
brightredwithamodifiedcrossintheoutline.
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Figure16.Damaged(12μm)starchgrain,400xmagnification,stained(a)transmittedlight(b)cross-polarisedtransmittedlight.

16b.16a.

 Congo Red was observed to stain sclereids, tracheids, parenchymal tissue (Figure 17), wall
thickenings, bordered pits (Figure 18) and cellulose. However, while these stained red in regular light,
theyusuallyappearedgreenoryellowincross-polarisedlight,ratherthanredaswasthecasewiththe
starchgrains.

DiscussionofResults
Nothingsimilarinappearancetothegelatinisedstarchgrainswasobservedtostaininthesameway,and
thestainedstarchgrainsthatwereconcludedtohavebeendamagedthroughprocessingwerealsoquite
distinctive in appearance. It was therefore concluded that each artefact had most likely been used to
processastarchyplantorplants,atleastoneofwhichwascookedtosomeextentbeforebeingprocessed.
The described studies have therefore ascertained that Congo Red appears to be a feasible method for
identifyingcookingandprocessinginpastsocieties.

Figure17.Parenchymatissuefromstainedsection,Artefact#2
(transmittedlight,200xmagnification,stained).

Figure18.Borderedpits(arrows)fromArtefact#2(cross-polarised
transmittedlight,400xmagnification,stained).
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TaphonomicStudies
Several brief taphonomic studies were also conducted to ascertain the extent of non-processing-related
starch contamination on the stone artefacts. The possibility of ground contamination was tested by
trampling a sterile (i.e. newly manufactured) tool into the ground where experimental processing was
undertaken.Soilsamplesexaminedbeforeprocessingrevealedalmostnostarchgrains;afterprocessing
starchwaspresentinthesoilandhencewasapotentialsourceofcontaminationiftoolsweretrampled
intothesoil.Starchgrains,plantmaterialanddirtwererecordedonthetoolswhichweretrampledinto
soiloftheprocessingarea,althoughonly23%ofthetotalrecordedontheprocessingtoolswaspresent
(seeTable1,ToolType2).














 Thepossibilityofcontaminationthroughtouchwastestedbyhandlingcleanexperimentaltools
after the user had processed each plant (Table 1, Tool Type 3). On these tools, starch grains and plant
materialwerealso seenand thequantitywasabout13%of that seenonprocessing tools (seeTable1).
All tools were subjected to the contamination mechanism for the same amount of time (ten seconds),
butitislikelythatmoregrainswouldhavebeentransferredtothetoolsiftheyweresubjecttoalonger
periodofexposureorhandling.
 Lastly,thepossibilityofaircontaminationwastestedbyplacingacleanmicroscopeslideinthe
openairneartheplacewhereprocessingoccurred;onlythreestarchgrainswerefoundonthisslide.
 Therefore,itisconcludedthatcontaminationoftoolscanoccurthroughhandlingandtrampling.
Use-wearanalysisprovidesapotentialmethodforidentifyingwhenthisisthecasewitharchaeological
toolspreservingresidues.
 It is possible that natural attacks on starch by enzymes in biologically active soils may cause
damage that would stain with Congo Red. This possibility has not been tested as part of the current
research. However it seems unlikely that enzyme attack would swell the starch grains in the way that
cookingdoes.Althoughitmaybemoredifficulttodistinguishprocessingdamagefromenzymedamage,
use-wearanalysisoftoolsshouldenableabetterunderstandingofwhetherthismaybethecase.Inboth
cases further experimental studies may provide useful insights into the potentially confusing effect of
enzymedamage.

ArchaeologicalImplications
 TheuseofCongoRedwhenworkingwithstarchyresiduesfromarchaeologicalartefactsmeans
that a cultural association may be more confidently made between the tool and its use in subsistence
activity,particularlyplantfoodpreparation.ThisisbecauseCongoRedonlystainsstarchthathasbeen
damaged,whether thedamagehasoccurredthroughprocessingor throughcooking,orboth,anddoes
notstainundamagedgrains.ThereforetheuseofCongoRedcanmakeasignificantcontributiontothe
preponderanceofevidenceforhumansubsistenceuseofanartefact.

Tool type    Number of recorded  Percentage compared 
     starch grains   with processing tools 

1.Experimentalprocessingtools  146    N/A
2.Groundcontaminatedtools  19    13.01
3.Touchcontaminatedtools  34    23.29
4.Aircontaminationslide  3    2.06

Table1.Quantitiesof  starchgrains(rawandcooked)recoveredfromprocessing,tramplingandtouch-test
experiments,andaircontamination.Valueswerecalculatedusingoneunstainedmicroscopeslideforeachactivity.

Alocasiamacrorrhiza
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PossibleApplications
CongoRedmaybeusefulintestingtheaccuracyofethnohistoricaccountsofstarchyplantpreparation,
particularlythoseplantsthatneedtobecookedorprocessedpriortoconsumptionbecausetheyaretoxic
or unpalatable raw (for example, inAustralia, cycads as well as Alocasia and Castanospermum australe).
Itmayalsobeusedtocontributetothedebateontheoriginsofcontrolledfireuse,bybeingappliedto
artefactsassociatedwithearlyhumanssuchasHomo erectus,anddetectingwhethertheseartefactsretain
the residuesof cookedplants.The fact thatCongoRedstainscellulose isalsouseful,becausecellulose
canoftenbedifficulttodistinguishmicroscopicallyfromresiduessuchasbonecollagenfibres.

FurtherWork
ThereareanumberofstudiesthatshouldpreferablybedonetosupporttheuseofCongoRedstainingof
archaeologicalresidues.Firstly, furthertaphonomicstudiesshouldbecompleted, lookingspecificallyat
whethercookedstarchgrainsarepreservedandunderwhatcircumstances,andwhethertheirdeposition
for archaeological time spans changes their structure or appearance. Secondly, a reference collection
should be compiled with samples of archaeological and experimental cooked starches. Experimental
samples should be obtained from as many different starch species as possible, and controlled
experimentsshouldbeconductedonspeciesofdifferentsizes,usingavarietyofcooking temperatures
andcookingtimes,anddifferentmethodsofcookingandprocessing.Thirdly,examiningtheuse-wearon
toolswithresiduesstainedwithCongoRedshouldbeundertakentodeterminewhethertheevidencefor
processing of either cooked or raw starchy plants is in accordance with the conclusions drawn from
residueanalysisandstaining.
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Abstract

Archaeological studies of microbotanical remains must consider taphonomic factors likely to have
affected a recovered assemblage. One of the most fundamental taphonomic considerations is the
movement of objects within a soil profile under the influence of groundwater. To this end, this study
reports on initial tests involving the movement of starch granules in three dimensions within a
constructed sand matrix. The results indicate that both lateral and upward as well as significant
downwardmovementoccursunder the influenceofgroundwater,withmovementratesofup to4mm/
dayforsomestarchgranulesgreaterthan10µminsize.

Keywords:starch,taphonomy,post-depositionalmovement,sediment,microscopy


Introduction

Analyses of starch granules from archaeological soils complement other, longer-established
microbotanicaltechniquesincludingpollenandphytolithstudies.Asintheseotherfields,starchanalysts
are increasingly recognising the influence of taphonomic factors on constructing and biasing the
recovered microfloral suite (Babot 2003; Barton et al. 1998; Haslam 2004). Of critical taphonomic
importanceistheestimationofstarchmovementthroughasoilprofilefollowingdeposition.Pioneering
workinthisregardwasundertakenintheearly1990sbyFullagar,LoyandCox(Fullagaretal.1994),and
later developed and elaborated on by Therin (1998, see also 1994) in the first publication on the topic
directed towards archaeologists. To date Therin’s study remains the sole published starch movement
study, with subsequent ancient starch studies often citing his finding that very little starch appears to
move in soils (e.g. Fullagar et al. 1998:56; Lentfer et al. 2002:687; Therin et al. 1999:450), or omitting
discussionofstarchmovementaltogether(e.g.Barton2005;ParrandCarter2003).Therin’sfindingswere
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basedondownwardpercolationofstarchofvaryingsizesthroughsterilesands,underthe influenceof
significant levels of water simulating heavy rainfalls. His main conclusions were that small starch
granuleswillmovemoreoftenandfasterthanlargegranules,andthat largergranuleswillmovemore
slowlybut further thansmallergranulesoncemobile.Therinalsosuggested that futurestudiesshould
investigatelateralandupwardmovementofstarch,inadditiontoothertests.Followingthisadvice,here
I report the results of a recent experiment into the three-dimensional (3D) movement of starch in
sediments.


Methods

One of the goals of the current experiment was to produce results which complement previous starch
movementstudies,andthemethodsforassessingstarchmovementwerethereforedeliberatelychosento
build on and augment Therin’s (1994, 1998) experiments. Certain parameters (including the amount of
starch added to the experiment, and the rainfall rate simulation) were mirrored as precisely as
practicable,whileotherparameters(includingextractionproceduresandthemakeupofthesedimentary
matrix)differedoutofnecessity.

The experiment 
The3Dexperimentaldesignrequiredastarchsampletobeplacedinthecentreofaconstructedsediment
matrixwiththefreedomtomoveup,downandsidewaysunderthe influenceofwater.Tothisend,an
apparatus was constructed of four 10cm sections of 10cm diameter PVC piping, cut in half lengthwise
andjoinedtocreateanopencruciformstructure(seeFigure1).Threeofthefour‘arms’ofthecrosswere
blockedwithsemi-circularwoodenstops,whichhadseveralholesdrilledinthemtopermitwaterflow.A
piece of synthetic scouring pad was placed against the inner surface of each of the wooden stops to
preventlossofsediment.Fourmmthicktransparentperspexwascuttomatchthecruciformshape,and
eachoftheexposedwallsofthePVCpipeswaslinedwithathinfoam/rubberwindowsealstrip,withthe
resultthattheperspexcouldbepressedagainsttheopenapparatustocreateawaterproofseal,andthen
removedagainwithease.Thetransparentperspexenabledcontinuousmonitoringofthesedimentmatrix

Figure	1.		3D	starch	movement	apparatus	with	perspex	cover.	

for the development of cracks
or other events that may have
influenced starch movement.
A metal bracket was attached
to the back of the cross arm
which did not have a wooden
stop; this arm formed the ‘top’
of the apparatus during the
experiment.
 Sand was chosen as the
sediment matrix for the
experiment, following Therin
(1998). ‘Medium’ sand was
obtained from a commercial
supplier, and dry-sieved
throughaseriesofEndecotttest
sieves of mesh sizes varying
from 125µm to 1mm. The 250 –
500µm fraction was selected for
the experiment as this could
be expected to leave a matrix
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permeableandporousenoughtopermitstarchmovement.Asthesandwasdry-sieved,somegrains<250
µmremainedinthe250–500µmfractionthroughaggregation.Itwasnotdesirabletoconstructamatrix
that excluded the possibility of starch movement (for example a dense clay), or one that allowed free
movementtoallgranules(forexampleloose-packedcoarsesand),sincethiswouldbeself-defeating.As
thepresentstudywasaninitialtestof3Dstarchmovement,itwasdecidedtoerronthesideofallowing
movementratherthanrestrictingit,whilestillconstructingaplausiblematrix.Thesandwasautoclaved
for30minsat121°Cand105kPaprior touse in theexperiment toeliminatestarch-degradingfungiand
bacteria,andasamplerunthroughthestarchextractionproceduredescribedinthefollowingsectionto
checkforcontaminants.
 Withthecruciformapparatusupright(thatis,withthewoodenstopsatthebaseandsidearms
ofthecross,andthetoparmopen)andtheperspexfirmlyattachedwithmaskingtape,drypackedsand

Figure	2.		Starch	added	to	experiment.	

Figure	3.			Experiment	attached	to	retort	stand.	Note	holes	in	wooden	stop	at	end	of	arm	
to	permit	water	flow.	

was added to half-fill the
apparatus. Using a funnel and
a cut-down section of a plastic
pipette, 0.1g of commercial
corn starch was added to the
centre  of the sand (Figure 2).
The corn starch chosen has
starch granules which range in
size from 2–27µm (average 9.07
µm), based on measurements
taken from more than 2000
granules. Dry packed sand was
then added to fill the apparatus
to a level 1cm below the top.
The whole experiment was
hungfromaretortstandviathe
metal bracket attached to the
back (Figure 3), allowing it to
hang freely vertical. 500ml of
ultrapure water was gradually
added to the experiment over
the period of a day to initially
dampenthesand.
 The choice of water
volume to be added to the
experiment was again based
on Therin (1994, 1998) to allow
comparability. The irrigation
of three of Therin’s four
starch movement columns
corresponded to 4777mm of
rainfall over two months (Therin
1994:53; incorrectly recorded
as 4777ml in Therin 1998:63).
The present experiment ran
over a period of one month
(30 days) and aimed therefore
to simulate approximately
2400mm rainfall. With a cross-
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section of 40cm2 for the current experiment 2400mm corresponds to a total irrigation of 9600ml over 30
days,or320ml/day.Thisirrigationratewasachievedbyadding160mlofultrapurewatertwiceaday,inthe
morning and evening.As one of Therin’s conclusions was that a high irrigation rate probably washed a
largenumberofstarchgranulesentirelyoutofhisexperimentalcolumn(Therin1998:71),allwaterpassing
throughthe3Dexperimentwascollectedinaseparatepetriedisheachday.Daily20µlslidesweremadefr
omthebasalwastewater,andadditionalslidesweremadeatregularintervalsofthewaterpassingthrough
thesidearms,althoughthevolumeofwaterinthesecaseswaslessthanthatpassingdownwardsthrough
thebasalarm.Whennotbeingirrigated, thetopof theapparatuswascoveredwithclingfilmtoprevent
evaporation,andthewholeexperimentkeptinacoolareaawayfromdirectsunlight.

Figure	4.		Sediment	sample	points.	

Table	1.	Summary	of	starch	extraction	procedure.	

1.Place2gsedimentina10mlconical-baseplasticsampletube.
2.Add6ml5%sodiumhexametaphosphatesolutiontoeach10mltubefordeflocculation.Leavesamples
overnight,shakevigorouslyoccasionallytoassistsedimentbreakup.
3.Poursampleinto50mlbeaker,swirlanddecantbackinto10mltube.Add3mlwatertobeakerandrepeat.
Maketubevolumeupto10mlusingwater.Disposeofsettledfractioninbeaker.
4.Centrifuge10mltubeat3000rpmfor3min,decantanddisposeofsupernatant.
5.Addwaterto10mlintube,vortextodisaggregatepellet,centrifugeat3000rpmfor3min,thendecant.
Repeatuntilsupernatantisclear.
6.Add3mlsodiumpolytungstatesolution(1.7specificgravity),vortexbriefly,thencentrifugeat1500rpm
for3min.Pipetteseparatedtoplayerintoasecondtube,addanother1mlsodiumpolytungstatetothe
firsttube,andrepeatcentrifugationandremovalofseparatedlayer.
7.Addwaterto10mlinsecondtube.Vortex,thencentrifugeat3000rpmfor6minanddecantsupernatant
(NB:keepthesupernatantfromsteps6and7forsodiumpolytungstaterecovery).
8.Addwaterto10ml,vortexbriefly,centrifugeat3000rpmfor3min.Discardsupernatant,leavingca.
100µlwaterwithstarchpelletintube.
9.Stirsample,transfer20µltomicroscopeslide.

Sampling 
Followingtheendofirrigation,theexperimentwaslaidflat
andtheperspexremoved.Sedimentsampleswere takenat
2cmintervalsalongeacharmofthecross,startingfromthe
initialcentralstarchadditionpoint,usingasectionofplastic
pipette tube with a 6mm inner diameter to ‘core’ into the
sandmatrix.Thetubewascleanedthoroughlywithethanol
betweensamples,andcleannon-starchedgloveswereworn
at all times. Twenty-five samples were collected from
along the main cruciform axes, and an additional four
sampleswerecollectedatdiagonalstotheaxesforatotalof
29samples(Figure4).Collectedsamplesweretransferredto
10mlconical-baseplastictubeswithscrew-topcaps.

Starch extraction 
Starch extraction involved first deflocculation then heavy
liquid separation steps, based in part on Horrocks (2005).
TheprocedureissummarisedinTable1.Theuseofsterile
sandasamatrixobviatedtheuseofmoretime-consuming
extraction protocols designed to remove organics and other unwanted soil components. Important
differences between this protocol and that employed by Therin (1994) include the use of non-toxic
sodium polytungstate as opposed to caesium chloride for density separation, and lower centrifuge
speedsowingtotheequipmentavailableattheUniversityofQueenslandDepartmentofEarthSciences
samplepreparationlaboratory.
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Analysis 
 AnalysiswasconductedusinganOlympusBX50lightmicroscopefittedwithpolarisingfilters,
rotatingstageand100–1000xmagnification.Allslidesmadefromthewastewatercollectedeachdayand
the starch extractions were initially scanned at 100x in cross-polarised light. Examination of possible
starchgranulesandsize/shaperecordingwerecarriedoutat400x.Everystarchgranuleoneachslidewas
recordedusingatransectapproachtoensurecompleteslidecoverage.


Results

Porosity calculations 
That thesandmatrixpermittedtheflowofwaterattests to itspermeability,althoughthisattributewas
notfurtherquantified.Forporositycalculations,anapproximationcanbeobtainedbytakingthelower
limitofsievedparticlesize(excludingminorattachedsmallerparticles)of250µm,andusingtheequations:

 1.Porosity=100x(1-[bulkdensity/particledensity])
 2.Averageporespace=[porosity(%)/soilparticlevolume(%)]xaverageparticlediameter.

 Bulkdensityin(1)isameasureoftheweightofthesedimentperunitvolume(i.e.g/cm3).Inthe
present experiment, the bulk density may be calculated from the dry weight of the sand added to the
apparatus(2957g)andthevolumetakenupbythatsand(calculatedat1688cm3),leavingabulkdensity
of1.7518g/cm3.Particledensityinthisinstancecanbetakenas2.65,thespecificgravityofquartz.Using
equation (1), this produces a porosity of just under 34%, which is typical for packed sand with little
grain-sizevariation(Tolman1937:115).Theaverageporespacefor250µmsandcanthenbecalculatedas
128.16µmusingequation(2),giventhatthepercentagesofporosityandsoilparticlevolumemustaddto
100%. Clearly this allows for movement of particles above the size range of the corn starch in the
experiment,althoughthepresenceofsomeparticlesbelow250µmwhichwerenotremovedduringsieving
wouldreducetheavailableporespaceandpermeabilityofthematrixsomewhat.

Starch waste water slides
Atotalof38slideswerecollectedfromthewastewaterpassingthroughtheexperiment.Noneofthese
contained starch granules, of any size. The waste water did contain sedimentary particles up to
approximately5µmdiameter,however,indicatingthatanystarchgranulesofthissizeorsmallerwhich
hadmigratedthroughthesandmatrixwouldhavebeenable toexit theexperiment.Thecomplete lack
of starch suggests that either small starch granules were not able to move beyond 13cm (the distance
fromthestarchadditionpoint to thewaterexitpoint)under thesedimentaryandwateringparameters
ofthisexperiment,ortheydidsoinundetectablylownumbers.

Sediment extractions 
Ofthe29samplesremovedfromtheexperiment,27wererunthroughtheextractionprocedureoutlined
in Table 1, along with the control autoclaved sand sample. The two samples not analysed were those
closesttothepointofwateradditionatthetopoftheapparatus.Starchwasrecoveredfromnineofthe27
samples,whilenostarchwasrecoveredfromthecontrolsample.Figure5showsthefrequencyofstarch
granules recovered from these nine locations. The highest number of starch granules (n=237) was, as
expected, recovered from the sediment sample at the starch addition point at the centre of the
experiment. The next highest frequency (n=44) was 2cm below the starch addition point, and the third
highest frequency (n=6)2cm toone sideof theadditionpoint, although the latternumber isobviously
quite low.Onlyverylownumbersofstarchgranuleswererecoveredfromanyother location,although
three granules were located at a lateral distance of 12cm, indicating the potential for this kind of
movement under the influence of groundwater. One starch granule was recovered from the sediment
2cmabovethestarchadditionpoint.
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Figure	5.		Recovered	starch	frequencies.	

 The average size of the
starch granules recovered from
thestarchadditionpointis13.34
µm, while those 2cm below is
11.82µm. All starch granules
recovered from the other seven
locations were >10µm in
maximum dimension, and the
three starch granules displaced
laterally by 12cm ranged from
11–26µm. No starch granules
below6µminsizewererecovere
d from any of the extractions,
including the sample at the
starchadditionpoint, indicating
that these granules were lost
during the extraction process.
While this is regrettable,
archaeological starch analyses
frequently focus on starches
over5µmasthestoragestarches
important in human diets are
often (though not always)
greater than this size (e.g.
Torrenceetal.2004).Theresults
of this initial 3D test therefore
carryusefulinformationforancientstarchresearch,andforassessmentofthemovementofsmallstarch
granulesthereaderisdirectedtoTherin(1998).Thelossofsmallgranulesduringtheextractionprocess
doesnotaffect themonitoringof theexperimentwastewater,as thiswasapplieddirectly toeachslide
withoutfurtherprocessing.


Discussion

Twoconstructiveconclusionscanbedrawnfromthisexperiment.First,thefindingsofthisstudyarein
concordance with those of Therin (1994, 1998) in that only a limited percentage of starch moved any
distancewithinthesedimentmatrix.Second,thestudyhasshownthatlateralandupwardmovementof
starchgranulesdoesoccurundertheinfluenceofgroundwater,albeittoalesserextentthanforgranules
movingwiththedirectionofmainwaterflow.
 Todrawouttheseconclusions,Therin’s(1998:66)studyfoundthatinhisexperimentalcolumnwith
sand particle sizes and rainfall simulation closest to those of the current study (designated column 1 by
Therin), approximately 0.03% of starch moved downward when compared to starch frequency at the
additionpoint.Thepercentageinthecurrentexperimentismuchhigher,atalmost16%.Tosomeextent,the
differencemaybeduetothelackofstarchgranulesbelow6µminsizecountedinthecurrentstudy,although
Therin’s starch sizebreakdown for sectionBof column1 (Therin1998:Figure5),which is2cmbelowhis
starch addition point and therefore comparable to the second highest starch frequency in the 3D study,
showsthatover90%ofthestarchgranulesinthissectionwere>5µm.Thedifferencethereforemorelikely
results from the greater porosity afforded by the larger minimum sediment granule size in the current
study,andemphasisesthenecessityofassessingsedimentcompactionandparticlesizewheninterpreting
the stability or movement (i.e. provenance) of starches in archaeological sediments. Similarly, it is worth
repeatingTherin’s(1998:71)recognitionthatfinersedimentssuchasclaysandsiltswillrestrictpercolating
starchmovement(whileremainingsusceptibletocrackingandotherturbation,asnotedbelow).
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 Eventhoughnostarch<6µmwasrecoveredfollowingthe3Dexperimentextractionprocedure,
no starch of any size was recovered from the waste water exiting the base or arms of the experiment,
showingthatveryfew,andpossiblyno,smallstarchgranulestravelledthenecessary13cm.Whilethe3D
experimentwassetup topermitstarchmovement ifpossible (althoughnotexcessively), theresultsdo
show that higher numbers of larger starch granules may move than suggested by Therin’s initial tests.
Themovementofeventhreegranulesgreaterthan10µminsizeoveradistanceof12cmin30days(arate
of4mm/day)iscertainlyintriguing,andshowsthatwhilemobilitymaybelowinrelativeterms,itisvery
realandafactortoconsiderininterpretinglow-frequencyarchaeologicalstarchdata.
 Itisimportanttostressthatthisexperimentranforonly30days,andtheresultsrepresentonly
thebeginningofstarchmovementactivityforthissample.Thereisnoreasonatthisstagetosuspectthat
starchgranuleswillremainstationaryfollowinginitialmovementundertheinfluenceofwater,andwith
lowrecoveryratestypicalforancientstarchfromsedimentsorartefacts(e.g.ParrandCarter2003;Perry
2004;seealsoHaslam2006Appendix2),thepossibilitythattheoriginalstarchsourcewasinfacttenor
more centimetres away can become significant, particularly in sites where a vertical distance of that
magnitudeequates toaperiodofhundredsor thousandsofyears. Itmightbe temptingtosay that the
current results imply that most archaeological starch recovered from sediments was collected in its
primarycontext,howeverconsiderationofboththeseandTherin’s(1998)resultsshowthatthis isoften
likelytobeanunwarrantedassumptionwhichblurstherecordofactivityatasite.Whileartefactresidue
studies may rely on use-wear corroboration to determine if starches are associated with use (and
calculationsofartefactmovementmustofcoursethenstillbemade),studiesofstarchesdirectlyextracted
fromarchaeologicalsedimentsmayhavetoturnmoreoftentostarchassemblagecompositionstudiesif
claims that recovered starch was in its primary context are to be supported (see also palynological
discussion below). Other taphonomic issues will however come into play at that point, including
differentialdecayofstarchesfromdifferentspeciesandofdifferentsizes(Haslam2004).
 The second main conclusion and perhaps the most important contribution of this study is that
lateralandupwardmovementofstarchgranulesdoesoccur,althoughitisclearthatthisislesssignificant
than downward movement (or more strictly, movement with the main direction of water flow). The
implicationsofthisfindingforancientstarchresearchcentremainlyonthestudyofactivityareas,although
upward movement raises the same issues of incorrect dating or strata association as the downwards
movement discussed previously. Two published spatial analyses use starch to identify ancient activity
areas,conductedatPetzkesCaveinAustralia(BalmeandBeck2002)andatTorFarajinJordan(Rosen2003;
seealsoHenryetal.2004).TheAustralianstudyidentifiedclearareasofstarchconcentrationinthetop3cm
of sediment at Petzkes Cave, with all dated hearths from the same layer dating to the last few hundred
years (Balme and Beck 2002:163). The authors did consider moisture at the site (based on wet/dry
observationsfollowingrain),butthisdidnotcorrelatewiththestarchpattern.Therelativelyyoungageof
thesitemayhaveplayedapartinmaintainingdistinctstarch-richzones,althoughtheportionsofthesite
with the highest starch loadings do possess a halo of decreasing starch content (Balme and Beck 2002:
Figure1)whichmayhaveatleastpartiallybeeninfluencedbylateralstarchmovement.
 Rosen (2003) sampled a Middle Paleolithic living floor at Tor Faraj, with 0–177 starch granules
recovered from each of 30 analysed samples. Four of the samples have >100 granules each, while the
remainderhave<60.The threehighest recovery sitesare recognisedas ‘concentrations’and translatedas
spatiallydiscreteareas(Henryetal.2004:24).Again,thesestarch-richclusterspossesswhatmaybeviewed
asa lateralhaloofdecreasingstarchcontent.Henryetal. (2004:21) report that ‘thedeposit is inprimary
contextwithonlyminorpost-depositionaldisturbancefromlowenergysheetwash’,althoughtheeffectof
this lateral water movement is not discussed in relation to the recovered starches. Interestingly, the
sedimentmatrixoftheTorFarajlivingflooriscomprisedofaeoliansand(Henryetal.2004:20),providinga
potentiallyusefulparalleltothecurrentstudy.Asthesetwostudiesdemonstrate,ifancientstarchresearch
continues at its current rate it is likely that increasing numbers of spatial/activity area studies will be
conductedthatwillneedtoconsiderthepresenceandrateoflateralstarchmovement.
 Movement is not confined to that initiated by groundwater, of course, and processes such as
physical turbationofsediments,crackingclaysandhumanactivitywill likelyplayapart inanystarch
movement. Whether or not the conditions within a rockshelter or cave differ in the effect of starch
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movement when compared with more open site remains to be seen, although the lesser exposure to
rainfall in a shelter could be expected to lead to a reduction in water-induced movement.  Sediment
starch studies from shelter sites would then need to pay close attention to soil micromorphological
evidence where this was available (e.g. McConnell and Magee 1993). As an example, a recent study
revealed micromorphological evidence of episodic wetting/drying, water movement and bioturbation
moldsaround4mminsizeatNiahCave,Sarawak(Stephensetal.2005).Areportofthestarchanalysisof
sedimentsfromthesite(Barton2005),however,makesnomentionofthepossibleeffectsofthese(orany
other) processes on post-depositional starch movement. Development of closer ties between starch
researchers and other soil analysts is one means by which explanations of any presumed mobility or
immobilityofstarchwithinasedimentprofilemaybestrengthened.
 Asafinalpointofcomparison,thenotionofstarchesmovingthrougharchaeologicalsediments
maybeconsideredinlightofpreviousresearchintopollengrainmovement.Pollenmovementthrough
sediments under the influence of water (or percolation) is well studied (Dimbleby 1985; Horrocks and
D’Costa2003;Kelso1993,1994a,1994b;Kelsoetal.1995;Kelsoetal.2000),andrelevant to thepresent
studythankstooverlapingrainsizeswithstarch.Dimbleby(1985)produceddetailedtheoreticalmodels
ofpollenmovementandpreservationatarchaeologicalsites,andhisconclusionsbroadlysuggestthatthe
lower one looks in a sediment profile, the higher the percentage of older pollen, and the higher the
percentageofdegradedpollengrains,oneshouldfind.Samplestakenfromhigherupinaprofileshould
contain mixtures of washed-down pollen of various ages, trending towards a high percentage and
frequencyofrecently-depositedpollengrainsatthesurface.Inaddition,becauseoftheinterplaybetween
percolation and degradation (including differential decomposition), the absolute numbers of pollen
grains recovered from a given sample will show a more complex pattern than that calculated via
percentages(Dimbleby1985:5).SubsequentempiricalresearchsupportsDimbleby’sresults(e.g.Horrocks
andD’Costa2003;Kelso1994a,1994b;Russell1993),andemphasisesthenecessityofnot justrecording
thepresenceofparticulartaxawithinagivensample,butevaluatingtheentiremicrofossilassemblageto
accurately identify the influenceofmovementanddegradation.Suchresultshaveobvious implications
fortheconductofsediment-starchanalysis.Fromarchaeologicaldata,calculationsoftheaveragerateof
downwardpollenpercolationfallwithinarangeofapproximately1cmper1–30years (Dimbleby1985;
Hornetal.1998;HorrocksandD’Costa2003;Kelso1994a,1994b;Kelsoetal.1995),withgenerallyfaster
ratesintropicalandnon-forestedareas.
 Significantly,Dimbleby(1985:2)andotherssuggestthatmuchofthepollenpresentinsediments
maybetrappedwithinsoilaggregatesandisnotfreetomovewithgroundwater.Asimilarsituationhas
been suggested as a mechanism of starch survival, including the possible triggering of aggregate
formationbythestarchitself(Haslam2004:1725).Insuchcases,itisthebreakdownoftheseaggregates,
or their wholesale movement, which is necessary to transport microfossils within the profile (Russell
1993).Bothscenariosare frequentlyaccomplished throughtheagencyofmacro-fauna.Bothpollenand
phytolith (e.g. Hart 2003) studies have noted the influence of earthworms, ants and termites in
translocatingeitherindividualmicrofossilsorsoilaggregates.Earthwormsinparticularmayhomogenise
a considerable volume of soil (Armour-Chelu and Andrews 1994; Canti 2003), although pH and
vegetationcharacteristicswillinfluencethenumberandspeciesofwormspresentinagivensetting.In
amulti-analyticalapproach,GraveandKealhofer(1999)usedphytolithstodemonstratethatevenwhere
there is ‘strong evidence of insect activity and percolation’ in a Thailand site, microfossils may avoid
much of the homogenisation because of their small size (<50µm). Such investigations have yet to be
replicated ated by starch analysts, however they indicate that the potential complexity of starch
movement should not be underestimated for any site. Starch-specific sediment deposition patterns not
seenforothermicrofossils (e.g. insituundergrounddecayofstarchyorgans;seeZarilloandKooyman
2006:485) also require further study to properly adapt pollen and phytolith results to ancient starch
research.
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Conclusion

All available evidence suggests that starch granules do move through sediments under the influence
of groundwater, just as pollen grains, phytoliths, and in fact any sedimentary particle with sufficient
spaceandtheappropriateinfluenceswilldo.Theinitialtestingofthree-dimensionalmovementofstarch
has shown that upward and particularly lateral movement occurs, although to a lesser degree than
downward motion.  This movement is not confined to starch granules below 5µm in size (those often
consideredbyarchaeologistsnot toberepresentativeofhumaneconomicactivity),andstarchgranules
wellover10µmhavebeenshowntomoveatarateofupto4mm/daylaterally.Thevolumeofwateradde
dtotheexperimentoveraperiodofonemonthsuggeststwoconflictingcaveatswheninterpretingthese
results—firstlythatrainfallratesinmanypartsoftheworldwillnotbecontributingasmuchwaterto
the soil per day as in this experiment (although certain events, for example floods, sheetwash or
irrigation certainly would), and second that the much greater time scale of archaeological sediments is
expected to permit much greater movement of mobile starch granules than seen in the current
experiment.Futurestudieswillneedtovarysediments,waterinputandtimeperiodsaccordingtolocal
conditionsof interest.Continuedresearch into the taphonomyofstarchgranulesremainsan important
componentof archaeological starch research, andmovement studies employingvaryingenvironmental
conditionsandstarchtypeswillformanintegralcomponentofsuchresearch.
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Abstract

Needle-shaped calcium oxalate crystals called raphides are increasingly being identified in microfossil
assemblages from archaeological sites, including in sediments and as residues on artefacts. This paper
reviews issues associated with the identification and interpretation of raphides in the archaeological
recordof thePacific. It is argued that,withabetterunderstandingof theoccurrence,distribution,and
morphological variability of raphides across higher plant families, more accurate and meaningful
interpretationscanbemadeofthesearchaeologicalmicrofossils.Problemswithdifferentiatingraphides
fromnaturallyoccurringcalcitecrystalsofsimilarmorphologyandopticalpropertiesarebrieflyraised
andillustratedusingtheanalysisofmicroscopicresiduesonLapitapotteryfromsitesinMelanesia.

Keywords:Calciumoxalatecrystals,raphides,microfossils,residueanalysis,Araceae,Pacific


Introduction

Theanalysisofplantmicrofossilssuchasstarch,phytolithsandpollen isgainingmomentuminPacific
archaeology. Such studies have made important contributions to palaeoenvironmental reconstructions
andourunderstandingofpasthuman-plant interactions.Thispaper focuseson theanalysisofcalcium
oxalate crystals, which have been reported in a number of archaeological microfossil assemblages
worldwide,includingasresiduesonstonetools(e.g.Bernard-Shaw1984citedinBernard-Shaw1990:193;
Fullagar1993b;Fullagaretal.2006;Hardy2004;Hardyetal.2001;Loyetal.1992;ShaferandHolloway
1979; Sobolik 1994) and pottery surfaces (Crowther 2005; Horrocks and Bedford 2005), in coprolites
(DanielsonandReinhard1998; JonesandBryant1992;ReinhardandDanielson2005),andinsediments
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from hearths and roasting pits (Bernard-Shaw 1990; Koumouzelis et al. 2001), burials (Lalueza Fox et
al.1996) and wetland ditch systems (Horrocks and Barber 2005). These crystals, which are sometimes
referredtointheliteratureascalciumoxalatephytoliths,arethemostcommonlyformedbiomineral in
higherplants(Webbetal.1995).
 Calciumoxalatecrystalsaregenerallyconsideredtobeoflesserarchaeologicalimportancethan
other microfossils owing to their more restricted range of forms, which are rarely diagnostic to family
(Lalueza Fox et al. 1996:106; cf. Jones and Bryant 1992). In the Pacific region, however, needle-shaped
calciumoxalatecrystalsknownasraphideshavebeendrawnuponasanimportantindicatorofaroids(a
groupthatincludesthePacificfoodstaplesColocasia esculenta[taro],Alocasia macrorrhiza,andCyrtosperma 
chamissonis [giant swamp taro]) in microfossil assemblages. The aroids are a subgroup of theAraceae,
which is a family of mainly herbaceous plants that are known to produce raphides in abundance.
Raphideshave longbeenassociatedwith theacridityof thearoids,meaning thatwheneatenrawthey
causeswellingofthelips,mouthandthroat.Itisnowunderstood,however,thatraphidesonlyactasa
conduit for the injection of an associated chemical irritant into the skin. Detoxification via cooking,
poundingor leachingneutralisesthechemical,hencemakingthearoidsedible,butdoesnotdestroyor
degradetheraphides(BradburyandNixon1998;JohnsandKubo1988;Paulletal.1999;Sakai1979).In
the Pacific region, raphides alongside other microfossil types have been drawn on as evidence for
Pleistoceneprocessingofstarchyplants(Loyetal.1992),thedevelopmentofagriculture(Denhametal.
2003; Fullagar et al. 2006), the timing of plant introductions, and the integration of horticulture into
prehistoriceconomies(HorrocksandBedford2005).
 Giventheincreasingincorporationofraphidesintomicrofossilstudies,thispaperaimstoreview
issues associated with their identification and interpretation. First, it examines how microfossil
researchersinthepasthaveinterpretedraphidesinarchaeologicalassemblagesfromthePacific,andhow
theseinterpretationsmightbeimprovedwithabetterunderstandingofboththewidespreadoccurrence
ofraphidesinhigherplantfamilies,andhigherresolutionanalysesofraphidesusingscanningelectron
microscopy (SEM). Second, it examines identification problems with raphides, in particular the
possibilitythatnaturallyoccurringcalcitecrystalsofsimilarmorphologiesandopticalpropertiesmight
bemisidentifiedasraphidesinmicrofossilassemblages.Boththeseissuesarenon-trivialconsideringthe
importanceofraphide-bearingplantsinthePacificeconomy,andthegrowinguseofthesemicrofossilsto
identifysuchplantsinthearchaeologicalrecord.


Occurrenceofcalciumoxalatecrystalsinhigherplants

Calcium oxalate crystals occur in more than 215 higher plant families, as well as the algae, lichen and
fungi, in the form of whewellite (CaC2O4.H2O) or weddelite (CaC2O4.2H2O) (Bouropoulos et al. 2001;
Horner and Wagner 1995:54). They can form in any organ or tissue within plants, including in stems,
leaves, roots, tubers,andseeds,andhaveavarietyof functions includingcalciumstorage,defenceand
providing structural strength (Franceschi and Horner 1980; Franceschi and Nakata 2005; Nakata 2003).
Unlikephytoliths,whichvaryconsiderablyinsizeandshapeacrossfamilies,calciumoxalatecrystalsare
generally restricted to five basic morphological types: needle-shaped raphides, rectangular or pencil-
shaped styolids, mace-head-shaped aggregates called druses, block-shaped aggregates called crystal
sand, and variously shaped prisms (Horner and Wagner 1995) (Figure 1). Given that the size and
appearance of these crystals can differ within and between families, and that these morphological
characteristicsareprobablyundergeneticcontrol(e.g.aplantspeciesalwaysproducesthesameformof
crystal in the same tissue [Bouropoulos et al. 2001]), calcium oxalate crystals may have taxonomic
potentialforbothbotanistsandarchaeologists(HornerandWagner1995).
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 Raphides most commonly occur in bundles of tens to hundreds of crystals in specialised cells
calledidioblasts(Figure2).Althoughlesscommon,theyarealsoknowntoforminextracellularbundles
(e.g.Barabéetal.2004)andtherehasbeenonereportofraphidesformingwithinstarchgranules(Okoli
and Green 1987). Idioblast cells are structurally modified to accommodate crystals and are therefore
markedlydifferentinform,structure,andcontentsfromothercellsinthesametissue(Gallaher1975:320;
Sunell and Healey 1981:235).A variety of idioblast cell forms have been identified (see Keating 2004),
whichcanbegroupedbroadlyintothosehavingdefensiveornon-defensivefunctions(SunellandHealey
1985). The latter form crystals in relatively loose arrangement compared to defensive cells, which are
usuallysmallerinsizeandsuspendedintheintercellularairspacesfromwheretheyareeasilydislodged
(SunellandHealey1985).Whenadefensiveidioblastisdisrupted,thetightlypackedraphidesareejected
throughthin-walledpapillaeatitsends(SunellandHealey1981:236),afeaturelikenedtoan‘automatic
microscopicblowgun’(Middendorf1983:9)(Figure3).Thismechanismprobablydevelopedasadefence
againstherbivores.

Figure1.Examplesofcalciumoxalatecrystalformsmostcommonlyfoundinmonocotyledons:

(a)needle-shaperaphides,(sp.leaf;brightfieldtransmittedlight,scalebarequals10µm);
(b)rectangularandpencil-shaped(pointed)styloids(sp.leaf;brightfieldtransmittedlight,scalebarequals20µm);and
(c)druse( corm;brightfieldtransmittedlight,scalebarequals20µm).

Pandanus
Cordyline

Colocasiaesculenta

Figure2.Bundleofsp.(tuber)raphidesinidioblast
cell(part-polarisedbrightfieldtransmittedlight,scalebarequals
100µm).

Figure3.Spindle-shapeddefensiveidioblastcellfrom
corm.Raphidesarepartiallyejectedthroughthepapilla
atitsend(cross-polarisedbrightfieldtransmittedlight,scalebar
equals20µm).

Colocasia
esculenta
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 Raphides and other crystals of calcium oxalate are relatively stable minerals. They are only
slightlywatersoluble (Grausteinetal.1977:199;Webb1999:752),andare insoluble inalkalis (i.e.bases;
highpHconditions)andorganicacids(e.g.carboxylicacidssuchasaceticacid)(Gallaher1975:315).They
are heat resistant and can therefore survive cooking. As Monje and Baran (2002:711) summarise, ‘the
oxalateshavetheparticularadvantagetobeveryresistantwater-insolubleplantproductsand,thus,they
could be found where other plant residues are no longer evident’. Raphides are not entirely
indestructible,however,astheyaresusceptibletodamagefrommechanicalactionaswellasdissolution
inacidicenvironments(MulhollandandRapp1992:4).


BackgroundtotheidentificationandinterpretationofraphidesinthePacific
archaeologicalrecord

ThepresenceandpotentialimportanceofraphidesinthearchaeologicalrecordofthePacificregionwas
first highlighted by Loy, Spriggs and Wickler (1992; see also Loy 1994), who found these crystals in
association with starch residues on the edges of stone tools as old as 28,000 years from the Solomon
Islands.Followinganalysisoflimitedmodernreferencematerialfromaroids,yams,andothereconomic
speciesfromtheregion,Loyandhiscolleaguesmadetwokeyfindingsregardingraphideidentification
and interpretation. First, the abundance of raphides in aroids and near absence from other plants
analysedintheirstudycouldbroadlysupporttheidentificationofstarchresiduesfromaroidswhenthe
twomicrofossil typesareassociated inuse-residues.Notably,Loyet al. (1992) reliedon starchgranule
sizeandshapeasamoresignificanttaxonomicindicatorthanthepresenceofraphides.Second,thesize
andmorphologyofraphidesfromthearoidswassufficientlyvariedtopotentiallydifferentiate themat
specieslevel,althoughthesedifferenceswereonlybrieflydescribed(Loyetal.1992:900,905–906).Loyet
al.’s (1992)studyhas formed thebasisof raphide identifications inPacificmicrofossil studies,but their
findingshavebeensubjecttolittlefurtherreview.
 Raphides are known to occur in at least 49 monocotyledon and 27 dicotyledon families
worldwide (DahlgrenandClifford1982:92–93;McNair1932;MetcalfeandChalk1979:217;Prychidand
Rudall1999),includingmanythatarecommonlyassociatedwitharchaeologicalsitesinthePacificregion
or had probable prehistoric economic importance. These include palms (Arecaceae) (Tomlinson 1971),
pandanus (Pandanaceae), cordyline (Laxmanniaceae), bananas (Musaceae) (Osuji and Ndukuwu 2005;
Osujietal.2000)andyams(Dioscoreaceae) (Ayensu1972;seealsoAl-Raisetal.1971;OkoliandGreen
1987). For the last family, it is reported that raphides occur in at least 51 species worldwide (Ayensu
1972),even thoughLoyetal. (1992)onlyobservedtheminoneofsevenspecies (Dioscorea esculenta) in
theirstudy,possiblyasaresultofsamplingerror(cf.Loyetal.1992:910).Hence,thepresenceofraphides
inmicrofossilassemblagesfromthePacificregioncouldpotentiallyrepresentanumberofeconomically
important taxa. Of the published studies in which raphides have been identified in microfossil
assemblages from this region (see Table 1), all have identified the observed crystals to the Araceae,
although Fullagar (1993a:335, 1993b:25) acknowledges the possibility that raphides on a stemmed tool
from West New Britain could also be from yam. It is therefore important to examine and evaluate the
reasoning underlying these identifications, and identify avenues by which they can be refined and
strengthened.
 TheAraceaeareknowntoproduceabundantquantitiesof raphides inallormostorgans– for
example,asingleColocasia esculentacormmaycontainupto120000calciumoxalateraphidesanddruses
per cubic centimetre (Sunell and Healey 1979:1031; see also Bradbury and Nixon 1998; Genua and
Hillson1985;Keating2004;Sakai1979).Thisabundanceisoneofthemostcommonlyusedcharacteristics
to distinguish Araceae raphides in microfossil studies (Crowther 2005; Horrocks and Bedford 2005;
HorrocksandWeisler2006;Loyetal. 1992), even thoughquantitativecomparativeanalysesof raphide
concentrations in economic plants from the Pacific have yet to be undertaken. It is suggested, for
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Location		 								Sample	type		 Taxonomic	identification	of	raphides	 Reference	
	
KiluCave, Stonetools  Araceae(Alocasia macrorrhizaand  Loyetal.1992
Buka,Solomon    Colocasia esculenta–direct
Islands     associationwithstarch) 
Bitokara,West Stonetools  Araceaeand/orDioscoraceae  Fullagar1993b
NewBritain,    (probablyC. esculentaand/or  (seealsoFullagar
PNG     Dioscoreasp.–directassociation  1993a)
     withstarch)  
Anir,PNG Sediments&  Araceae(probablyColocasia esculenta– Crowther2005
  potsherds  possiblyassociatedwithstarch) 
NewZealand Sediments  Araceae(C. esculenta–indirect  Horrocksand
     associationwithstarchin2of6samples) Barber2005
Uripiv,Vanuatu Sediments&  Araceae(non-Colocasia–indirect  Horrocksand
  potsherds  associationwithstarch)   Bedford2005
Hendersonand Sediments  Araceae(non-Colocasia–indirect  Horrocksand
MarshallIslands.   associationwithstarch)   Weisler2006
KukSwamp, Stonetools  Araceae(Colocasia esculenta–  Fullagaretal.2006
PNG     directassociationwithstarch)  (seealsoDenham
          etal.2003)

Table1.SummaryofstudiesthatidentifycalciumoxalateraphidesinarchaeologicalsitesinthePacificregion.

example, that raphides are also both abundant and widespread in the palms (Tomlinson 1961),
suggestingthatthisfeatureisnotuniquetotheAraceae.Quantitativeanalysesalsoneedtoaccountfor
thepossibilitythatoneidioblastcellalonecancontainhundredsofraphidesthat,inasingleevent,could
bedepositedinthearchaeologicalrecordinaconcentratedmass.Culturalprocessespotentiallyleading
tothebuildupofraphidesinsediments,aswellastaphonomicprocessesthatmightdifferentiallyaffect
archaeologicalraphideassemblagesandsubsequentlytheirquantitativeanalysis,mustalsobeassessed.
Within our current state of knowledge, it can be argued that the quantity of raphides present in a
microfossilassemblageisessentiallymeaninglessinrelationtotheirtaxonomicidentification.
 More reliable raphide identifications may be possible in cases where they co-occur with other
taxonomically distinctive microfossils, such as starch granules or phytoliths. The strength of such
identifications, however, relies in part on their degree of association in the archaeological record. For
example, it canbeargued that raphidesandstarchgranulesobserved indirectassociationon theused
edgeofastonetoolare likely toberelatedandtherefore together theymayenablestronger taxonomic
identificationsof theresidue,basedonawiderrangeofattributes (Fullagar1993b;Fullagaretal.2006;
Loy et al. 1992). Where similar identifications have been made of raphides associated with starch in
sediments, however, the relationship between the two is arguably relatively indirect given that, when
analysedforpollenandphytoliths,thesamesamplesarefoundtocontainresiduesofanumberofplant
taxa (e.g. Horrocks and Barber 2005; Horrocks and Bedford 2005). As it cannot be assumed that the
microfossilsinsedimentsamplesaretaxonomicallyrelated,theevidenceforeachmicrofossiltypemust
beindependentlyasstrongaspossible.
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 The final lineof reasoningbywhichanalystshave taxonomically identified raphides inPacific
microfossil assemblages has been on the basis of morphometric characteristics, following Loy et al.’s
(1992)descriptionsofaroidraphides.Theseattributes,however,haveyettobeevaluatedbasedonmore
comprehensive reference collection analyses and have been only minimally incorporated into
archaeological raphide analyses since. Fullagar et al. (2006), for example, mention the square cross-
section of a raphide found in association with Colocasia esculenta-type starch granules on a stone tool
from Kuk Swamp in the central highlands of Papua New Guinea. Other studies simply describe
microfossil raphides as typical of or similar to those from the aroids without presenting detailed
morphometricdataofboththearchaeologicalsamplesandmodernreferencespecimens(includingnon-
Araceae)tolendweighttotheiridentifications(Crowther2005;Fullagar1993b:25;HorrocksandBarber
2005; Horrocks and Bedford 2005). It is insufficient for taxonomic purposes to note that a crystal or
broken crystal segment fits within the size and shape range of a particular genus or family without
discussingotherpossiblematches.Combiningthispointwiththatconcerningmicrofossilco-occurrence,
caseswhere raphidesalonehavebeenused to identify taxapresent in sediments, even to species level
(e.g. Horrocks and Barber 2005:Figure 6), are clearly problematic. As outlined below, the taxonomic
significanceofraphidemorphologymayhavegreatervaluethanrealisedinthesestudies,particularlyfor
theAraceae,andmayreducerelianceonthepotentiallyambiguouscriteriadiscussedabove.


MicromorphologicalidentificationofraphidesusingSEM

Anatomical and tissue culture studies indicate that raphide morphology and formation in specific
locations within a plant are genetically controlled (Horner and Wagner 1995). Key attributes for
differentiating raphides include size, cross-sectionand terminationmorphology, all ofwhichappear to
varytodifferingdegreesdependingontaxaoforigin.Fragmentationanddegradationofarchaeological
raphides,however, limits thepotential for taxonomicdifferentiationusingsomeof theseattributes (see
Crowther 2005:64–65; Horrocks and Bedford 2005:70–71). For example, morphologically distinctive
features such as terminations may not be present and size can be difficult to estimate from broken
crystals. While cross-section has been noted in some studies using light microscopy (e.g. Fullagar
et al. 2006:605; Loy et al. 1992), personal experience shows that unambiguous analysis of raphide
sectional shape is often beyond the resolution limits of the light microscope. Scanning electron
microscopic analysis of raphide
cross-sectional shape and termi-
nations (where present), how-
ever, may have greater taxo-
nomicpotential.
 SEMstudiesofraphides
from a number of higher plants
have described four general
morphological types, referred
to here as Types I–IV (Figure 4)
(CodyandHorner1983:328).

 Type I is the most
common raphide form and
consists of four-sided single
crystals that have two
symmetrical pointed ends
(Figure5).

Figure4.Diagramshowingthefourbasictypesofraphidecross-sections.Endformsare
describedintext(redrawnfromHornerandWagner1995:58).
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 TypeII raphides,whicharealso four-sided,haveonepointedandonebidentateor forkedend
(PrychidandRudall1999:726).Thistypeofraphidehassofaronlybeenrecordedinafewfamiliessuch
astheVitaceae(Figure6) (CodyandHorner1983;Webb1999).Thebidentateend is formedbycrystal
twinning(ArnottandWebb2000:133).

 The third form (Type III)
are crystals with six to eight
sides and symmetrical pointed
ends. This raphide type is
known to occur in theAgavaceae
(Wattendorf 1976), Typhaceae
(Horner et al. 1981), and
Dioscoreaceae(Figure7).

Figure5.SEMmicrographsofsp.(leaf)raphidesshowing(a)partofbundleoffour-sidedcrystals,and(b)brokenraphide
withsquarecross-section.

Pandanus

Figure6.(a)SEMmicrographofTypeIIraphidefromsp.(stem).(b)Detailofbidentateend.Vitis

Figure7.(a)TypeIIIraphidefrom (tuber)(brightfieldtransmittedlight,
compositephotograph,scalebarequals10µm)and(b)SEMmicrographofmid-section
of sp.(tuber)raphideshowingfacetedfaces.

Dioscoreaalata

Dioscorea
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Crystalsof thismorphological typearesometimesdescribedasappearingellipticalorcircular incross-
sectionasviewedunderalightmicroscope(Loyetal.1992:900;PrychidandRudall1999:726).
 Thefourthraphideform(TypeIV)comprisestwinnedcrystalswithH-shapedcross-sectionsand
asymmetricalends(onewedge-shapedandtheothersharplypointed)(Figure8a)(BradburyandNixon
1998;KostmanandFranceschi2000).Amedialgroovealongtwoofthecrystal’soppositefacesgivesthis
type its overall H-shaped cross-section, although the solid mid-point of the raphide is 4-sided and
sometimesvisibleunderapolarisedlightmicroscope(Figure8b–c).TypeIVraphidesalsodevelopbarbs
ontheirpointedendsastheymature(BradburyandNixon1998:614;PrychidandRudall1999:726;Sakai
et al. 1972). Significantly for microfossil researchers, the H-shaped form is thought to be unique to
raphidesfromtheAraceaeandthereforeoffersgreatpotentialfortaxonomicidentification(Prychidand
Rudall1999).Barbs,ontheotherhand,havebeennotedinothertaxa(CodyandHorner1983:319).



















 Afinalpointonusingmorphometriccharacteristicstoidentifycalciumoxalatecrystalsrelatesto
size.Therelationshipbetweencrystalsizeandtaxaoforiginiscomplicatedbythefactthatsizecanvary
withinaspecies,dependingpartlyonintrinsic(i.e.genetic)variables,suchasthefunctionofthecell in
which the crystal is formed, and partly on environmental factors including the amount of calcium
available during crystal formation (see Franceschi and Nakata 2005). The degree of variation within
speciesthereforeneedstobeassessedbeforesizeisacceptedasareliableindicatoroftaxaoforigin.
 Basedonthisreview,itislikelythatmorereliableidentificationsofmicrofossilraphidesmaybe
achieved by incorporating higher resolution examinations of micro-morphological features into the
analyses.Thispotentialcanonlybefullyassessed,however,throughcomprehensivereferencecollection
analysis.


Needle-fibrecalcite:occurrenceandimplicationsforraphideanalyses

A second major issue in the analysis of raphides from Pacific microfossil assemblages relates to their
differentiationfromothercrystalswithsimilarmorphologiesandopticalproperties.Allofthepublished
cases that have identified raphides in the archaeological record have done so based solely on light
microscopy. Using this technique, raphides have usually been identified as such by their acicular or
needle-like morphology and optical properties such as pleochroism (colours that shift with varying
degreesofpolarisation)andbirefringence(doublerefractionoflight,whichisevidentbythebright

Figure8.TypeIVraphidesfrom  (leaf)showing(a)asymmetricalendterminations(brightfieldincidentlight,
scalebarequals10µm),(b)thickenedcentralregionasvisibleundercross-polarisedlight(brightfieldtransmittedlight,scalebar
equals20µm),and(c)grooveandthickenedregionasobservedunderSEM.
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appearanceofthecrystals incross-polarisedlight)(seeFigure8b).DuringrecentexaminationofLapita
potsherdsfromsitesinIslandMelanesiaforsurfaceresidues,however,itwasfoundthatcalcitecrystals
whichhadprecipitatedon thepotterycanhave formsandopticalpropertiessimilar tocalciumoxalate
raphides (Figure 9). The archaeological crystals were identified as calcite, based on morphological
descriptions provided by Phillips and Self (1987), Borsato et al. (2000) and Verrecchia and Verrecchia
(1994),andchemicaltests,asdescribedbelow.




















 Needle-shapedcalcitecrystalsaredescribedintheliteratureaswhiskercrystals,acicularcalcite,
rock-milk, moonmilk, and lublinite, but most commonly as needle-fibre calcite. They form as smooth,
singlemicrorods thatcan fuse together inpairsof two,givingmorecomplexmorphologieswitheither
H- or X-shaped cross-sections (Figure 10; cf. Type IV raphides) (Phillips and Self 1987; Verrecchia and
Verrecchia1994).Althoughsomecalcitecrystalshavesmall,taperedtips,mosthaveblunt,squareends,
whileraphidesgenerallyhaveatleastonesharppoint.Inhighlyfragmentedarchaeologicalassemblages,
however,thisdistinctionmaynotbeasapparent(cf.Figure11).Needle-fibrecalcitecanoccurinbundles
ofsub-parallelrods,somewhatsimilartothearrangementofraphidesinanidioblastcell,orinrandomly
oriented meshes of individual crystals.Although the most common form of calcite crystals is straight-
sided, some can also be curved (Philips and Self 1987:435), a trait shared with some calcium oxalate
raphides (see Loy et al. [1992:900] on ‘whisker’ raphides). In terms of size, both raphides and calcite
crystalscanhaveasimilarrange,withaveragewidthsbetween1–2µmandlengthsuptoc.150–200µm,
althoughsomecalcitecrystalscanbeupto1mminlength(BradburyandNixon1998;PhillipsandSelf
1987).Thehighdegreeofsimilarity insize,shape,opticalpropertiesandarrangementbetweenneedle-
fibre calcite and calcium oxalate raphides raises the possibility that the two could be confused when
observedinmicrofossilassemblages.

 Needle-fibrecalciteprecipitationcanberelatedtoeitherbiological(e.g.producedascoatingson
fungal mycelia) or inorganic processes (e.g. crystallisation from supersaturated calcium solutions)
(Borsato et al. 2000; Verrecchia and Verrecchia 1994). They have been reported from a variety of
environments exhibiting active pedogenic processes, including calcareous soils, calcrete, aeolianite,
weathered limestone and limestone caves (Phillips and Self 1987:429). Finding an abundance of these
crystals on the Lapita potsherds is not surprising, therefore, given that those examined are all from
formerbeach-sidelocations.Theoccurrenceofcalcitecrystalsintheenvironmentslistedabovewillalso

Figure9.Examplesofindividual(a,b)andclustered(c)calcitecrystalsonarchaeologicalpotsherdsfromtheMussauIslands,
PapuaNewGuinea.Notethecrystals’birefringence(brightappearance)andacicularforms,althoughendsaresquareratherthan
pointed.(Allimages:brightfieldcross-polarisedincidentlight,scalebarequals(a)10µm,(b)10µm,(c)20µm).

insitu
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haveimplicationsforstudiesofartefactsandsedimentsfromlimestonecaves,uponwhichagreatdealof
Pacific archaeology relies. Not only might it be possible that naturally occurring needle-fibre calcite
crystals be present in sites from these depositional environments, but if calcium oxalate raphides
associatedwithplant-processingarealsopresent,itmaybedifficulttodifferentiatethembasedontheir
morphologicalandopticalpropertiesalone.




































 Where suspected raphides are found, a simple acid test could resolve their identification. For
example,whenasampleofcrystalsremovedfromoneoftheLapitapotsherdswastreatedwithasmall
amountofweak(5%)aceticacid,whichisknowntodissolvecalciumcarbonatebutnotcalciumoxalate,
allcrystalsrapidlydissolved.Ifthereactionisobservedunderthemicroscope,itmayalsobepossibleto
see bubbles of carbon dioxide gas produced by the calcite as it dissolves, although in the experiments
performed here the reaction occurred too quickly and vigorously to observe this phenomenon. By
comparison,a sampleofAlocasia macrorrhiza raphides treatedwith thesamesolutionwasnotaffected.
This simple test supported an SEM analysis which suggested that the archaeological crystals were
needle-fibre calcite rather than raphides. Theuseofhistological stains thatdifferentially staincalcium

Figure10.SEMmicrographsofneedle-fibrecalcitecrystalsonLapitapotsherdsfromtheMussauIslands,showingtheirgrooved
morphologysimilartoTypeIVraphidesfromtheAraceae.

insitu

Figure11.SEMmicrographsatthesamemagnificationcomparing(a)adenseclusterofbroken  (leaf)raphides
with(b)aconcentrationofneedle-fibrecalcitecrystalsonaLapitapotsherdfromtheReefIslands,southeastSolomonIslands.
Thefragmentedraphidesarevirtuallyindistinguishableinsizeandformfromthecalcitecrystals.


insitu
Alocasiamacrorrhiza
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oxalateandcalciumcarbonate,suchassilvernitrate(AgNO3)(Pizzolato1964;Yasue1969)orAlizarinredS
(Macnishetal.2003;ProiaandBrinn1985),isanotheravenuecurrentlyunderinvestigation.Inanycase,
acombinationofmethods,includinglightmicroscopy,scanningelectronmicroscopyandchemicaltests,
should be used to confirm the identification of raphides as such when found in archaeological sites,
particularly from environments where needle-shaped crystals of other types might occur. Previous
studiescanalsobestrengthenedbyreanalysisofrecoveredassemblagesusingthesetechniques.


Conclusion

Themajorimplicationofthisreviewisthatmicrofossilandresiduestudiespublishedtodate,inwhich
needle-likecrystalshavebeenidentifiedthroughlightmicroscopyasraphidesfromPacificfoodplants,
musttreatedwithcautionuntilmorerobustargumentsfortheiridentificationsarepresented.Manyof
thecriteriauponwhichacicularcrystalshavebeenidentifiedasraphidesandthenassignedataxonof
originhaveyettobeshowntobereliable.Incorporationofhigherresolutionanalysesofmorphometric
characteristics for taxonomic identification,andchemical tests, arenecessary further steps for raphide
analysis.This findingrequires thata reexaminationofpreviousandongoingstudiesof raphides from
Pacific archaeological sites be conducted before secure conclusions based on these crystals can be
drawn.Thisisanon-trivialissue,astheseconclusionsinfluenceourunderstandingofearlyhorticulture
and the timing of plant introductions in the region, especially concerning the use of important aroids
suchastaro.
 WithdiscussionofarchaeologicalPacificraphidesincreasing,itistimelytoassesswhatisknown
aboutthesecrystals,howtheyareinterpreted,andhowtheycanbeidentifiedmoreaccuratelytotaxaof
origin. Previous archaeological studies of raphides have been restricted in the scope of their
interpretation,whichhas focusedonanassociationbetweenraphidesand theAraceae,aswellas their
identification, forwhich therehasbeena relianceon lightmicroscopyrather thanSEM,which ismore
suitable for examining taxonomically significant features. Before even attempting to answer questions
aboutwhattypeofraphidesareinvolved,however,analystsneedtoestablishthatthecrystalsfoundin
microfossil assemblages are in fact calcium oxalate raphides and not naturally occurring crystals of
similar appearance. By resolving these issues, the analysis of calcium oxalate crystals, alongside starch
granules,phytoliths,pollenandothermicrobotanicalremains,canleadustoafirmerandmoreholistic
understandingofplantuseinPacificprehistory.
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Abstract	

SosHöyük,locatedinthePasinlerValleyofnortheastTurkey,isamultiperiodsiteoccupiedfromtheLate
Chalcolithic to the Medieval Period. No major archaeobotanical analysis has been conducted on the
carbonisedplantremainsfromSosHöyük.Samplesfromthreetimeperiods,theLateChalcolithic,Middle
Bronze and Iron Age were selected for analysis. Examination of both seeds and wood charcoals has
indicatedacomplexandchangingpatternofplantuseovertime.Fromwoodcharcoals,fourvegetation
zones(riparianwoodland,openoakwoodland,mountainpineforestandbirchforest)wereidentifiedin
thePasinlerValleyduringantiquityandexploitedbytheoccupantsofSosHöyük.Changeinwoodpro
curementpatternssuggests thedepletionof theopenoakwoodland in thePasinlerValleybetween the
MiddleBronzeAgeandIronAge.Areductioninwoodresourcesissupportedbytheuseofdungfuelas
a firewood supplement from the Middle Bronze Age. These findings correlate with the pattern of
deforestation across the Near East and suggest a combination of human and environmental causes for
vegetationchangeintheBronzeAge.Aseconddeforestationeventisproposedforthemodernperiod.

Keywords:Vegetationhistory;deforestation;climatechange;archaeobotany;Turkey
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Introduction	

Sos Höyük is an archaeological site located in the modern village of Yiğittaşı in Erzurum Province, northe
astTurkey(Figure1).Thesiteissituatedatanaltitudeof1800minthenarrowPasinlerValleyflankedby
the Karapazarı Mountains to the north and the Palandöken Range to the south, both of which reach eleva
tions in excess of 3000 m.As is the case today, in antiquity the Pasinler Valley lay on one of the main
routes through the mountains of Eastern Anatolia linking Western Turkey to Iran and the Caucasus.
Members of the University of Melbourne’s NortheasternAnatolia project, led byAntonio and Claudia
Sagona,excavatedthemoundofSosHöyükfrom1994to2000(seeSagonaetal.1995,1996,1997,1998;Sa
gona and Sagona 2000. Study seasons, accompanied by a field survey of the surrounding region, were
conductedfrom2001to2003.



























 ExcavationsatthesitehaverevealedthatSosHöyükwasinitiallyusedintheLateChalcolithic
(late 4th millennium BC) by agro-pastoralists who were part of the Early Transcaucasian (or Kura-
Araxes)culturalcomplex.CommunitiesofthistraditioncontinuedtooccupySosHöyükthroughoutthe
greater part of the BronzeAge. Judging from architectural remains and analysis of some of the faunal
data, these early villagers incorporated a degree of transhumance into their lifestyle, though the exact
nature of this economic activity and how it related to sedentary agricultural practices has yet to be
determined.DuringthelatesecondmillenniumBC(LateBronzeAge)occupationappearstohavebeen
seasonal, though this may reflect the limited area of this period that was excavated; more permanent
buildingsmaystilllieunexcavatedatthesouthernendofthemound.IntheIronAge,thesitewashome
to a farming community on the edge of the Urartian Empire and later within the 18th Satrapy of the
PersianEmpire.TheIronAgeplantremainsarecharacterisedbyanexcellentlevelofpreservationwith
carbonisedrushmatting,basketry,rope,furnitureandapairofcharredsandalsrecoveredfromaburnt

Figure	1.	Map	of	Ancient	Anatolia,	Transcaucasia,	and	Northwest	Iran	showing	the	location	of	Sos	Höyük	(Sagona	2000)	
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house. Sos Höyük was abandoned in the second century BC and reoccupied briefly after the Seljuk
conquest ofAnatolia in the eleventh centuryAD before the present village was established some time
withinthemodernera(Table1)(SagonaandSagona2000).
















 Post-excavation research at Sos Höyük has included zooarchaeology (Howell-Muers, 2001),
ethnoarchaeology (Hopkins 2000), osteoarchaeology (Parr et al. 1999) and palynology (Connor n.d.).
Whilewoodcharcoalisplentifulthroughoutthesequence,littleanalysis,otherthanradiocarbondating,
hassofarbeenundertakenonthesesamples.AspartabroadenvironmentalstudyoftheBronzeAgeat
SosHöyük,Newton(2004)performedalimitedstudyonthewoodcharcoalremains,recommendingthat
further intensive analysis be performed. The closest archaeobotanical studies to Sos Höyük have been
conducted beyond the southern Palandoken Mountains in south-eastern Anatolia at Arslantepe
(Frangipane et al. 2001), Aşvan (Willcox 1974) and Kurban Höyük (Miller 1986) and to the east at Patnos  
(Dönmez2003).NoarchaeobotanicalanalysishasbeencompletedinnortheastAnatolia.
 In the Near East most archaeobotanical work has focused on the early domestication of crop
plantsintheNeolithicandrelativelylittleresearchhasbeenundertakenintotheplantbasedsubsistence
economy of the Chalcolithic, Bronze and Iron Ages (Miller 1991, Reihl and Nesbitt 2003). Analysis of  
theplantremainsfromSosHöyükwouldhelptofillthisvoidbyprovidinginformationonsubsistence
in Eastern Turkey from the Late Chalcolithic to Medieval Period. Sos Höyük is located in the Eastern
Highlands of Anatolia and provides a rare opportunity to investigate the subsistence strategies of a
mountainvillageincomparisontothelowlandsettlementsalreadydocumentedtothesouthandwestof
the Palandöken Range.  
 Similarly,SosHöyükisideallyplacedtoexaminethevegetationhistoryofamountainzone.Tod
ay the Pasinler Valley is practically treeless, dominated by alpine wildflowers with riparian trees
restricted to riverbanks, and pollarded poplars along roadsides and around villages. The surrounding
mountains are devoid of trees except in steep gullies near the plateau of the Karapazarı range where isola
tedpocketsofbirches(Betula sp.)pines(Pinus sylvestris)andstuntedoaks(Quercus macranthera)remain
(Newton2004;personalobservation).Incontrasttothecurrenttreelesssteppe,Xenophon,writingofhis
retreatthroughthePasinlerValleyfromPersiatotheBlackSeainthefourthcenturyBC,recorded‘wood
inabundance’intheErzurumregion(XenophonIV.5.2,Sagona2004).Thus,inancienttimes,thePasinler
Valleyandnearbymountainrangeswerelikelytohavebeenwooded.ApollencorefromBulemaç,south
eastofSosHöyükonthePasinlerPlain,suggeststhattheareawasdominatedbyaPinuswoodlandform
ostoftheHolocene(Collinsetal.2005).Prehistoricdeforestationhasbeenidentifiedviawoodcharcoal
analysisacrosssouthwestAsia(Willcox1974,Miller1985).Thepresentvegetationmosaicofisolatedtrees
amid herbaceous steppe found across Central and Eastern Turkey is thought to have resulted from
deforestationinantiquity(McNeill1992,WoldringandCappers2001).

Period	 	 	 	 	 	 	 Date

LateChalcolithic      3500–3000BC
BronzeAge
 EarlyBronzeAge    3000–2200BC
 MiddleBronzeAge    2200–1500BC
 LateBronzeAge     1500–1000BC
IronAge      1000–300BC
Post-Achaemenid     300–200BC
Medieval      1100–1300AD

Table	1.	Sos	Höyük	chronology	(Sagona	2000).	
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 The research described here was a pilot study that aimed to bring a highland perspective to
archaeobotanical research in the Near East and begin much needed work in northeast Anatolia. In
particular,theprojectaimedtostudymaterialfromtheLateChalcolithic,MiddleBronzeandIronAges
toreconstructthevegetationhistoryofthePasinlerValleyandrelatethistoenvironmentalchangeacross
the Near East. Here we present the preliminary findings of the study, concentrating primarily on the
ecologicalchangesinthePasinlerValleyduringthatperiod.
	
	
Method	

Samples for archaeobotanical analysis were taken from recognised floor levels rich in organic material
(upto10cmabovethefloor),butnotfromthemixedfillbetweenlayers.Aminimumof60litresofsoil
wascollectedrandomlyfromthefloorlevelofeachtargetedexcavationlocus,withhearthspreferentially
sampled.Thesoilwasprocessedbybucketflotationtocollectthecharredplantremains,withtheheavy
residuewetsievedandmanuallysortedtocollectnon-floatingorganicremains.Afterbeingairdriedin
cloth bags the material was stored in Yiğittası until 2003 when it was transported to Australia for labora
toryanalysis.
 Afterinitialexamination,threelociwereselectedforanalysisbasedontheamountofcarbonised
material and period of deposition. The Late Chalcolithic sample was from the surface of a burnt plaster
floor of a Transcaucasian roundhouse dated to 3100–2600 cal BC (Beta-135363, calibrated using OxCal
v3.10). The Middle BronzeAge (2580–2340 cal BC (OZF943)) sample was from a secondary deposit in a
plasteredrubbishpit.TheIronAgeremainswerefromthedestructiondebrisofaburnthousefrom1260–
890calBC(Beta-95214).Detailedexplanationofeachcontext isfoundinSagonaandSagona(2000).Each
samplewassievedintothreefractions:>2mm,>0.5mmand<0.5mm,assuggestedbyPearsall(2000).
 For seed analysis, whole seeds and seed fragments were collected from the >2 mm sample
fractionsandonlywholeseedsfromthe>0.5mmportion,followingMiller(1998).Thesewereidentified
usinganOlympusSZ60stereomicroscopewiththeaidofillustrativearchaeobotanicaltextsbyvanZeist
and Bakker-Heeres (1985, 1986), Zohary and Hopf (2000), and seed atlases (Berggren 1969, 1981;
Anderberg1994).Cerealgrain identificationwasassistedby reference tomodernseedsamplesofwild
and domesticated cereals sent from the Australian Winter Cereal Collection in Tamworth. Where
possible, taxa were identified to species level, otherwise to genus. Nomenclature follows Zohary and
Hopf(2000)forcultivatedspeciesandforwildtaxafollowstheFlora of TurkeybyDavis(1965–1985).
 Wood charcoal fragments were sorted from the >2 mm sample fractions. For this preliminary
studyaninitialsubsamplesizeof50charcoalpiecespersamplewasselectedasacompromisebetween
thefiveofMiller(2004)and200ofAsoutiandHather(2001).Tochecktheappropriatenessofexamining
50 pieces per unit studied, a variant of Smart and Hoffman’s (1988) taxon-number curve was used. In
eachinstancethetaxonnumbercurveplateauedpriortoidentificationofall50fragments,indicatingthat
a 50 fragment count provided an adequate sub-sample. The 50 charcoal fragments were randomly
selected for examination under an Olympus SZH stereomicroscope. Each piece was cut with a razor
blade to expose the transverse, tangential longitudinal and radial longitudinal planes. The wood was
identified using keys for European and Near Eastern wood (Greguss 1955; Brazier and Franklin 1961;
Fahnetal.1986;Schochetal.2004)andthroughreferencetoamoderncomparativecollectioncreatedas
partofthisresearch.Fragmentsthatcouldnotbeidentifiedunderthestereomicroscopewereidentified
underthePhillipsXL30FieldEmissionScanningElectronMicroscope(FESEM),intheSchoolofBotany
at the University of Melbourne. Confirmation of identifications made under the stereomicroscope was
conducted by randomly selecting a charcoal piece from each taxon group identified, for FESEM
examination and photographing as a quality control. Nomenclature follows the Flora of Turkey (Davis
1965–1985). Identifications were made to genus or, if possible, to species. For Salicaceae, identification
wasmadetofamilylevelsince,bywoodanatomy,thetwogeneraSalixandPopulusareindistinguishable
except at high magnification (Schoch et al. 2004). With the majority of identifications made with the
stereomicroscope,SalixandPopuluscouldnotbedifferentiatedandwererecordedatthefamilylevel.
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Results		

Seeds
A summary of seed abundance data for the Late Chalcolithic, Middle Bronze and Iron Age levels is
presented in Table 2. In the Late Chalcolithic sample, only wheat (Triticum sp.) and barley (Hordeum 
vulgare)grainswereidentifiedwithnakedwheats(Triticum aestivumssp.vulgare/T. turgidumssp.durum)
beingmostabundant.TherecoveryofaT. aestivum ssp.vulgare rachis indicateshexaploidbreadwheat
mayhavebeenpresent. Agreatervarietyofplant taxawerediscovered in theMiddleBronzeAgepit.
Wheat and barley were found with hulled barley (Hordeum vulgare) the most common taxa. A diverse
wildseedflorawithGaliumsp.,Asperulasp.,Polygonumsp.,Loliumsp,andmembersoftheBoraginaceae,
Caryophylaceae, Convolvulaceae, Fabaceae and Poaceae families were present. Remains of sheep/goat 
dung were also found. In the IronAge sample, naked wheat was the most dominant grain type, with
seedsofmillet(Setaria italica),grape(Vitis vinifera),lentil(Lens culinaris),andfivewildtaxaalsofound.

Table	2.		Summary	of	seed	and	chaff	data	for	Sos	Höyük	for	the	Late	Chalcolithic,	Middle	Bronze	and	Iron	Age	levels	examined.		
Data	is	recorded	as	sum	individual	seeds/units	with	weight	(g)	recorded	for	Cerealia	fragments.	Nomenclature	follows	the	modern	
system	described	in	Zohary	and	Hopf	(2000)	for	cereal	taxa	and	the		 														(Davis	1965–1985)	for	wild	taxa.		Flora	of	Turkey	

Taxon	(English	name)	 	 	 	 Plant	Part	 	 						Period	 	
						
	 	 	 	 	 	 	 	 Late	 						Middle	Bronze	
	 	 	 	 	 	 	 									Chalcolithic						Age	 				 						Iron	Age	

Crops    
Triticum aestivumL.ssp.vulgare /T.  
turgidumL.conv.durum (bread/durum wheat) grain     84                 16           715 
Triticumsp.(wheat)    grain  35  4 71
Triticum aestivumssp.vulgare(breadwheat)  rachis  2  - -
Hordeum vulgareL.(hulledbarley)   grain  46 175 14
H. vulgareLvar.nudum(naked6-rowbarley) grain  -  1 -
Cerealia(cereal)     grainfrags. -  - 1
Setaria italicaL.P.Beauv.(foxtailmillet)  grain   
Lens culinarisL.(lentil)    seed  -  - 1
Vitis viniferaL.(grape)    seed  -  - 1
					
Wild	plants    
GaliumL.sp.     seed  -  2 2
AsperulaL.sp.     seed  -  1 1
PolygonumL.sp.     seed  -  3 -
LoliumL.sp.     seed  -  1 2
Ranunculus arvensisL.    seed  -  - 1
Boraginaceae     seed  -  1 -
Caryophylaceae     seed  -  1 -
Convolvulaceae     seed    1 
Fabaceae     seed  -  7 2
Poaceae      seed  4  2 -
Unidentified     seed  -  3 6
Pinussp.cone     cone  -  - 1
			
Other    
Sheep/goat faecal pellets           -    2               - 
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 ThesepreliminaryfindingsfromSosHöyükareaninterestingcontrasttotherestoftheNearEast
wherehulledwheats(emmerandeinkorn)areknowntohavedecreasedindominanceovertheBronze
Agewithnakedandfree-threshingwheatsbecomingthemaincerealcropsbytheIronAge(Zoharyand
Hopf 2000). In Eastern Turkey this transition is thought to have occurred in the Early Bronze Age (Riehl 
andNesbitt2003).PreliminaryresultsfromSosHöyük,showingtheprevalenceofnakedwheatfromthe
earliestperiodstudiedmayindicatethattheshiftfromhulledwheattonakedwheatmayhaveoccurred
earlierinthenortheasternhighlandsofAnatoliathanintherestoftheregion.Thiscouldbebecausethis
regionintheLateChalcolithicwaspartoftheEarlyTranscaucasianculturalcomplex.Geneticevidence
suggestsbreadwheatwasfirstdomesticatedonthesouthernflanksoftheCaucasus(Dvoraketal.1998),
and in many settlements from the Neolithic onwards it is the most dominant wheat type identified
(Wasylikowa et al. 1991). The presence of bread wheat rachis segments and quantity of naked wheat
in the Late Chalcolithic may be because T. aestivum ssp. vulgare was the main wheat of the Early
Transcaucasiancropassemblage.

Wood  
Seventaxawereidentifiedinthewoodcharcoalassemblages(Table3,Figure2).IntheLateChalcolithic
Pinus cf. sylvestris (Scots Pine), Quercus sp.(oak) and Salicaceae (willow/poplar) were found with 
Salicaceaebeingthemostcommontaxapresent.P.cf.sylvestriswasthemostabundanttaxoninamore
diverseassemblagefromtheMiddleBronzeAgepit,whichalsocontainedBetulasp.(birch),Quercussp.,
Ulmussp.(elm),Acersp.(maple)andSalicaceae.IntheIronAgeP.cf.sylvestris,Salicaceae,Betulasp.and
Lonicerasp.(honeysuckle)wereidentifiedwiththeriverineSalicaceaebeingthemostdominantcharcoal
type.






















TheEnvironmentalHistoryofSosHöyük

While this study isbasedononlya smallnumberof samples, thepreliminaryarchaeobotanical record
fromSosHöyükpreservesadiversecharcoalfloraforthePasinlerValley.Althoughveryfewtreesarepre
sentinthevicinityofSosHöyüktoday,mainlyalongroadsides,riversandnearvillages,thepastenviro
nment can be inferred based on the species’ modern habitat preferences as recorded in Zohary (1973),

Period	 	 	 					Late	Chalcolithic	 									Middle	Bronze	Age	 							 Iron	Age	
Sample	numbers	 L17b4299142  L16c403560  J141299122
Taxon	   Count % Count %  Count %

Pinuscf.sylvestrisL. 10  20 21 42  17 34
Salicaceae  38  76 9 18  19 38
Betulasp.  -  - 1 2  9 18
Lonicerasp.  -  - - -  1 2
Quercussp.  2 4 12 24  - -
Ulmussp.  -  - 1 2  - -
Acersp.   -  - 3 6  - -
Indeterminate  -  - 3 6  4 8
	
Total   50 100 50 100 50 100

Table	3.		List	of	the	taxa	present	in	the	wood	charcoal	assemblage	from	Sos	Höyük	in	the	Late	Chalcolithic,	Middle	Bronze	and		
Iron	Age	samples,	recorded	as	absolute	fragment	counts	(Count)	and	relative	percentages	(%).	
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Figure	2.		Representative	transverse	sections	of	taxa	identified	in	the	wood	charcoals	studied	from	Sos	Höyük	photographed	under		
the	FESEM.	Scale	bars	are	in	increments	of	50	μm.	a)										cf.																	b)	Salicaceae;	c)														sp.;	d)											sp.;	e)									sp.;		
f)												sp.;	g)		 						sp.	

Pinus	 sylvestris;	 Quercus	 Ulmus	 Acer	
Betula	 Lonicera	

127



Location		 	 Vegetation	type	 										Taxa	identified	in		 			 							Possible	taxa	in	
	 	 	 	 	 										assemblage		 	 							association	

river banks/alluvial  riparian            willow,  poplar          ash (Fraxinus)alder
flats     (Salicaceae),elm  (Alnus),Carex,Juncus,
     (Ulmus),Polygonum   
plain   disturbedland Ranunculus,  Galium,                Bromus,  Phalaris,  
               Lolium,  Asperula,            Rumex,  Trifolium 
               Triticum,  Hordeum,  
               Lens,  Cucumis,  
               Convolvulaceae  
plainandfoothills oaksteppe- oak(Quercus),  hawthorn(Crataegus),
   woodland maple(Acer),  pears(Pyrus)
     honeysuckle(Lonicera), cherry(Prunus),
     elm(Ulmus)  terebinth(Pistachia)
         juniper(Juniperus),
         rose(Rosa)
         almond(Amygdalus)
lowermountain  pineforest pine(Pinus sylvestris), juniper(Juniperus)
slope     honeysuckle(Lonicera),
     maple(Acer),oak(Quercus),

Table	4.	Summary	of	vegetation	reconstruction	for	the	Pasinler	Valley,	recording	vegetation	type,	the	taxa	identified	in	the	charcoal	
assemblage	and	the	possible	taxa	in	association	for	habitat	location.	Reconstruction	based	on	plant	ecological	preferences	(from	
data	in	Zohary	1973,	Fairbairn	et	al.	2002,	Newton	2004	and	Davis	1965–1985).	

Fairbairn et al. (2002), Newton (2004) and Davis (1965–1985). When integrated, the charcoal taxa form
five vegetation types that have distinct distributions in the site’s locale (Table 4, Figure 3). The
environmental reconstruction (Figure 3) incorporates the northern half of the Pasinler Valley, in which
Sos Höyük is located, and the Karapazarı Mountains, since the Aras River to the south of the site forms a 
socio-geographical boundary in the Valley which may have marked the edge of village territory in
ancient times (Sagona 2004). Along the rivers and alluvial flats, riparian woodlands dominated by
willowsandpoplarswereprobablypresent.Disturbedland,includingcultivatedfieldsnearvillagesand
thevillageitselfwouldhavebeenhometowildandweedyannualsandperennials.OnthePasinlerPlain,
theseverewinter frostsandwindsdepress the tree line, limiting treegrowthtoscatteredstands (Stern
1983). This BronzeAge steppe savannah was probably an open oak-dominated woodland with maple,
elm, almond, and shrubby Rosaceae, and juniper as is still present in some parts of Anatolia. The oak 
woodland would have spread across the wild subalpine flower-covered valley and into the foothills.
Further into the Karpazarı Range, the open oak woodland would have graded into the Pinus sylvestris  
forest that may have had an oak and maple understorey at lower altitudes. At the upper tree line
beneath the Karapazarı plateau, birch would have grown, particularly dense in sheltered north-facing  
niches, together with stunted pines, Rhododendron and juniper as is found in Northern Turkey today 
(Connor pers. comm.). This reconstruction matches the habitat requirements of wild animals found at
Sos Höyük in the Early BronzeAge with brown bears in coniferous forests, wild sheep in the wooded
mountains, red deer in woodlands and golden eagles preferring the open plain with scattered trees
(Howell-Meurs2001;Newton2004;Sagonaetal.1997).
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Figure	3.		Possible	distribution	across	the	northern	Pasinler	Valley	into	the	Karapazarı	mountain	range	of	the	four	vegetation	types		
identified	in	charcoal	from	Sos	Höyük.	Riparian	woodland	along	the	rivers	and	in	moist	places,	open	oak	woodland	on	the	valley	plain		
and	into	the	foothills,	mountain	pine	on	the	slopes	of	the	Karapazarı	mountains	and	birch	forest	at	the	upper	treeline.	Elevation	and		
walking	distance	from	Sos	Höyük	derived	from	topographical	maps	of	Newton	(2004).	

 All the wood charcoal fragments identified are elements of the Euro-Siberian Euxine
phytogeographical province (Davis 1965–1985). This is in accordance with Zohary (1973) and Davis
(1965)whoviewtheEastAnatolianHighlandsasbeingamixof relictEuro-Siberian forestsandIrano-
Turanian steppe.As the Euro-Siberian forests were depleted over time, the Irano-Turanian steppe and
shrubberybecamethedominantvegetationtypepresentintheregiontoday.IncomparisontoCollinset
al. (2005), this model suggests a more complex vegetation history for the Pasinler Valley with several
differentecotypespresenttogetherwiththePinuswoodlandidentifiedintheBulemaçpollencore.

Resource Depletion  
ThedepletionoftheEuro-SiberianwoodlandisvisibleinthecharcoalassemblageexaminedfromSosH
öyük when tabulated in terms of vegetation types used over time (Table 5). From the burnt
plasterflooroftheLateChalcolithicroundhouse,Salicaceae,pineandoakwerefound,withSalicaceae
charcoalconstitutingthemajorityofthesample.Thisroomhadaportablehearthintheformofatwin-
hornedandironand ispartofasuccessionofplaster floor levelssuggesting that theoccupationat this
time was transient, by semi-nomadic agro-pastoralists (Sagona and Sagona 2000). Wood gathering
appearstohaveoccurredintheriparianwoodlandalongtheriverclosetothesitewithsomecollectionof
oakandpineextendingwoodprocurementintothefoothills.Thisuseofpoor-burningSalicaceaewood
matchesthepredictivemodelofnomadicpastoralistbehaviourproposedbyAsoutiandAustin(2005),in
which wood selection is driven more by the proximity and quantity of fuel required for mass milk
processingthanthecalorificquality,andhenceburningproperties,ofthewooditself.

Vegetation	Type	 	 	 Late	Chalcolithic		 Middle	Bronze	Age	 						Iron	Age	

riparianwoodland   xxx   xx  xxx
openoakwoodland   x   xxx 
pineforest    xx   xxx  xxx
birchforest       x  xx

Table	5.	Summary	of	vegetation	zones	exploited	in	the	Late	Chalcolithic,	Middle	Bronze	and	Iron	Age.	Zone	composition	detailed	in	
Table	4.		x	=	minor	exploitation.	xx	=	some	exploitation.	xxx	=	heavy	exploitation.	Intensity	of	use	based	on	proportion	of	wood	
charcoal	from	each	zone	in	Table	3.	

129



 In the Middle Bronze Age pit, a greater diversity of charcoal taxa is present from all four
recognised arboreal associations. More species from the plain, including maple and elm, and from the
mountain slopes, birch, are found in the sample, indicating exploitation of vegetation communities
beyond the settlement periphery, perhaps due to depletion of the riparian arboreal flora. This matches
findings from Neolithic Çatalhöyük where most wood in the early phase of settlement was gathered
fromthe localwetlands.Over timetheresourcebasewasbroadenedto includemoreecologicalniches,
including intensive harvesting in the foothills 10km to the south, which at Sos Höyük seems to have
occurredbytheMiddleBronzeAge(Fairbairnetal.2002).
 Charcoal from the Iron Age house includes taxa from the riparian woodland and mountain
forests, but lacks taxa from the open oak woodland. While honeysuckle is present, its use as an
ornamental in some Anatolian villages impinges on its reliability as a woodland indicator (Ertuğ 2000).  
This scarcity of fragments from the steppe woodland, particularly the lack of oak, may be an artificial
productofsamplingbutcouldequallyrepresent thedeclineof theopenoakstands.AsoutiandAustin
(2005) also suggest that the function of different archaeological contexts leads to botanically different
charcoal assemblages. Thus the difference in context between the Late Chalcolithic and Middle Bronze
Agesamples,whicharelikelytobehearthremains,andthemixedhousedebrisfromtheIronAgecould
be the reason for the lackofoakwoodlandcharcoal in the IronAge.However, this isunlikely, sincea
householdcontextwouldusuallycontaina representative floraofmost taxanear to thesitedue to the
greaterdiversityofwoodformsthatareburnt.Ahousefirewouldincludeamixofwoodfrombuilding
construction, furniture, tools, domestic objects, and firewood stores. Hearth remains primarily contain
taxa that were intentionally gathered from nearby vegetation and burnt as firewood (Willcox 2002).
A household context is likely to contain a wider range of woods selected for a variety of purposes
and objects and thus is representative of the surrounding vegetation. Therefore the lack of taxa from
the oak woodland in the IronAge probably reflects a depletion of the trees from the plain that forced
the inhabitants of Sos Höyük to travel further into the Karapazarı Mountains to collect wood. 
 TheseedresultsfromSosHöyükalsoareindicativeofwoodlandreduction(Table2).IntheMid
dleBronzeand IronAge samples thepresenceofadiverseweedseed flora togetherwith sheep faecal
pelletsmay indicate theuseofdung fuelasawoodsupplement, similar to findings frommodernand
ancient Maylan in Iran (Miller and Smart 1984). Indeed, having examined a range of samples from
throughout theBronzeAge,MarkNesbitt (cited inNewton2004) found thatatSosHöyükweedseeds
onlyenteredthecharcoalrecordintheMiddleBronzeAgeandconcludedthatthiswassuggestiveofthe
introduction of dung fuel. In modern Yiğittaşı, dung bricks (tezek) are still used in the earth stove (tando
or) and as an occasional supplement to the coal and wood bought in Pasinler (Hopkins 2000).At Sos
Höyük,theremainsofdungfuelwerefoundintheLateBronzeAgeindustrialsectorpreservedasahighly
alkaline chocolate-brown layer and were probably incorporated as fuel supplement into a lime
productionpit(Sagonaetal.1997).Thus,astheoakwoodlandresourceswerecomingunderpressurein
theMiddleBronzeAge,dungfuelmayhavebeenusedasafuelsupplement.
 This pattern of woodland depletion is comparable to findings from Malyan in Iran, Aşvan in south
easternAnatoliaandpollencoresfromtheregion.DuringtheMiddleBronzeAgeatMalyan,juniperwas
exhausted from the pistachio-almond-maple-juniper woodland and was replaced as fuel by oak from
mountain slopes 10 kms away (Miller 1985). At Aşvan, charcoal analysis revealed that riverine taxa were 
severelydepletedovertheLateChalcolithicandEarlyBronzeAgefollowinginitialsettlementalongthe
river(Willcox1974).SometimeaftertheEarlyBronzeAgeandbeforethefirstcenturyBC,deforestation
oftheoakwoodlandledtothecultivationofpoplarandfinallytheimportationoftimberintheMedieval
Period. In Central Anatolia, the oak woodland around Eski Acıgöl is seen to decline sharply in pollen    
records from the Bronze Age, as the pine increases (Roberts et al. 2001). This decline of oak woodland is 
confirmedbyapollencorefromLakeImerainthehighlandsofEasternGeorgia,climaticallysimilarto
the Pasinler Valley, where the Quercus pollen decreases as the Pinus pollen increases in the second
millenniumBC(KvavadzeandConnor2005;Connoretal.n.d.).Thesamepattern ispresent inseveral
coresfromLakeVaninsoutheasternAnatoliawhereQuercuspollenstartsdecreasingafter4000BPand
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Pinuspollenbeginsexpanding(Wicketal.2003:673;ZeistvanandWoldring1978:270).Deforestationin
thehighlandsofeasternTurkeyduringtheLateBronzeAgeisapparentthroughincreasedsedimentation
along the Euphrates River Valley, when land clearing and climate desiccation caused increased erosion 
(Kuzucuoğlu 2003).  

Human Impact 
Human impact, either direct, through tree felling and fires, or indirect, through animal grazing, is the
probablecauseofdeforestationinthePasinlerValley.AtsomepointbetweentheMiddleBronzeandIron
AgeatSosHöyük,arborealdiversitydecreasedconsiderably.IntheLateBronzeAge,theentirenorthern
sectorofthesitewasanindustrialquarter,withsignsofintensiveboneprocessingformarrowextraction
andacomplexofpits forplastermanufacture(Sagonaetal.1998). Inthesepits limestonewasburnt to
producelimeplaster,usedinantiquityforfloors,bowls,statuesandotherartefacts(Sagonaetal.1997,
Miller 1990a). Lime manufacture required high temperatures and much fuel, one ton of lime plaster
requiring two tons of limestone and two tons of wood fuel for burning (Miller 1990a). Fresh wood or
charcoal can be used to convert limestone into plaster. Charcoal has a higher calorific value but its
productionisveryinefficientandrequiressaplingtimber(Miller1985).WorkatBronzeAgeMaylanand
surrounds found that certainvillageswerecentresof limeproduction that serviced thenearbyvillages
thathadnokiln(Miller1990b).ItcouldbethatSosHöyükwasonesuchcentreoflimemanufacturefor
some of the villages in the Pasinler Valley in the Late BronzeAge. The quantities of fuel required for
plasterproductionincombinationwithlandclearingforagricultureandtheusualwoodprocurementfor
hearths and housing may have placed excessive pressure on the vegetation of the Pasinler Valley and
contributed to the decline of the oak woodland. In particular, oak has the characteristics necessary for
goodcharcoalmanufacture(Horne1982).Selectionofsaplingsforlime-makingwouldhaveimpingedon
oakproliferationandovertimereducedtheextentoftheoakwoodland.Theadventofironworkingin
thePasinlerValleymayalsohaveaffectedthevegetationcover.
 Intandemwithwoodfuelcollection,livestockgrazingmayhavediminishedtheplantresources
ofthePasinlerValley.SheepandgoatswerethemostprevalentanimalsslaughteredintheEarlyBronze
and Iron Ages (Howell-Meurs 2001:90) and were probably the primary herd type throughout the
occupationofSosHöyük,justastheyaretoday(Sagonaetal.1997).Theseanimalsgrazeonsoft-leaved
vegetation, and are noted to prefer oak (Riehl 1999). As flocks of sheep and goats range across the land 
they constantly graze, killing freshly germinated seedlings and defoliating saplings. Over time, this
would prevent the growth of the new generations of trees and eventually stop regeneration of certain
species. InCentralAnatolia,mostwoodland remnantsare foundon isolated rockoutcropswhere they
are protected from grazing (Woldring and Cappers 2001). Grazing promotes the proliferation of anti-
herbivoroustaxawithprotectivespinesandunpalatableleavesandselectsagainstsoft-leavedtaxa.Inthe
Pasinler Valley, Crataegus and Rosa shrubs, both bearing woody spines, are present, whereas 
unprotected trees are rare, located in marshes and sheltered mountain niches (Newton 2004).
Furthermore,shepherdsandgraziersofnorth-easternAnatoliaoftenburnthesubalpinemeadowsinthe
autumn to promote grass growth after winter (Connor et al. 2004). For the mesophilic open oak
woodland,intensivegrazinginthePasinlerValleytogetherwithincreasedfuelprocurementintheLate
BronzeAge,mayhaveledtoitsdepletion.

Climatic Aridity  
OvergrazingintheLateBronzeAgemayitselfhavebeenafunctionoftheincreasingclimaticaridityin
this period. From the beginning of the Holocene, humidity increased in the Near East which, with the
improvedclimaticconditions,enabledtheoakwoodlandstofirstexpandalongtheMediterraneancoasts
and then, after a 3000-year delay, expand in the montane interiors of Anatolia as found at Eski Acıgöl and 
Lake Van around 8200BP (Roberts et al. 2001; Wick et al. 2003). This climatic optimum was maintained 
throughtheBronzeAgeuntil4000BPwhenhumiditylevelsbegantodecrease,whichloweredthewater
levels at Lake Van (Wick et al. 2003; Lemcke and Sturm 1997) and Eski Acıgöl  (Roberts et al. 2001). At  
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Lake Van the oak woodlands were depleted and the drought intolerant trees from Eski Acıgöl were consi
derably reduced (Roberts et al. 2001; Wick et al. 2003). Similarly in Eastern and Southern Georgia, rainfall 
andtemperaturekeptincreasinguntil4500BP,permittingoakforestexpansionandtheraisingofthetree
line before conditions began to deteriorate around 3500 BP (Kvavadze and Connor 2005). The Pasinler
Valley in the second millennium BC, located between Lake Van and Georgia, was probably similarly
affected,withthetreelineloweringanddecreaseofoakwoodlandinanalreadymarginalenvironment,
leaving pine as the dominant tree by the IronAge, as occurred at Lake Imera (Kvavadze and Connor
2005).AtLakeVan(Wicketal.2003)andGravgazinSouthwestAnatolia(Vermoereetal.2000)theoak
woodland’s decline is interpreted as a product of Holocene desiccation reducing the oak woodland’s
climatically favourable distribution. In contrast, at Eski Acıgöl after the loss of the drought intolerant  
species at the onset of the Holocene arid phase, the oak pollen has a delayed but marked fall which
Roberts et al. (2001:733) interpreted as an anthropogenic change. Around Sos Höyük, as at Eski Acıgöl,  
thegrowingclimaticaridity fromtheMiddleBronzeAge onward, in tandemwithhumanagricultural
andsettlementpractices,mayhaveledtothedepletionoftheopenoakwoodland.
 Indeed over several years, increased summer aridity may have hastened the death of pasture
plantsearly inthesummer, leavingtheflocksofgoatsandsheeptograzeonthesurroundingtreesfor
theremainderoftheseason(Newton2004).Thesetrees,intheLateBronzeAgewerealreadyindecline
duetodecreasedrainsinthespringgrowingseason(Wicketal.2003).Todaysemi-nomadicherdersfrom
southern Turkey walk their flocks over the Taurus Mountains into Erzurum to graze on the Karapazarı    
plateau for the summer months (personal observation). This is a tradition that may have occurred for
thousands of years (A. Sagona personal communication). With increased aridity across the Near East
duringtheLateBronzeAge,theamountofmigratoryherderstravellingtotherelativelyrichpasturesof
thePasinlerValleyinsummermayhaveincreased.Asamodernanalogue,theinfluxofmigratorycattle
herds to Lake Victoria in Tanzania during a recent arid period caused substantial deforestation and
promotionofcattle-tolerantspecies(HongoandMasikini2003).
 Therefore, thesepreliminary findings suggests that thedepletionof theopenoakwoodland in
the Pasinler Valley was initiated by the onset of climatic aridity in the Middle Bronze Age and was
exacerbatedbyhumanactivities.ItshouldberememberedthatSosHöyükisnottheonlyknownsettlem
entinthevalley.AsurveyofthePasinlerregionlocated22MiddleBronzeAgesitesscatteredacrossthe
valleyfloorand45IronAgesitesmainlyinthefoothillszone(NEAAP).BythetimeXenophonmarched
through the Pasinler Valley in the fourth century BC the abundant woods he passed were probably
composedprimarilyofpineandbirch.ThetimingofthefinaldeforestationofthePasinlerValleywhich
eliminatedthepineandbirchforestsisuncertain.
 A pollen record from north of Sos Höyük, dating back 700 years (620±60 BP), indicates that
since then the arboreal vegetation on the Karapazarı Mountain slope has been sparse, with only a few  
isolatedpinesandbirches(Connorpersonalcommunication).Tothesouth,onthenorthernslopesofthe
Palandöken Mountains, pine and birch may have been more common. Today, the mountain slopes are
practically treeless. This final deforestation probably occurred in the last 500 years, when a sizable
nomadic population of Eastern Anatolia settled to form village communities (McNeill 1992). Yiğittası,  
thevillageofSosHöyük,mayhavebeenresettledatthistime.AtVantheoakwoodlandwasclearedwith
inthelast600years(Wicketal.2003),coincidingwithvillageproliferation.IndeedErzurumrecordeda
two thousand-fold increase in population in the 16th Century AD (Jennings 1976). The effect of this
populationshiftwasseenbytheFrenchbotanistJosephPittondeTournefortin1702.Travellingthrough
Erzurumhecommentedon‘thescarcityanddearnessofWood.NothingbutPine-woodisknownthere,
and that too they fetch two or three days Journey from the Town; all the rest of the Country is quite
naked.’(Tournefort1718:194).AsTournefortpassedthroughthePasinlerValleyhenoted‘Thereisnota
Tree to be seen in all this part of the Country, which otherwise is flat, well cultivated and water’d as
abundantlyastheFieldsofErzeron[Erzurum]’(Tournefort1718:212).Bythe18thcenturyADtheforests
ofthePasinlerValleyweregone,perhapsfelledonlyafewcenturiesbefore.


132



Conclusions	

From these preliminary findings, a picture of deforestation in the Pasinler Valley emerges from the
macrobotanical remains of the Late Chalcolithic, Middle Bronze and Iron Ages. The modern alpine
meadows of the Pasinler Valley are a cultural landscape, created by two distinct deforestation events.
Whilethisstudywaslimitedtoonlythreeloci,anumberofinitialobservationscanbemade.IntheLate
Chalcolithic,initialoccupantsofthesitegatheredtheirwoodfromnearbyintheriparianwoodland,oak
woodlandontheplainandfromthemountainpineforest.IntheMiddleBronzeAgetheinhabitantswere
exploitingthefullrangeofvegetationtypeshypothesisedforthePasinlerValley,collectingtimberfrom
the nearby riparian woodland, the open oak woodland and the pine and birch forests on the southern
slopes of the Karapazarı Mountains. By the Iron Age only the riparian woodland and the mountain pine  
and birch forests were used for wood gathering. Representatives of the oak woodland on the plain were 
absentfromtheIronAgesample.ThissuggeststhatsometimebetweentheMiddleBronzeandIronAge
theoakwoodlandwasdepletedwhichis inaccordancewithfindingsfromLakeVan(Wicketal.2003),
Eski Acıgöl (Roberts et al. 2001), and Eastern Georgia (Kvavadze and Connor 2005). The use of dung fuel 
as a supplement for firewood may indicate that the deforestation of the Pasinler Valley was a gradual
processbeginningintheMiddleBronzeAge.Increasingclimaticariditytogetherwithgoatgrazing,land
clearingandintensifiedindustrialactivitiesinsettlementsmayhavecontributedtothedeclineoftheoak
woodland in the late second millennium BC and caused the inhabitants of Sos Höyük to change their
wood procurement strategies. The final deforestation of the Pasinler Valley, the felling of the pine and
birchforests,occurredpriorto1700ADperhapsasaresultofthesettlingofthenomadicpopulationof
EasternAnatolia. This two-tiered deforestation model may be the pattern for vegetation change across
the highland regions of the Near East. Due to the limited nature of this study further analysis of the
charcoalsfromSosHöyükisneededtoconfirmthesetrendsandtohelpclarifythetimingoftheseevents.
Future investigations into the archaeobotantical material of Sos Höyük and neighbouring sites may
modifytheseinitialconclusions.
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Abstract	

Themulti-disciplinarymethodsusedtoinvestigateearlyagricultureatKukSwampintheHighlandsof
NewGuineaareoutlined.Methodsadoptedduringtheoriginalinvestigationsinthe1970s(directedby
JackGolson,withPhilipHughesfrom1974),aswellasduringrenewedinvestigationsatthesite(directed
by Tim Denham from 1997 under Golson’s supervision) are considered. Three methodological
contributions to the study of early agriculture and plant exploitation are highlighted: X-radiography,
biostratigraphic markers, and the integration of macrofossil and microfossil analyses. One outstanding
methodologicalproblemisconsidered,therepresentativenessofdifferentcomponentsofafeaturefillfor
reconstructionsofpastcultivationpractices.Thoughtsonanintegratedmethod(macrofossil,microfossil
andmolecular)forfutureresearchonearlyagricultureandarboricultureintheregionarepresented.

Keywords: Multi-disciplinary method; early agriculture; X-radiography; biostratigraphic markers;
macrofossilsandmicrofossils
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Introduction	

Multi-disciplinaryinvestigationsatKukSwampintheUpperWahgiValleyhaveconfirmedNewGuinea
to be a centre of early and independent agricultural development (Denham et al. 2003, 2004a, 2004b;
Golson 1977, 1991; Golson and Hughes 1980; Hope and Golson 1995). These investigations have
identified successive periods of manipulation of the wetland margin for plant exploitation and swamp
drainage for cultivation. Although claims for agriculture dating to 10,000 years ago are contentious
(Phase 1; Denham 2004a; Denham et al. 2004a), there is general agreement that mounded cultivation
occurred on the wetland margin at c. 7000/6500 cal. BP (Phase 2; Denham et al.  2003, 2004a). From
approximately 4000 years ago to the present (from Phase 3 onwards), the wetland was periodically
drained using ditches. The agricultural history at Kuk, at least from approximately 6000 years ago, is
corroboratedbyarchaeologicalandpalaeoecologicalfindingsatothersitesintheNewGuineaHighlands
(Denham2003a,2005a;Golson1982;Haberle2003;Powell1982a).
 In this paper, the multi-disciplinary methods used to investigate early agriculture at Kuk are
summarised. The rationale of the methodological approach adopted is outlined and three significant
methodological contributions are sketched. A subsequent methodological problem arising from the
researchisconsidered.Thepaperconcludeswithsomethoughtsondevelopingnewintegratedresearch
methodologiesforfutureinvestigationsofplantexploitationinthePacific.


The	multi-disciplinary	method:	Description,	rationale	and	value	

Initial claims for early and independent agriculture in New Guinea were based on multi-disciplinary
investigations at Kuk directed by Jack Golson from the 1970s onwards (and with Philip Hughes from
1974; Golson 1977, 1991; Golson and Hughes 1980; Hope and Golson 1995). As discussed elsewhere
(Denham 2006), these claims were not universally accepted (Bayliss-Smith 1996; Spriggs 1996). The
reasonsforscepticismcentredonlimitationswiththemulti-disciplinarylinesofevidencepublishedfor
theearlyandmid-HoloceneatKuk.Theselimitationswere:
 •alackofpublishedarchaeologicalevidence;
 •uncertaintiesregardingthemodeofformationandfunctionofarchaeologicalfeatures;
 •alackofpalaeoecologicalevidencecontemporarywiththeearliestclaimedagricultural
 remains;and,
 •equivocalarchaeobotanicalevidenceforthepresence,useandcultivationofplants(cf.Powell
 1982b;Wilson1985).

 Denham’s multi-disciplinary investigations of early agriculture at Kuk, initiated from 1997
onwards,weredesignedtoaddresstheseevidentialdeficiencies(Tables1and2;Denham2003b).Ateam
ofresearchersfromarangeofdisciplineswasrequiredbecauseeachcontributedessentialinformationto
theinvestigationofearlyagricultureandplantexploitation:
 •Archaeology:evidenceofthefeaturesandartefactsassociatedwithformercultivation
 andplantexploitationpractices.
 •Archaeobotany:evidenceforthepresence,useandcultivationofedible,andotherwiseuseful,
 plants.
 •Dating:chronologicalresolutionforinterpretationsofpasthumanactivities.
 •Palaeoecology:evidenceofenvironmentaltransformationsassociatedwithformerpractices,
 andtheirdifferentiationfromclimaticandtectonic-inducedtransformations.
 •Stratigraphy:characterisationofformerpalaeosolsandsedimentationthroughtime,
 includingevidenceforpastsoilpreparationandtheeffectsofpost-depositionalprocesses.
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1.Archivalstudyofprevious
multi-disciplinary
investigationsin1970s
andearly1980s
        Integrationofarchaeological 
2.Newarchaeological      andmulti-disciplinary
excavationsatKukin      investigationstodetermine
1998and1999       typesofplantexploitation
        associatedwithPhases1,2
        and3atKuk
3.Newmulti-disciplinary
investigationsusingasuite
ofdating,palaeoecological
andstratigraphicanalyses

Table1.Overviewofthethreemainresearchcomponentsforrenewed(from1997)multi-disciplinaryinvestigationsof
earlyandmid-HoloceneremainsatKuk.

Research Field  Period  Methods 

Archaeology  Original Excavationtrenches(n=187)
     Archaeologicalandstratigraphicrecordinginplantation
     drainwalls(n=>15km)
   Renewed Excavationtrenches(n=19)
Dating1   Original Conventionalradiocarbondating(n=52;RSES,ANU)
   Renewed ConventionalandAMSradiocarbondating(n=36;
     RSESandANSTO)
Palaeoecology  Original Macrobotany:seedsandwood(n>500;J.Powell/L.Lucking)
     Phytoliths(n=30;S.Wilson)
     Pollen(n=31;J.Powell)
   Renewed Diatoms2(n=50;B.Winsborough)
     Insects(n=10;N.Porch)
     Phytoliths2(n=40;C.Lentfer)
     Pollen2(n=60;S.Haberle)
     Toolresidues(n=12;R.Fullagar,J.Field,C.Lentfer,M.Therin)
Stratigraphy  Original Depositionrates(P.Hughes)
     Chemicalandphysicalcomposition(M.Latham)
     Ferrimagnetism(R.ThompsonandF.Oldfield)
     Physicalcomposition(J.Powell)
     X-radiography(R.Blong)
   Renewed Thinsectiondescription(T.Denham)
     X-radiography(A.PierretwithT.Denham)
     X-raydiffraction(L.MoorewithT.Denham)

Notes:
1ConventionalandAMSradiocarbondatingundertakenbyResearchSchoolofEarthSciences(RSES),AustralianNational
University(ANU)andAMSdatingbytheAustralianNuclearScienceandTechnologyOrganisation(ANSTO).
2Duringthecurrentproject,diatom,phytolithandpollenanalyseswereundertakenbyspecialistson40‘paired’,or
comparable,samples,withadditionalsamplesforsometechniques.Severalofthesepairedsampleswerealsosubjectto
AMSdating.

Table2.Summaryofarchaeological,dating,palaeoecologicalandstratigraphicworkundertakenbyindividualsandorganisations
duringtheoriginal(directedbyJackGolsonwithPhilipHughes)andrenewed(directedbyTimDenhamunderGolson’ssupervision)
investigations.Notethattherenewedinvestigationssolelyfocussedonearlyandmid-Holoceneremains(Phases1,2and3).
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 OfparticularconcernduringtherenewedinvestigationsatKukwereissuesconcerningthecross-
correlation of multi-disciplinary lines of evidence. The results of many previous analyses could not be
readily cross-correlated with each other or with precision to stratigraphic and archaeological
provenances. A high degree of integration and precision was subsequently sought during renewed
investigations.
 Inthefieldsampleswerecollectedusingsectionsofzincpiping.Thelocationandsurveylevels
ofthesetinsweremarkeddirectlyonexcavationplansandstratigraphicprofiles(seeFigures1a).Inthe
laboratorymulti-disciplinarysub-samplingofthetinsoccurredtoenablethecross-correlationofresults
(see Figure 1b). The majority of diatom, phytolith and pollen samples, as well as someAMS samples,
were paired, i.e., they were obtained from adjacent, comparable provenances. Three methodological
contributionsofthesemulti-disciplinaryanalysesareconsideredhere.





























1. X-radiography 
Comparative X-radiography and photography of undisturbed soil monoliths provide a meso-scale
investigation of soil and sediment characteristics often missing in archaeological investigations
(Gilbertson 1995). Meso-level analysis links macro-level field descriptions to extremely detailed
micromorphological studies, i.e., thin section description. Following Hamblin (1962), Krinitszky has
shown that ‘“thick bedded” or “massive” sedimentary deposits really contain many complex primary
structures that are visible with X-rays but are otherwise poorly expressed or invisible’ (1970:47). More
recently,X-radiographyhasbeenusedatarchaeologicalsitestodetectsoilstructuresandpedoturbation
(Butler1992),torevealtephralensesinpeats(DugmoreandNewton1992),andtorapidlyassessprimary
andsecondaryattributesofdepositspriortosubsequentanalysis(Barham1995).

Figure1.FieldandlaboratorysamplingatKuk:(a)Sectionofthestratigraphyindicatingthelocationofmonolithsamples;and,
(b)Idealisedrepresentationofmulti-disciplinarysub-samplingfromamonolith.Inpractice,thinsectionsandsometimesX-rays
wereoftenderivedfromamonolithpairedwiththatusedfordating,palaeoecologicalandsedimentologicalsub-sampling.
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 AtKuk,X-radiographyhasbeenusedtoinvestigatemassivelystructuredfillsofarchaeological
features, as well as major stratigraphic units, and to guide further sampling. During recent work, X-
radiography has revealed structures associated with former palaeosols (Figure 2a) and the degree of
pedogenic homogenisation within a sample. The differentiation of deposits that retain their original
stratification (Figure 2b), as opposed to those that have been subject to extensive post-depositional
pedogenic modification (Figure 2c), has proven highly significant for the choice of samples for
subsequentanalysis, forunderstandingsiteformationprocesses,andfortheinterpretationofanalytical
results(seebelow;Denham2003b).
































 
2. Biostratigraphic markers 
Multi-scaleandmixed-methodanalyses(followingCanti1995;Denham2003b),incorporatingtheresults
oftheoriginalandrenewedinvestigations,haveenabledcharacterisationsofthearchaeostratigraphyat
Kuk (Denham 2003b). Of concern, and in contrast to previous sedimentary interpretations of the
stratigraphyatKuk(Hughes1985;Hughesetal.1991), themajorityoftheHolocenestratigraphyatthe
siteappearstohavebeensubjecttoconsiderablepedogenesis,orsoilformation.Soilformationprocesses
generally admix deposits through various forms of biological and mechanical pedoturbation.
Consequently,theextentofpedogenesisneedstobetakenintoaccountintheinterpretationofanalytical
resultsonsamplesusedfordatingandpalaeoecologicalanalysis.

Figure2.X-rayabsorptionimagesforsamplesfromKuk:(a)X-rayimageshowingrecentvertically-orientedvoids(lightareas),which
aretracesofbioturbationbyeithersoilmacrofaunaorplantroots,andolderlimitedpalaeosoldevelopmentforthefillofa10,000
year-oldpalaeosurfacefeature(Phase1;sample920);(b)X-rayimageshowinghighdegreeofpreservationofstratificationwithina
10,000year-oldpalaeochannelfill(Phase1,channel101;sample902A);and,(c)X-rayimageshowingwell-homogenisedblackclay
stratigraphicunitwithsuperimposedverticallyandhorizontallyorientedvoids(lighterareas)representingrecentrootandmicrofaunal
activity(mid-Holoceneage;sample936).Eachsampleis8cmwide.
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 Awayofassessingtheeffectsofpost-depositionalprocesses,suchaspedogenesis,istocompare
the archaeostratigraphy of the site against biostratigraphic markers. It can be assumed that if post-
depositional processes have predominated, then the characteristics of macrofossil and microfossil
assemblages within samples of similar provenance and age would be partially inter-mixed with those
from adjacent — most probably higher and lower — contexts. However, if archaeostratigraphic units
retaintheiroriginalpalaeoecologicalcharacteristics,i.e.,thosethatreflecttheecologyoftheenvironment
at the time of formation, then samples from similar provenances and age should share similar
biostratigraphictraits.
 Themethodforassessing
biostratigraphic integrity at
Kuk is based on a Principal
Components Analysis (PCA) of
the pollen analysis (Figure 3;
see Haberle et al. n.d. for a
fulldiscussion).Anexamination
of groupings clearly shows that
samples from the same major
stratigraphic units, i.e., black
clay, grey clay and Pleistocene
organic peat, cluster together.
Furthermore, the basal samples
from Phase 2 feature fills form
a tight cluster, which is
significant, because it suggests
that the basal fills of Phase
2 features have retained
their original biostratigraphic
characteristics and are reliable
indicators of past environments
when the Phase 2 palaeosurface
was in use. In contrast, the
biostratigraphic signatures for
the fills of Phase 1 features are
highly variable, which suggests
thatthePhase1palaeosurfaceis,
in part, a palimpsest of features
ofdifferentages.

3. A suite of macrofossil and 
microfossil techniques 
A combination of archaeobo-
tanical and palaeoecological
techniques (see Table 2) has
yielded evidence for the
presence, use and cultivation of
a range of crop plants at Kuk
from the Pleistocene to the
recent past (Table 3). Only the
earliestoccurrencesofplantsare
noted, after which food plants

Figure3.PCAplotof60pollensamplesshowingbiostratigraphicgroupingsincluding
majorstratigraphicunitsandtherelativelytightclusterofsamplesfromthebaseoffive
Phase2features.
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are considered to have been continuously present in the vicinity. Previous deficiencies in obtaining
evidenceoffoodplantsbasedonmacrobotanicalandpollenanalyseshavebeenovercomebyemploying
phytolith analysis of archaeostratigraphic samples and starch grain evidence of tool residues. These
techniques have opened up new avenues for exploring subsistence in the past in New Guinea, as well
as other parts of the world (see Piperno 2006 and Torrence and Barton 2005 for recent reviews).  Of
most significance are phytolith evidence for the cultivation of Musa bananas from 7000–6500 cal. BP
(see discussions in Denham et al. 2003, 2004b) and starch grain analysis of residues from stone tools
indicatingtheexploitationoftaro(Colocasia esculenta)andayam(Dioscoreasp.)fromtheearlyHolocene
(Fullagaretal.2006).

Species/Genus1          Exploited Edible  Evidence4      Earliest 
           Form2  Part(s)3         Record5 


Abelmoschussp.6   c  l,sh  s  Pleistocene
Acalyphasp.   w,t  l  s,w,p  Pleistocene
Castanopsissp.   w,t  n  w,p?  Pleistocene
Cerastiumsp.   w  p  s  Pleistocene
Coleussp.   w  l  s  Pleistocene
Ficus cf. copiosa6   c,w  f,l  s  Pleistocene
Ficusspp.   c,w  l,f  s,w  Pleistocene
Garciniasp.   w  f,l,b  w  Pleistocene
Hydrocotylesp.   w  l?  s  Pleistocene
Lycopodiumspp.   w  sh  p  Pleistocene
Maesasp.   w  f  w  Pleistocene
Musaceae   c,w  f,c  ph  Pleistocene
Oenanthe javanica  c,w  l,sh  s,p  Pleistocene
P. antaresensis   w  d  p  Pleistocene
P. brosimos   c,w  d  p  Pleistocene
Pandanussp.   c,w  d  s,p  Pleistocene
Parsonsiasp.   w  n  p  Pleistocene
Phragmites karka   w  l,r,sh  ph  Pleistocene
Pouzolzia hirta   w  l,st  s  Pleistocene
Rubus moluccanus  w  f  s  Pleistocene
Rubus rosifolius   w  f  s  Pleistocene
cf.Setaria palmifolia  c,w  s  ph  Pleistocene
Solanum nigrum   c,w  l,sh  s  Pleistocene
Syzygiumsp.   w  f  w  Pleistocene
cf.Zingiberaceae  c,w  r,l,sh  ph  Pleistocene
Colocasia esculenta  c  c,l  st  P1
Dioscoreasp.   c,w  t  st  P1
Elaeocarpaceae   w  n  p  P1
Ipomoeasp.   w  sh  p  P1
Typhasp.   w  st  p  P1
Wahlenbergiasp.   w  p  s,p  P1
Musasectionbananas7  c,w  f,c  ph  P1?
Ingentimusasectionbananas7 w  f,c?  ph  P1?
Solanumsp.   c,w  f,l,sh,t  s  pre-P2
Commelinasp.6   c,w  l,sh  s  P2
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Species/Genus1          Exploited Edible  Evidence4      Earliest 
           Form2  Part(s)3         Record5 


Drymaria cordata6   w  l?  s  P2
Floscopasp.6   c,w  l,sh  s  P2
Viola arcuata   w  l?  s  P2/P3
Amaranthussp.6   c  l,p  s  P2/P3
Bidens pilosa6   w  s  s  P2/P3
Selaginellasp.   w  l  p  P3

Notes:
1ListofediblespeciesatKukbasedonethnographicallydocumenteduseofplantsinNewGuinea
(M.Bourken.d.andpers.comm.2002;French1986;Haberle1995;G.Hopepers.comm.2002;Powell
1976:108–12;PowellandHarrison1982:57–86;Powelletal.1975:15–39).Ediblespecieshavebeenreported
fromotherearlytomidHolocenesitesintheHighlands8,9,10.
2Exploitedform:c=cultivated,w=wild,t=transplanted.
3Ediblepart(s):c=corm,d=drupe,f=fruit,g=gourd,l=leaf,n=nut,p=plant,r=rhizome,s=seed,
sh=shoot,st=stem,t=tuber.
4Evidence:ph=phytolith(byCarolLentfer),p=pollen(bySimonHaberle),s=seed(byJocelynPowelland
LaurieLucking),st=starch(byRichardFullagarandJudithField),w=wood(byJocelynPowellandLaurie
Lucking).Onlythosetechniquesrelevantfortheearliestrecordedoccurrencearelisted.
5Earliestrecord:Pleistocene(Pleistocene);Phase1contexts(P1);possiblePhase1associationorimmediately
post-datingPhase1(P1?);contextspost-datingPhase1andpre-datingPhase2(pre-P2);Phase2contexts
(P2);Phase2orPhase3contexts(P2/P3);and,Phase3contexts(P3).
6Identificationtothegenusorspecieslevelshouldbeconsideredprovisionalbecauseitisbasedonasingle
seedsample.
7TheidentificationofAustralimusaphytolithsfromaPhase2contextatKuk(Wilson1985:Table3)is
excludedbecauseitwasbasedonasinglesampleandnoAustralimusaphytolithmorphotypeswere
identifiedbyCarolLentferfromPhase1–3contextsatKukduringrenewedinvestigations(Denhametal.
2003:192).
8Gourdfromamid-Holocenecontextdatingto5665–5325cal.BPatWarrawau(ANU288and2086;Golson
2002:74)wasoriginallyreportedasLagenaria siceraria(Powell1970b:144–5)andLagenaria cf. siceraria(Powell
1970a:199).Golson(2002:73–5)considersitmorelikelytobeBenincasa hispidabasedontheidentificationof
thisspeciesfromalateHolocenecontextatKana(Matthews2003).Giventhelackofmacrobotanical
investigationconductedonthegourdremainscollectedin1966and1977,andwhichcouldnotbelocatedin
archivalmaterialsduringrenewedinvestigations,theyareregardedtobe‘gourd(speciesunknown)’.
9Saccharum officinarumdatingtoc.5200cal.BPatYukuwasreportedbyBulmer(1975:31)althoughthebasis
fortheidentificationisunknown(Yen1998:168).
10Benincasa hispidahasbeenreportedfromKanaanddatedto2950–2000cal.BP(ANU9487;Matthews2003;
MukeandMandui2003).

Table3.ListoftheearliestoccurrenceofedibleplantsdocumentedforallphasesatKuk(augmentedandupdatedversionofDenham
2005b:Table2).

 The suite of food plants present at Kuk is similar to those harvested wild and cultivated in
gardensacrosstheUpperWahgivalleytoday(Powell1976;Powelletal.1975).Therangeoffoodplants
potentiallyavailabletoformerinhabitantsincludesstarchystaples,vegetables,andfruitandnut-bearing
trees(seeDenham2005bandDenhamandBarton2006).Althoughresidueanalysisprovidesevidencefor
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theuseoftaro,ayam,andasyetunidentifiedplants,mosttechniquessolelyindicatetheavailabilityofa
wide range of edible plants. However, taken together, the suite of plants could have supported broad-
spectrum subsistence practices from the beginning of the Holocene, and potentially earlier (Powell
1982a:211).
 ThefindingsatKukindicatetheimportanceofusingacombinationofmacrofossilandmicrofossil
techniques in the investigation of plant exploitation in the past. Although macrofossil techniques —
primarilythemacrobotanicalinvestigationofthehardpartsofnutsandfruits,aswellasseedsandwood
— have formerly predominated in New Guinean research, it has long been recognised that these
techniques provide only a partial view of plant exploitation in the past (Golson and Ucko 1994; Powell
1970a). Only with recent advances in phytolith (Bowdery 1999; Denham et al. 2003, 2004b; Lentfer and
Green 2004), pollen (Haberle 1995), starch grain (Fullagar et al. 2006; cf. Loy 1994) and parenchyma
(Hather2000)researchhavearchaeobotanistsbeenabletoinvestigatepeople’suseofthemajorstarch-rich
staples of Pacific agriculture. At Kuk, microfossil analyses have provided evidence from the early
Holocene for the presence or exploitation of three of the major starch-rich staples of Pacific agriculture,
namelytaro,yamandbananasofMusasection(formerlyEumusa).Thesearchaeobotanicalfindsbroadly
corroboratephytogeographichypothesesandgeneticinterpretationsforthedomesticationofthese,aswell
asother,plantsintheNewGuinearegion(seedeLangheanddeMaret1999;Lebot1999;Matthews1995).


An	outstanding	problem:	Sample	representativeness	

Atmostsites intheAustralasianregion,multiplesamplesfromanarchaeologicalcontextorfeaturefill
are rarely subject to detailed archaeobotanical, dating or palaeoecological analysis.Although there are
exceptions,theseareusuallylargerfeaturessuchasmiddendeposits,e.g.,theDonganmidden(Fairbairn
andSwadling2005;Swadlingetal.1991),andpalaeochannels,e.g.,atKuk(Powell1982b;Wilson1995).
Forsmallerfeatures,ithasbeencommonpracticetointerpretasubsampleoffill—particularlyabasal
fill — as representative of the human practices accompanying the formation or use of the feature as a
whole.
 During the renewed investigations at Kuk, multiple samples were taken from larger (i.e.,
palaeochannels) and smaller (i.e., palaeosurfaces) features. Multiple subsamples of fill were subject to
multi-disciplinaryandpairedanalyses.Althoughtheresultsindicatedquitehighdegreesofvariabilityin
the biostratigraphic signatures and age for the fills from several palaeochannels, such results were
anticipated based on studies of channel fill composition and chronology in other parts of the world
(Brown1997:48–54).Surprisingly,multiplesamples fromthe fillsofshallowpalaeosurface featuresalso
indicated relatively high degrees of biostratigraphic variability — both within and between features;
variability was more marked for Phase 1 features and less so for Phase 2 features. However, even for
Phase2 features, foreachofwhich three subsampleswereanalysed, therewasconsiderablevariability
betweentheupper,intermediateandlowersubsamples,eveniftherewasgoodagreementforthebasal
fills of all five Phase 2 features analysed (as discussed above). These findings suggest that different
environmentalconditionsanddifferentprocessesofformationareassociatedwithdifferentpartsofafill.
Although ithasbeenassumed that thebasalportionof the fill is themost representativeofpastplant
exploitation and cultivation associated with the formation and use of the feature, this assumption
requiresfurtherinvestigation.
 Different hypothetical interpretations of the processes leading to the formation of, and hence
representativeness of, the basal and other parts of the fill can be advanced (see Figure 4). These
hypothetical interpretationscastdoubtonthereliabilityofassumingthat thebasalportionof thefill is
representative of — at least in the case of Phase 2 features — cultivation practices associated with
formationanduse.Forexample,isthebasalportionofthefillformedshortlyafterinitialdiggingofthe
feature, thereby comprising largely inwashed residual materials, or does it represent materials that
slowly accumulated during cultivation on adjacent mounds (Figures 4a–c)?Additionally, the extent of
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pedogenesis accompanying and subsequent to the infilling of the feature is unknown (Figure 4d).
Dependingupontheformationscenario,plantmacro-andmicrofossilassemblagesinthebasalportions
of the feature fill may or may not be representative of cultivation on adjacent mounds (Figure 4e).
AlthoughinparttheseconcernscanbeaddressedthroughX-radiographyandthinsectionanalysisofthe
relevant fills, someuncertainties remainandare largelya functionof trying tounderstand the ratesat
whichinfillingofthefeaturesoccurredduringtheyearorsoofuse.





























 Inanattempttogaingreaterinterpretativeresolution,ithasbeennecessarytoadoptcontinuous,
multi-proxy (diatom,phytolithandpollenanalyses)andpairedsamplingstrategies through the fillsof
the feature and underlying deposits (Figure 5). The 1 cm wide slices used for X-radiography of the
stratigraphyhavebeensubsampledforPhase1,Phase2andPhase3featurefills—withthelocationof
all subsamples marked on the X-ray image. Although the results of these analyses are incomplete,
preliminary indications based on diatom and pollen analyses do facilitate greater interpretative
resolutionandshowclearpatternsinmulti-proxydatathatcanbereadilyinterpretedwithregardtosite
formationprocessesandformercultivationpractices.
 ThebasalportionoftheX-rayimagedepictslimitedaggregateformationatthebaseofa10,000
year-old(Phase1)feature(Figure5a).Thepalaeosolwasburiedbeneathmassivelystructuredgreyclay.
The vertically-oriented voids indicate recent pedoturbation. The summary pollen diagram (Figure 5b)
shows an increasing and then stable forest signal (samples H–D), which then dramatically declines
(samples C–B). The decline in forest cover corresponds to the period when the Phase 1 feature had
formedandwasinuse;manipulationofthewetlandwasoccurringlocallyinconjunctionwithaformof
plant exploitation. In the uppermost sample (A) the forest signal increases dramatically, although it is

Figure4.Schematicrepresentationofaformerlandsurface(a),subjecttomoundconstruction(b),inwashingfollowingconstruction
andduringuse(c),abandonmentandburial(d),andarchaeologicalexcavationandsampling(e).
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Figure5.Panelshowingthepreliminaryresultsofcontinuousandmulti-proxysamplingstrategyadoptedduringongoingworkatKuk:
(a)X-rayabsorptionimageoverlainwithlocationsofsubsamplesfordiatom,phytolithandpollenanalyses;(b)Summarypollendata
(courtesyofKaleSniderman);and,(c)Summarytableofdiatomdata(courtesyofBarbaraWinsborough).Notethatthesamplehad
partiallydesiccatedandshranktoc.7cmwidebythetimeofcontinuoussampling.

uncertainwhether this isdue to forest regeneration followingcessationofplantexploitation locally,or
inwashing of older sediments from the edge of the feature. The diatom record indicates locally wetter
conditions prior to feature formation (samples H–D), but the much lower frequencies of diatoms in
samplesC–Aindicatedrierconditionslocallywhenthefeaturewasinuseandhadinfilled.
 All three techniques — stratigraphic, pollen and diatom — provide complementary lines of
evidence. Together they indicate wetter and forested conditions locally, prior to manipulation of the
wetland margin for plant exploitation at 10,000 years ago.  The feature was dug and in use during a
short-livedperiodof locallydrierconditions thatwereaccompaniedbyareduction in forestcoverand
limitedsoilformation.


A	look	to	the	future	

In a series of papers, Bruce Smith has advocated and demonstrated the need for greater rigour in the
investigation of the archaeobotanical record (Smith 1998, 2001, 2005; Erickson et al. 2005). Smith has
developed a research methodology that utilises archaeobotany (primarily macrobotanical analysis) and
thedirectAMSdatingofidentifiedmacrobotanicalremains, inconjunctionwithcomprehensivegenetic
fingerprinting of modern crop plant distributions. By adopting this multi-disciplinary approach, the
present-day locations of wild progenitor populations of several domesticated crop plants have been
identified using genetics and compared to the earliest archaeological evidence demonstrating the
domesticationofthesamecropplants.
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 AlthoughawholesaleapplicationofSmith’smethodtothePacificcontextisunlikelyintheshort
term,giventhepaucityofarchaeobotanicaldataandarelianceonmicrofossilstoidentifyformerstarch-
rich staple crops, there is certainly a case for partial adoption. Indeed, recent direct AMS dating of
macrobotanicalremainsattheDonganmiddensitehasalreadyyieldedsignificantresults(Fairbairnand
Swadling2005); theoriginal reportofmid-Holocenebetelnut (Areca catechu)at thesite (Swadlingetal.
1991)hasprovedincorrectandthebetelnuthasbeenshowntobeamodernintrusion.Thereiscertainly
scope for the greater direct AMS dating of other potentially significant, yet controversial,
archaeobotanicalfinds,suchastheputativesugarcane(Saccharum officinarum)atYuku(Bulmer1975:31;
cf.Yen1998:168).
 However, there is an urgent need to improve, perhaps revamp, the methodologies used to
investigate plant exploitation in the Pacific. Firstly, the systematic and tandem employment of
macrofossil and microfossil techniques is essential to recover evidence for the presence, use and
cultivation of a range of edible plants, as discussed above with reference to Kuk. Without a suite of
techniques,onlyapartialviewofplantavailabilityanduseinthepastcanbereconstructed.
 Secondly, molecular databases for the major Pacific cultivars require to be systematically
compiled with accessions from all regions of the Pacific and Southeast Asia. Although this work is
ongoing, there is some variability in geographical coverage. For example, Lebot et al.’s (2004) genetic
characterisationsoftaro(Colocasia esculenta)includeaccessionsfromseveralregionsofMelanesia,Indo-
MalaysiaandSoutheastAsia,whereasasimilarstudyofthegeneticrelatednessofyamspecies(Dioscorea
spp; Malapa et al. 2005) excluded potentially significant centres of yam diversity, namely New Guinea
and the Indo-Malaysian archipelago. In the Americas, the resultant phylogenetic data for crop plants
havebeencomparedagainstmacrofossil(Smith2001)andmicrofossil(Sanjuretal.2002)records.
 Thirdly,ancientDNAresearch(aDNA)offersnumerouspotentialavenuesofresearchfromthe
identification of archaeobotanical finds to the construction of phylogenetic chronologies that could
theoretically track domestication, hybridisation, and the formation of new species and subspecies
(e.g., Erickson et al. 2005; Jaenicke-Després et al. 2003). Only once such an integrated methodological
approachisadoptedinthePacificwillitbepossibletofilloutrecentlyproposedconceptualframeworks
for the emergence of early agriculture (Denham 2004b, 2005b, 2007) and arboriculture (Fairbairn 2005)
intheregion.
 Finally,althoughtheinvestigationofearlyagricultureintheHighlandsofNewGuineahasbeen
ongoing for 40 years (Golson et al. 1967), there are still major research lacunae. Few archaeological
excavations have been undertaken in the Highlands over the last 30 years; consequently few wetland
agriculturalandcontemporaryoccupationsiteshavebeeninvestigatedorreportedindetail,andmostof
thesestudieswereundertakenbeforeseveralmicrofossil techniques (parenchyma,phytolithandstarch
grainanalyses)weredevelopedandapplied.Furthermore, the fewreadilyavailablespecialists in these
newtechnicalfieldsareoftenhinderedbypartialreferencecollections.Giventheserealities,itisessential
thatresearchersofearlyplantexploitationpracticesinMelanesiaco-ordinatetheiractivitiestomaximise
outcomes with respect to the limited available resources, and maintain a spirit of co-operation in their
pursuitofcommongoals.
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Abstract	

Marine shell has several advantages for radiocarbon (14C) dating in the Pacific — it is ubiquitous in
archaeological sites, is easy to identify to the species level, and can often be related directly to human
activity.Consequently, shellsareoneof themostcommonlydated14Csample typeswithin this region.
The modelled marine calibration curve and associated regional offsets (known as ∆R) originally construct
edbyStuiveretal.(1986),havebeenwidelyacceptedasthemostaccuratemethodforcalibratingsurface
marine14Cdates.Theuseofpublishedvalues,however,isnotstraightforwardbecausethesurfaceocean
14Creservoirisvariablebothregionallyandovertime,andbecauseofadditionaluncertaintieswiththe
reliabilityofsomeshellspeciesduetohabitatanddietarypreferences.Thispaperpresentsanoverview
of ∆R variability in Oceania and highlights areas of caution when using extant ∆R values, and when select
ingmarineshellfor14Cdating.ParticularattentionisgiventotheHawaiianarchipelagowherenumerous
∆R values are available for evaluation and the influence of ocean currents, estuarine environments and  
geologyisapparent.

Keywords:  Marine reservoir; ∆R; marine shell; radiocarbon (14C) dating; Oceania. 


Introduction	

A plant or animal that obtains carbon from a marine source (or reservoir) yields what is termed an
‘apparent age’. The surface ocean (down to around 200m depth) has an apparent 14C age that is, on
average, 400 years older than the terrestrial (atmospheric) reservoir. This is known as the marine
reservoireffect,andiscausedbyadelayinthe14C exchange between the atmosphere and ocean, and by 
the mixing of surface waters with upwelled, 14C-depleteddeepoceanwater(Stuiveretal.1986:982).This
reservoir effect is automatically corrected for when a marine shell conventional radiocarbon age (CRA)1
iscalibratedusingthemodelledmarine14C calibration curve (e.g. MARINE04: Hughen et al. 2004). The 
marine calibration curve represents a global average of the surface ocean 14C as it changes over time.
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Local and regional deviations from this global average, however, complicate the calibration of marine
samples. To account for this deviation a local correction factor, or ∆R — the difference between the model
led14Cageofsurfacewaterandtheactual14Cageofsurfacewateratthatlocality—needstobeapplied
to thecalibration.Thisvaluecanbecalculated fromcontemporaneous terrestrial/marinearchaeological
samples,orfrom‘historic’marinesamplescollectedpriorto1950,whoseageofdeathisknownprecisely
(i.e.annuallybandedcorals,shellsand/orotolithsofsurface-dwellingfish)(e.g.Druffeletal.2001,2004;
Dye1994;Guildersonetal.1998,2000;HighamandHogg1995).

 Samples for ∆R research must conform to a number of prerequisites regardless of what marine   
proxy is  chosen: 

 1.Thesamplemusthavebeencollectedlive,orthedateofdeathindependentlyvalidated.
 Forpre-1955shellsofknownage,thiscanbebythepresenceofdocumentation,orthefleshy
 remainsofananimal,orvalvesinarticulationwiththeligamentpresent.Forarchaeological
 hells,foodremainsfulfilthisrequirement.
 2.Thelocationofcollectionmustbeknown.
 3.Thesamplemustbeidentifiedtogenuslevel,andthedietaryandhabitatpreferencesofthat
 speciesmustcloselyrepresentthatofthereservoirbeinginvestigated(e.g.openocean,
 estuarine,etc).
 4. The date of collection must be known, and for historic proxies, the date of collection must be  
 before1955(i.e.priortodetonationofthermonucleardevices).2


 Presently, there is only a limited number of published ∆R values for Oceania (see Table 1 for a list 
of ∆R  values from pre-1950 marine proxies), most of which are readily available from the Marine Reservo
ir Database (http://radiocarbon.pa.qub.ac.uk/marine/). Unfortunately, for most of these values it is
impossible to know if the prerequisites discussed above have been rigorously adhered to. In particular, a 
numberofvalueshaveunknowncollectiondatesandareofquestionablelivecollection.Therearefewer
reliable ∆R values from archaeological terrestrial/shell pairs due to problems of association, and these are 
notaseasilyaccessibletoresearchers.
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 The limited available ∆R values and lack of guidelines governing the selection of an  appropriate 
∆R value for each island has been a continuing problem for the accurate calibration of dates on marine     
shell and other animals that subsisted on marine resources. This makes comparison of the chronology
between, and sometimes within, archaeological sites difficult (e.g. Specht and Gosden 1997;
Summerhayes 2001). Consequently, it is becoming increasingly important that researchers have an
understanding of ∆R variability and shellfish suitability for 14Cdating.Thispaperattemptstobeginthe
process of addressing this problem and presents a discussion of ∆R variability in Oceania,  here defined   
as Melanesia, French Polynesia, Polynesia, East Coast of Australia and Micronesia. ∆R values from New  
Zealand are not included.  An assessment of reliability for each ∆R value is given in Table 1 and discussed 
inmoredetailbelow.


Identification	and	diet	

 It is widely recognised that shellfish selected for 14Cdatingand∆R research must be identified    
to species level, and the dietary and habitat preferences of that species known.  In particular, algae 
grazers3 and deposit-feeders may have anomalously high ∆R values caused by the digestion of detritus in 
areas dominated by limestone geologies (Anderson et al. 2001; Dye 1994). Even in areas where limestone 
is absent, 14C dating of deposit-feeding species has resulted in anomalous 14C values due to the
consumption of carbon from a terrestrial source (e.g. Hogg et al. [1998] recorded unusual values for
Macomona lilianawhichcanswitchbetweenfilter-feedinganddeposit-feedingmodesdependingonthe
environment [Beesley et al. 1998:343]).  Despite these findings, deposit-feeding species regularly continue 
to be dated, potentially to the detriment of reliable 14C chronologies. Limited data are available for
carnivorous shellfish, but they are presumed to show an averaging effect depending on the carbon
reservoirsoftheirprey,andcouldthereforebesubjecttosimilaruncertainties.
 Petchey et al. (2004) noted anomalous ∆R values for deposit-feeding species from Ufa Island         
(Table 1, location 8), Malaita (location 7) and Ambrym Island (location 11), all of which are either 
limestone islands, or located near limestone deposits. The use of unsuitable shell species is also partly
responsible for the range of ∆R values available for the Hawaiian Islands (locations 34, 35 and 36).  Of the 
14pre-1955marineshellsreportedbyDye(1994),12areofherbivorousordeposit-feedingshellfishand
have a ∆R range of −479±120 yrs to 3842±100 yrs. Of these, Dye identified only three as coming from Pleist
ocene limestone coastlines (locations 34f and 34e) resulting in anomalously high ∆R values of 822±80 yrs, 
532±80yrsand776±80yrs.Thevalueof3842±100yrsforoneofthetwoshellsamplesfromPearlHarbour
(location34d)wasconsideredbyDye(1994:51)tobeanomalousandpossiblytheresultofhydrocarbon
contamination.Theuseofafossilshellfromthenearbylimestoneisalsoapossibility.Dyedidnotnotice
small pockets of limestone on the eastern coast of O’ahu at Waimanalo (Figure 2a, location 34c), which 
could be responsible for the ∆R of 502±70 yrs for Conus distans, a carnivorous gastropod. Similarly,
a ∆R value of 229±40 yrs for the deposit-feeding Tellina palatum from Waikane at the northern end of
Kaneohe Bay (Figure 2a, location 34a) is suspect since Kapapa and Kekepa Islands located within the bay 
areconsolidateddunesconsistingofsandfromancientlimestone(Stearns1938).
 Suspension-feeders (or filter-feeders) are usually considered the most reliable shells for 14C
datingbecausetheyconsumesuspendedphytoplanktonanddissolvedinorganiccarbonfromseawater,
and therefore more closely reflect the 14C content of the surface ocean (Forman and Polyak 1997:888).
Some bivalve species will, however, also engage in deposit-feeding activities depending on local
circumstances (Snelgrove and Butman 1994). Moreover, suspension-feeding species may give anomalous 
∆R values because of a hardwater effect where calcium carbonate from calcareous strata of disparate age 
becomes incorporated into the shell of animals that inhabit environs nearby (Spennemann and Head
1998). The incorporation of riverine material especially in estuarine environments (Dye 1994; Ingram 
1998;Southonetal.2002),andlocalizedhydrothermalactivityarealsoconsiderations.Theeffectofthese
varyingsourcesof14C on shellfish will depend upon the degree of water exchange with the open ocean 
coupledwiththespecificsofhabitatandgeology(Hoggetal.1998;Tanakaetal.1986).
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Geographic	location	and	oceanic	variability	

The 14Cof thesurfaceoceanmayalsodeviate fromthemodelledmarinecurveofHughenetal. (2004)
because of variations in upwelling and ocean currents (Stuiver and Braziunas 1993). The South Pacific 
islands are encircled by the South Pacific Gyre, which is driven by the high latitude eastward-flowing
Antarctic Circumpolar Current and the mid latitude westward-flowing South Equatorial Current (SEC) 
(Figure1).Coralcorerecordscollectedoverthelast20yearshaveenabledresearcherstobuildapicture
ofoceancirculationand14Cvariation.Datacollectedfromcorals intropicalsurfacewaters,suchasthe
Galapagos Islands tend to have higher ∆R values due to upwelling of old 14C-depletedwaters (Druffel
1987). Lower ∆R values have been recorded from southern subtropical waters (e.g. Rarotonga  (Table 1,     
location 25): ∆R = −52±27 yrs) and have been attributed to high air-sea 14C exchange and reduced mixing 
with older subsurface waters (Guilderson et al. 2000). Mixing of water from tropical and subtropical 
sourcesappearstoresultin midrange ∆R values as seen at Nauru (location 17: ∆R = 9±5 yrs), Guadalcanal 
Island (location 9: ∆R = −6±27 yrs), Fiji (location 24: ∆R = 43±12 yrs), and the Great Barrier Reef (location 
28: ∆R = 15±6 yrs; and location 29: ∆R = 8±6 yrs). There are currently too few 14C values to
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Figure1.Mapshowinglocationof∆RvaluesgiveninTable1andmajoroceaniccurrentswithinOceania.Oceaniccurrents:STF=
SubtropicalFront;SECC=SouthEquatorialCounterCurrent;SEC=SouthEquatorialCurrent;NECC=NorthEquatorialCounterCurrent;
NEC=NorthEquatorialCurrent;EAC=EastAustralianCurrent;NGUC=NewGuineaCoastalUndercurrent;ACC=AntarcticCircumpolar
Current(afterTomczakandGodfrey2001:111).



effectively evaluate the true extent or cause of ∆R variability in the Oceania region, but there is enough    
datafromspecificlocationswithinthePacifictohighlightthedegreeofpotentialvariationpossibleover
relativelysmallareas.
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Figure2.A.MapoftheHawaiianIslandsshowingplacesmentionedinthetext(Insert:LimestoneoutcropsaroundO’ahu[afterStearns
1978]).B.ConceptualdiagramofupwellingaroundtheHawaiianarchipelago(fromFlamentetal.1996:Plate10).



 To the western edge of the study area, seasonal interaction between the New Guinea Coastal 
Undercurrent, the SEC, and the North Equatorial Counter Current resulted in high reservoir values for 
shells from Watom Island (∆R = 261±101 yrs derived from marine/terrestrial archaeological material) and 
New Ireland (Table 1, location 1: ∆R = 365±50 yrs and 305±110 yrs) that are indicative of upwelled 14C-
depleted water (Figure 1).  A ∆R value of 43±68 yrs for the Duke of York Islands (location 3), less than 40 km
from Watom Island, is closer to other values recorded for the Coral and Solomon Seas. In this instance, it 
was hypothesised that the New Guinea Coastal Undercurrent brought higher 14CwatersfromtheCoral
and Solomon Seas into the channel between New Britain and New Ireland, shielding the Duke of York 
Islands from the effects of the upwelling noted above (Petchey et al. 2004, 2005). 
 The east coast of Australia is likely to be just as complex. On approaching Australia the southern 
branch of the SEC bifurcates near 18° S with the southern flow feeding the East Australian Current while 
the northern flow continues northwards along the Great Barrier Reef. This northern flow is suppressed 
during the summer monsoon season (Tomczak and Godfrey 2001:119) and when combined with ENSO  
El Niño/Southern Oscillation events (interannual fluctuations in atmospheric and oceanic circulation that    
occur every two to ten years), shifts in ∆R over relative short periods of time can occur (e.g. coral from the 
Abraham Reef returned a ∆R of −36 yrs in 1851 compared with 83 yrs in 1865) (Druffel and Griffin 1999:   
23, 610). It seems probable that these factors are partly responsible for the range of ‘open ocean’ values     
(−90±60 yrs to 30±50 yrs) for the east coast of Australia (Table 1, locations 28, 29, 30 and 32).  
 Further south, the Chatham Islands (Table 1, location 18) are located within the Subtropical Front 
(STF). At the STF, there is a transition from mixed Subtropical to 14C-depleted Sub Antarctic Surface
Waters (Heath 1985:87; Sparks et al. 1992:729). The high ∆R values recorded for the Chatham Islands  (244
±40yrsto94±40yrs)aretypical forregionswhere14Cdepletedwaterfromthedeepoceanisupwelled
(Stuiver and Braziunas 1993; Toggweiler et al. 1991). Unfortunately, limited information is published 
about theseshells,andadditionalcomplicationsofhabitatanddietare likelysince theywerecollected
from an area dominated by limestone and peat. A wide fluctuation in ∆R values is possible in areas of up
wellingwhichmeans14Cagesofshellsamplesfromislandsintheseareaswillbedifficulttointerpret.
Data collected from an AD 1760–1771 coral core from Urvina Bay on the west coast of Isabela Island 
(Galapagos Islands) has presented the most dramatic example of seasonal and yearly 14C variability
knowninthePacific(Druffeletal.2004).Higher14CvalueswerefoundduringJanuarythroughMarch,
whenupwellingwasweakorabsent,whilelowvalueswereobtainedmidyearduringstrongupwelling
— when the southeast trade winds are the strongest. The extreme range in ∆R values fell at 314±44 yrs in 
1765comparedtoavalueof26±4yrsfiveyearslater(Druffeletal.2004:628).
 A wide range in ∆R values is also recorded for the Hawaiian archipelago (Table 1).  While this      
variation can be partly explained by the diets of the shellfish selected (see above), unique oceanic 
conditions that occur around the islands may also be responsible. Northeasterly trade winds flowing 
through the Hawaiian Islands result in a distinct pattern of upwelling and downwelling in the lee of the 
islands(Figure2b)(Flamentetal.1996).Additionalcomplicationsarecausedbythepresenceofeddies
that are generated in the lee of the islands as they impinge on the North Equatorial Current. These 
conditions create an eastward ocean current (the Hawaiian Lee Counter Current) in the lee of the Big 
Island that draws warm water from the Asian coast 8000 km away. In response, a cold tongue of 
upwelled water emanates from the southern tip of the Big Island and extends westward (Xie et al. 2001).  
 If the available ∆R information for the Hawaii archipelago is reviewed with these observations in 
mind, a pattern emerges. Coral samples from Kona on the western coast of the Big Island (Figure 2a, 
location 36a: ∆R = −29±4 yrs) come from a sheltered area in the lee of the island where water is being dow
nwelled (Druffel et al. 2001:17). Conversely, samples from Kaulana on the southern tip of the island
(location 36b) (∆R = 290±100 yrs and 280±80 yrs) will have been subject to different oceanic conditions.  
Given the volcanic nature of the island (i.e. no limestone) these high values appear to be indicative of
upwellingof14C-depletedcoldwaterinkeepingwiththeobservationsmentionedabove.Thepicturefor
O’ahu is not as clear because of the presence of Pleistocene-age limestone and the diets of the shell 
species selected for ∆R (Table 1), but post-1970 coral core data from Kahe Point on the leeward side of
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O’ahu Island has also been considered to support downwelling (Druffel 1987:679). It seems likely, 
therefore, that ∆R values for Hawaii will be highly variable depending on the coast in question. This may 
also be true for other island locations, though eddies and wakes are not normally as large as those
present around Hawaii. One area that may be similarly complex is the southeast coastline of Australia. 
Here,largescaleeddiesformattheboundarybetweenwarmwateroftheCoralSeaandthecoolerwater
of the Tasman Sea (Tomczak and Godfrey 2001:126–128). Unfortunately, no data is currently available
alongthiscoastlineforanalysis.
 A high level of spatial control is also vital when dating shells from within lagoons. The ∆R value 
of shells from atoll lagoons will depend on the rate of exchange between the lagoon and the open ocean 
waters,whichisdependantonthenumberofchannels(hoas)aswellastheirdepthandorientationwith
respecttotheprevailingseaswell.The‘residencetime’isusedtocharacterizethelengthoftimeittakes
for water to exchange between the lagoon and the open sea. Throughout the five archipelagos that 
comprise French Polynesia the residence times of atolls and lagoons vary from five hours to 230 days
(Charpy 2002). Consequently, it is possible for the ∆R to vary considerably. Radiocarbon dating of live     
corals collected from within the lagoon of Reao Atoll (eastern Tuamotu Archipelago) by Pirazzoli et al. 
(1987:66) suggested a 14C activity that was in equilibrium with the atmosphere, while shells collected
from the outer reefs were in equilibrium with sea water (an apparent difference in CRA of 440±70 yrs,      
equivalent to a near 0 ∆R). Conversely, Paulay and Kerr (2001:1197–8) suggested that the local reservoir ef
fect for the Tarawa Atoll — part of the Tungaru Islands — was ‘inconsequential’ on the basis of 14C
measured from two specimens of Porites cylindrica collected in the 1860s from nearby Abaiang Atoll
(Table 1, location 26).  It is possible, however, that ∆R values for the two atolls may not be comparable
since the residence time of Tarawa Atoll has been calculated at around one week (Chen et al. 1995),
whereas Abaiang Atoll has more restricted water exchange with the open ocean as well as an influx of 
freshwatertothesouth(Smith1999).
 In areas of limited exchange with the open ocean, geology may also play an important role in 
determining the reservoir value of filter-feeding shellfish, and a hardwater effect may occur in areas
wherelimestonedominatesthebedrock.ThishasbeensuggestedforshellfishcollectedfromTongatapu
(Table1, location20).TongatapuisaraisedvolcanicatollwithaPleistocene limestonecapping,andan
internal lagoon separated from the ocean by a complex system of reefs and channels.  A ∆R of 87±74 yrs     
for Gafrarium tumidum  a filter feeding bivalve — from within Havelu lagoon was attributed to a
hardwater effect caused by evaporation that resulted in ground water discharge into the lagoon,
compounded by a long mean residence time of 31 days (Spennemann and Head 1998:1049–50).
Conversely, the low ∆R value of −157±68 yrs for the nearby islet of Pangaimotu was considered by  
SpennemannandHead(1998) torepresent14Cvaluesfortheopenocean.Thisvalueappears,however,
tobeunusualwhencomparedtootherpublishedopenoceanvaluesinthisarea(thoughasimilarvalue
is recorded for Porites lobata for Easter Island: ∆R = −113±18 yrs4).  A possible alternative suggestion
is enrichment in 14C caused by wind and wave action, because the reef flat surrounding Pangaimotu
is exposed regularly at low tide and water is less than 2m deep (Richmond and Roy 1986).  Forman  
and Polyak (1997:888) have argued that increased wind turbulence may augment transfer of enriched
14CO2 from the atmosphere reducing the reservoir effect (and result in a negative ∆R value) by 100 to  
200 years. A similar explanation has been given to enriched 14Cvaluesforshellfishgrowingintheopen
marine inter- tidal zone of Tairua Harbour, New Zealand (Hogg et al. 1998).  
 Estuarine reservoirs are also potentially complex due to the interaction and incomplete mixing  
of14Cfrombothterrestrialandmarinereservoirs(Ulm2002:322). This isespeciallyproblematicwhere
circulation is restricted. Kaneohe Bay, O’ahu Island (Figure 2a: location 34b) has a deep lagoon between 
an outer reef and the shore.  To the southeast of the bay low wave energies have enabled the streams
entering the bay to form small deltas (Bathen 1968; Moberly 1963:31). The range of ∆R values for Kaneohe 
Bay includes 44±60 yrs for a sample of Conus distans,229±40yrs forasampleofdeposit-feedingTellina  
palatum (see discussion above), as well as a low ∆R value of −479±120 yrs for a sample of Macoma  
(Scissulina) dispar. Macoma dispar is commonly found in areas of freshwater discharge (Dye 1994:52)

166



and the low ∆R value is likely to be caused by the incorporation of river-borne dissolved and particulate  
terrestrial organic matter. Ulm (2002:339) also noted that ∆R values calculated from estuarine marine/    
terrestrial archaeological pairs from central Queensland demonstrated a lack of consistency, which he 
attributed to estuarine-specific variation in terrestrial carbon input and limited exchange with the open 
ocean.Twoknown-agehistoricsamplesofVolachlamys singaporina,afilter-feedingbivalvefromnearthe
mouth of the Boyne River at Port Curtis (Table 1, location 31), gave divergent ∆R results (7±60 yrs and 117
±60yrs)whichmayalsoreflectestuarinevariability, thoughotherseasonaloceanographicfactorscould
beinvolved(seeabove).


Change	over	time	

Paleoclimate reconstructions using banded coral core records have indicated that there is long-term
marinereservoirvariability insomeregionsof thePacific (DunbarandCole1996:5;DruffelandGriffin
1993).  Archaeological studies (Deo et al. 2004; Ingram 1998; Reimer et al. 2002; Yoneda et al. 2001) have 
also demonstrated the importance of longer-term ∆R evaluation.  For archaeological shells, the age of       
death is determined by the dating of short-lived charcoal from pene-contemporaneous contexts. 
Unfortunately, few published archaeological shell/charcoal pairs can demonstrate irrefutable pene-
contemporaneity, in part because charcoal is rarely identified to short-lived species increasing the
likelihoodofinbuiltage(AllenandWallacen.d.;Kennettetal.2002),butalsobecauseofsitedisturbance
and the misidentification of food shells. Recently, Jones et al. (2007) and Petchey et al. (2005) have used    
a Bayesian methodology that allows some uncertainty in the dated events to be incorporated in the 
calculation. This methodology incorporates all chronological data rather than just the paired marine/
terrestrial sample approach traditionally used (originally outlined by Stuiver and Braziunas 1993). This 
has met with initial success for the Santa Cruz Islands (Solomon Islands) and Watom Island, but is not     
asubstituteforwellprovenancedandidentified14Csamples.


Conclusion	

Thereare limitedpublishedpre-1950 ∆R values for the islands that make up Oceania, and only a few  
conform to the prerequisites for ∆R selection listed above. The most problematic values are those for
deposit- feeders and other species that may incorporate sediment in their diets. These deposit-feeding
shellfishshouldbeavoidedforbothroutine14C dating and ∆R studies. Where several ∆R values are avail
ableforaparticularregion,itbecomesapparentthatsignificantvariationispossibleovershortdistances.
Consequently, it is recommended that the ∆R value used for the calibration of archaeological shell samples
belong to the same island. Annually banded corals clearly demonstrate seasonal and longer-term
variation, but they are geographically few in number and may not directly relate to the same
environmental conditions as the shell species selected from archaeological middens. The use of
archaeological marine/terrestrial pairs would go a long way towards alleviating this problem.
Unfortunately, there is only a handful of published ∆R values calculated from archaeological marine/        
terrestrialpairs,(PetcheyandAddisoninpress)andthereliabilityofthesevaluesiscurrentlyhindered
byproblemsofassociationandmaterialsuitability.
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Notes 
1.  A conventional radiocarbon age (CRA) is obtained from a radiocarbon measurement following the conventions set out by  
     Stuiver and Polach (1977).  A CRA must be calibrated to determine a calendar age.  By convention, the symbol BP means  
     ‘conventional radiocarbon years before AD 1950’, whereas the symbols cal BP or BC/AD are used to express calibrated  
radiocarbonages.

2.  For ∆R calculated from historic shell, the date of collection should be before 1950 and preferably pre-1850.  The ‘bomb  
effect’showsupincoralcorerecordsfromthenorthPacificasearlyas1956(Konishietal.1982)andattheveryearliest
1957inthesouthernPacific(DruffelandGriffin1993,1999;Toggweileretal.1991).Post-1850,anthropogeniceffects
(i.e.Seusseffect),suchasdilutionin14Ccausedbyfossilfuelburninghasalsobeennotedinbothshellandcoralrecords
fromacrossthePacific(Druffeletal.2001;DruffelandGriffin1993,1999;Guildersonetal.2004;Hideshimaetal.2001)
     and may affect ∆R values on pre-1955 shells. 

3.Algaegrazersfeedingonalivingcoralsubstrateshouldonlyincorporateveryrecentcarbon,althoughthiscouldvary
wherefossiland/orsub-fossilcoralarepresent.Algalgrazersthattargetspeciesrestrictedtoseaweedsurfacesshouldnot
havethisproblem.

4.  Of five coral cores collected from around Easter Island, only one exhibited distinct annual growth bands suitable for  
     chronology development (Core Ovahe -97-1).  This is attributed to the location of Easter Island at the environmental limits  
     of coral tolerance (Beck et al. 2003; Mucciarone and Dunbar 2003:117, 122) and necessitates caution when using this ∆R  
value.
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Abstract	

This study examines the marine reservoir effect during the Late Holocene evolution of a small estuary in 
the Beagle Gulf (12°S, 131°E). The paper aims at refining the local marine reservoir ages (R) and correction  
values (ΔR), by 14C analysis of stratigraphically associated archaeological fauna (marine shell, charcoal an
d fish otoliths) from five proximate middens of different chronologies. The results suggest that a marine 
reservoir age of 340 ± 70 yrs is applicable to the Beagle Gulf for the Late Holocene, which is not significan
tly different from that determined for nearby Van Dieman Gulf and the north Australian coast. 
 
Keywords: Marine reservoir effect; Holocene; archaeological fauna; dating; middens; northern Australia. 
 
 
Although there are known uncertainties identified in radiocarbon dating marine samples, particularly 
shell, related to system complexities (e.g. estuarine fluctuations, oceanic upwelling and organism 
physiology) of carbonate incorporation, shell offers important advantages to archaeologists, as Higham 
and Hogg (1995) have outlined: 
 
 1.  it has the potential to date an event closely. Shellfish are mostly processed close to where they  
      are collected  
 2.  shell remains are ubiquitous in Australian coastal contexts 
 3.  the marine calibration curve is smoother for marine than terrestrial samples, with fewer  
      multiple intercepts and narrower derived calibrated ranges. 
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Figure1.LocationofsampledsitesontheBeagleGulfcoastandsomeplacesmentioned
inthetext.

 By reducing the uncertainties and refining local marine reservoir correction factors for Australia’s 
coasts, we may improve our confidence in the accuracy of 14C based age determinations on this useful 
sample type. Researchers such as Reimer and Reimer (2001) and Ulm (2002) have indicated a need for 
localized estuary-specific data in order to accurately calibrate marine radiocarbon dates, given that local 
variations in marine reservoir corrections (ΔR) may be of the order of several hundred years. 
 This study examines the marine reservoir effect during the Late Holocene evolution of a small 
estuary – Hope Inlet, Shoal Bay in the Beagle Gulf (12°S, 131°E). The project addresses questions on the a
pplicability of the Marine Reservoir Age of 384 ± 54 yrs for north Australia (see Reimer and Reimer 2001). 
These questions have been raised by the close correspondence between some dates obtained on shell  
and charcoal from this region and for the neighbouring Van Dieman Gulf (Bourke 2000:162; Woodroffe 
and Mulrennan 1993:40–1; Woodroffe et al. 1988:98). This paper describes the results of investigations  
aimed at refining the local ΔR value for the Beagle Gulf, by 14C analysis of stratigraphically associated  
archaeological fauna (marine shell, charcoal and fish otoliths) from five proximate middens of  
different chronologies.  
 Projects such as this are becoming increasing important with further refinement of cultural 
chronologies in Australian archaeology (Ulm 2002:343 and see Ingram 1998; Spenneman and Head 1996). 
For example, radiocarbon dating of Anadara shell mounds on the Beagle Gulf coast suggest rapid 
formation (a few hundred years or less) and broad contemporaneity of some mounds in terms of human 
lifespans (Bourke 2004, 2005), that must be interpreted within the limits of error inherent in conventional 
radiocarbon dating (Head 1991; Ward 1994). Such issues have implications for palaeo-environmental 
models as well as models of  
past human coastal economies, 
often derived in large part  
from data from shell middens. 
These models require relatively 
precise dating if apparent 
correlations between environ-
mental change and human 
adaptations and cultural con-
temporaneity between sites and 
regions are to be established 
with any confidence (e.g. Field 
2004; Lourandos 1997; Nunn 
2000; Veitch 1996; and see 
Spenneman and Head 1996).  
The deposits dated in this  
study comprise a representative 
sample of some two hundred 
shell and earth mounds on  
the Beagle Gulf coast. Many 
hundreds of these mounds 
accumulated around 2500 to 500 
years BP right across the north 
Australian coast, from Princess 
Charlotte Bay to the Pilbara, 
(e.g. see Bailey 1999; Hiscock 
1999; Figure 1) representing  
a period during the Late 
Holocene when Aboriginal 
people followed a tradition  
of mound building. 
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Site	Description	
 
The data for this study comes from 25 radiocarbon ages on paired samples from five archaeological sites 
on the Beagle Gulf mainland (Table 1). Most of the dates are on a series of five shell/charcoal pairs and 
three shell/otolith/charcoal sets, taken from three Aboriginal midden sites at Hope Inlet (HI81, HI83, 
HI80), which are large stratified mounded shell deposits. These mounds are located within a few 
hundred metres of each other in adjacent ecological zones, on a hinterland headland and associated 
saltflats area partitioned by tidal channels, mangroves and swamps (Figure 2). Radiocarbon dates taken 
from these three deposits show that each accumulated relatively rapidly (within or much less than a few 
hundred years) and provide an opportunity to examine local marine reservoir factors over a relatively 
short time span between 2500 to 500 years BP of human occupation. 

Site	 										Lab	Code	 											Sample	 								Av.	Depth	(cm)	 δ13C(‰) 14CAge(yrBP)
 
HopeInlet    
HI80           *OZC956           A. granosa         3  −3.0  960±80 
HI80           *OZC957           Charcoal          3  −25#  590±110 
HI80           *OZC958           A. granosa       40  −3.2  1190±90 
HI80           *OZC959           Charcoal       40  −24.5  860±80 
HI80           *OZC960           A. granosa       48  −3.5  1060±90 
HI80           *OZC961           Charcoal       48  −24.7  1020±90 
HI80           *OZH889           Otoliths                48–52  −5.3  1165±35 
   
HI83            Wk8252           A. granosa       16  −3.2  2020±90 
HI83          *OZH893           Charcoal                16–20  −25.6  1705±40 
HI83          *OZI287           Otolith       19  −3.9  1995±40 
HI83            Wk6526           A. granosa       67  −2.3  1910±70 
HI83            Wk6527           Charcoal       67  −25.3  1850±70 
   
HI81            Wk6524           A. granosa         5  −1.6  1900±70 
HI81          *OZH891           Charcoal     5–9  −25.4  1570±35 
HI81          *OZH892            Otoliths     5–9  −7.4  1820±40 
HI81          *Wk16609           A. granosa     103  −2.3   2005±33 
HI81          *Wk16610           Charcoal     103  −25.5   1635±38 
HI81            Wk6523           A. granosa              140–42  −2.4  2220±70 
HI81          *OZH890           Charcoal              140–42  −24.6  1835±35 
   
HI97          *OZI286           A. granosa                14–16  −2.6  1800±40 
HI97          *OZH896           Charcoal                14–16  −26.4  1345±45 
   
DarwinHarbour     
MA7           Beta-95257        A. granosa    5–15      0#  1870±70 
MA7           Beta-95256        Charcoal    5–15  −25#  850±80 
MA7           Beta-87872        A. granosa                30–40      0#  1220±60 
MA7           Beta-87873        Charcoal                30–40  −25#  1070±80 
  
Notes: 
*AMS analysis 
# Assumed δ13C values 
The stable isotope values for the Anadara shell indicate that they came from an estuarine environment. More 
negative δ13C values indicate less saline environment (Head 1991). 

Table1.14Cagesobtainedonshell,otolithandcharcoalpairedsamples.
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Figure3.StratigraphicprofileofmoundHI81,showingdefinedlayers.

 Excavations revealed 
that under a compact surface 
layer of fragmented shell, soil 
and vegetation, these north 
Australian shell mounds are 
unconsolidated deposits, of 
large irregularly  shaped objects 
(shells) packed loosely together, 
with interstitial spaces filled 
with a fine silty matrix.  None-
theless, these stratified middens 
exhibited a relatively high level 
of integrity, with  little evident 
post-depositional disturbance, as  
seen in a stratigraphic profile  
of HI81 exposed after excavation 
(Figure 3). Defined layers were 
observed, of whole, densely 
packed shell alternating with 
ashy humic layers of more 
fragmented Anadara shell, other 
faunal remains and stone 
artefacts, which was borne out 
in the laboratory by analysis 
revealing a low level of shell 
breakage consistent with rapid 
deposition. 
 
 Site HI80 in particular, 
an elongated shell mound       
(5.5 m x 10 m), located on  
the supra-tidal salt-flats of  
Hope Inlet, is a buried, salt-
encrusted, solidly compacted 
shell deposit which, due to  
the cohesive nature of the 
matrix, suggests a stratigraphic  
integrity not usually found  
in north Australian shell 
middens  (Figure 4). 


Figure2.LocalityplanofsitesHI81,HI83,HI80andHI97atHopeInlet.
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Figure4.StratigraphicprofileofcompactedshelldepositHI80.

surements and AMS analysis were undertaken on the Hope Inlet sites by the Waikato Radio-carbon 
Dating Laboratory and the Australian Nuclear Science and Technology Organisation (ANSTO) AMS 
Facility. The estimate on the Darwin  Harbour site was obtained in 1996 from Beta Analytic via The NWG 
Macintosh Centre for Quaternary Dating, the University of Sydney. 
 Initially, prior to the most recent 2005 grant from AINSE, the samples analysed were limited to 
four paired samples. Higham and Hogg (1995) argue that for a more robust analysis to refine the local ΔR 
value, it is necessary to minimise uncertainties associated with small sample size and sample type, by 
increasing the number of samples and range of faunal species used. We had hoped to obtain AMS 
analysis of other fauna, such as fish otoliths and terrestrial (macropod) bone/teeth samples also found in 
close stratigraphic association in the three shell mounds, to cross check against the dates on marine shell 
and on the charcoal, which was unidentified. Unfortunately the terrestrial samples were too fragmented 
and degraded, and not suitable for radiocarbon dating, so only the marine otolith samples were analysed. 
The possibility of a high inbuilt age in charcoal from an unknown species, identified as a problem in 
places with long-lived trees, such as New Zealand or the wet tropics of northeast Australia, (cf. Higham 
and Hogg 1995; Ulm 2002), is considered here to be less likely in the semi-arid tropics of this part of north 
Australia. This region is not known for old trees, due to the annual cycle of cyclones/storms, floods, fires 
and drought, in combination with the ravages of termites (e.g. Bowman and Panton 1994; Wilson and 
Bowman 1987). 
 The samples range from 0.1–1.5 g for the charcoal component and 12–40 g for the shell 
component. Anadara granosa, the dominant species that makes up the shell middens, was used in all 
cases, reducing possible variation due to difference in the relationship of specific species to the carbon 
cycle (Ulm 2002:331). 
 The samples were all within the average size of the Anadara granosa shells in these middens, 
which is between 25–35 mm in length. It takes about 15 months for Anadara cockles to reach a size of 18–
32 mm and specimens larger than 53 mm are a rare occurrence (Broom 1985), so the samples are likely to 
represent relatively short life spans of around two years. 
 Anadara granosa is a marine bivalve cockle with limited mobility, which appears to be both a 
suspension and surface deposit-feeder, gaining nutrition from a mixture of microorganisms attached to 
detritus and benthic microalgae that are easily re-suspended from the substrate (Broom 1985). Studies 
suggest that the use for examining local reservoir conditions, of species that ingest detritus can be 
problematic, as ingested organic carbon from a mixture of sources (including terrestrial organic carbon  

Materials	and	Methods	
  
The paired samples obtained 
from these deposits were mostly 
whole shells and charcoal 
chunks collected during exca- 
vations (by increments of 
average 3 cm spits), where they 
were observed to be in close 
stratigraphic proximity, often  
in situ inside shell valves  
(except the otoliths and the 
samples from HI97 which were 
selected in the lab). 
 The dates were obtained 
with limited funds over a 
number of years (1996–2005). 
Radiometric radiocarbon mea- 
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introduced into estuaries by rivers), can be metabolised and incorporated into shell (Hogg et al. 1998, 
Tanaka et al. 1986; cited in Ulm 2002:330). 
 In this current analysis an additional marine sample type was employed to minimise 
uncertainties associated with the single species sample of Anadara granosa shell. We have used samples of 
the otoliths of forktailed catfish (Arius sp.), to allow a cross check against possible systematic effects of 
carbon incorporation in the Anadara species and thus check the validity of ages obtained on this shell 
(Spenneman and Head 1996). Helen Larson of the Museum and Art Galleries of the Northern Territory 
(MAGNT) estimated that forktailed catfish species, which live in the shallow, inshore waters of the 
estuarine system, have a lifespan of some 10–15 years. 
 Most of radiocarbon dates in this study were analysed at the ANSTO AMS facility (Table 1). The 
chemistry procedures for AMS 14C sample preparation at this facility were as follows: 
 
 For charcoal samples, the samples were washed with 2M HCl at 60oC for two hours to remove  
 any possible carbonate contamination. The samples were then treated with 1–2% NaOH at 60oC  
 until all humic acid contamination was removed, followed by another 2M HCl treatment at room  
 temperature for two hours. Before combustion, the pre-treated samples were oven-dried at 60oC  
 for two days. 
 
 For shell and otolith samples, the samples were washed several times with deionised water in  
 an ultrasonic bath, then were leached for 10–15 minutes in dilute HCl to remove any surface  
 contamination and possible secondary carbonate. They were then dried in an oven at 60oC  
 for two days.  
 
 The cleaned samples were combusted (for charcoal) or hydrolysed (for shell and otolith) to CO2,  
 then converted to graphite using the Fe/H2 method (Hua et al. 2001). AMS 14C measurements  
 were performed using the ANTARES facility at ANSTO (Fink et al. 2004). 


Results	and	Discussion	
 
Radiocarbon results 
Our 14C results for shell, otolith and charcoal samples from the study sites, expressed in conventional 
radiocarbon ages, after correction for isotopic fractionation using δ13C values, are presented in Table 1.    
There is a good agreement between 14C ages of shells and those of otoliths as they overlap each other 
within 1σ uncertainty. This gives us confidence in our 14C ages of marine samples. If there were a  proble
m then  the otoliths would systematically date older than the shell, but there was no difference seen with 
just the three samples dated. 
 To calibrate 14C ages of charcoal samples, we used the IntCal04 calibration data set (Reimer et al. 
2004) and the CALIB program version 5.01 (http://radiocarbon.pa.qub. ac.uk/). It is well known that the 
atmospheric 14C levels for different parts of the world are not the same (e.g., Stuiver and Braziunas 1998; 
Hua et al. 2004a). Therefore, a regional atmospheric 14C offset correction has been applied for our study 
sites in the tropics during the age calibration process, using IntCal04 data set, which represents 
atmospheric 14C levels for northern temperate regions. We adopted an atmospheric Δ14C offset between   
our sites at ~12°S and the northern temperate regions at 40–50°N of ~2‰ (atmospheric 14C level at our     
sites is lower) from the modelling work of Braziunas et al. (1995).  This value is equivalent to ~16 14C 
years (terrestrial samples growing at our sites are older) and to simplify the issues we assumed that this 
value is constant through time. Sixteen years was subtracted from all conventional radiocarbon ages of 
charcoal samples before these were converted to calendar ages using the CALIB program and IntCal04 
data set. Calibrated ages (1σ) of charcoal samples are reported in column 7 of Table 2. 
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 At Hope Inlet, two shell/charcoal paired samples and one shell/charcoal/otolith sample dated 
from mound HI81 show that this mound formed on a laterite ridge at the uplands edge of mudflats over 
a few centuries between ca 1800 and 1400 cal BP (Bourke 2004). The date the mound began to form 
follows a major phase of mudflat build-out dated ca 2300 cal BP at Shoal Bay (Woodroffe and Grime 
1999). Dating of one shell/charcoal pair and one shell/charcoal/otolith sample shows rapid formation of 
mound HI83, located some 300 m inland of HI81, also within this period. One shell/charcoal pair taken 
from a 30 cm wide midden layer within an earth mound (site HI97) that lies inland of the three sampled 
shell mounds, suggests that this mound formed soon after this period. Dating of two shell/charcoal pairs 
and one shell/charcoal/otolith sample shows that mound HI80 was formed on nearby saltflats between  
ca 900 and 500 cal BP, many centuries after HI83 and HI81 ceased accumulating, and following another 
phase of mudflat build-out and chenier building around 1000–900 cal BP at Shoal Bay (Woodroffe and 
Grime 1999). 
 In the neighbouring Darwin Harbour estuary system, dating of two shell/charcoal pairs from a 
smaller shell midden site (MA7), suggests that this mound formed around the same period as HI80, 
around 900–700 cal BP. 
 
 
Marine reservoir ages and correction values 
 A marine reservoir age (R) for a particular region at a time t is determined as: 
 
 Measured R(t) = Measured marine 14C age(t) − Measured charcoal 14C age(t)  
 
 
Measured marine and charcoal 14C ages are presented in columns 5 and 3 of Table 2, respectively. Our R 
values are reported in column 6 of Table 2. 
 
According to Stuiver and Braziunas (1993), a marine reservoir correction value (ΔR) for a  
particular region at a time t is defined as: 
 
 ΔR =  measured R(t)  −  modelled R(t)  +  ΔRa  
 or 
 ΔR =  measured marine 14C age(t)  –  modelled marine 14C age(t)  +  ΔRa  
 
where ΔRa is a fraction of ΔR due to a regional atmospheric 14C offset. 
 
 For this study, ΔRa is different from zero and was incorporated into the calculation of our ΔR      
values during the process of estimating modelled marine 14C age(t) following the method described in 
Owen (2002). 
 
The procedure of ΔR determination is as follows: 
 •  A 16-yr offset correction was applied for all radiocarbon ages of charcoal samples before they  
     were calibrated using CALIB program and IntCal04 data set. Calibrated results are presented  
     in column 7 of Table 2. 
 • The modelled marine age and uncertainty estimate (reported in column 8 of Table 2) are  
     determined by successive approximation as the values that, when calibrated with Marine04  
     curve (Hughen et al. 2004) and ΔR=0, result in the calibrated ages of charcoal samples reported  
     in column 7 of Table 2. The smooth shape of Marine04 curve ensures that there is almost  
     always a unique solution (Owen 2002). 
 •  ΔR value is the difference between measured and modelled marine 14C ages, which are  
     presented in columns 5 and 8 of Table 2, respectively. ΔR values of this study are reported  
     in column 9 of Table 2. 
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 R and ΔR values for Hope Inlet, Beagle Gulf estimated from our 14C data are also illustrated in    
Figures 5 and 6. R values range from 40 to 1020 years. Most values are from 250 to 455 yrs, and only one 
data point shows a very high value of 1020 yrs for MA7 at 5–15 cm, and four data points show low values 
ranging from 40 to 150 yrs, for HI80 at 48–52 cm, HI83 at 67 cm and MA7 at 30–40 cm. Similarly, ΔR          
values vary from −320 to 630 yrs. Most data are in the range of −95 to 105 yrs with the exception of four   
low values from −320 to −180 yrs, and one high value of 630 yrs. Note that the four pairs showing low   
R values also show low ΔR values. Similarly, the pair showing high R value also shows high ΔR value.  

Figure5.MarinereservoirandaverageRfortheBeagleGulfcoastdeterminedfromthis
study.Allsymbolsareplottedinthemiddleofcalibratedagerangesreportedincolumn
7ofTable2.Verylow(from40to150years)andhigh(1020years)valuesofRwere
notincludedintheestimateoftheaveragevalue.

 For MA7, a pair sample 
at 5–15 cm shows a very  
high R value of 1020 yrs and  
the other pair at 30–40 cm  
shows a low R value of 150 yrs.  
It seems that there may be  
a stratigraphic problem for  
this midden, possibly due to 
upward vertical movement of 
shell through  post-depositional 
disturbance by goanna activity 
that is evident in this mound. 
The data derived from this 
mound may therefore not  
be reliable, at least for MA7  
at 5–15 cm.  
 For HI80, two pair 
samples at 48–52 cm show  
low R values of 40 yrs for the 
charcoal/Anadara granosa pair,  
and 145 yrs for the charcoal/
otolith pair. Contami-nation of 
shell or otolith samples by 
secondary carbonate as a result 
of their contact to groundwater 
or seawater may cause low R 
values. However, the fish  
otolith (OZH889) had  a smooth 
surface indicating no or  
minimal contamination by 
secondary carbonate. Both 
marine samples (OZC960 and 
OZH889) were treated at 
ANSTO with dilute acids to 
remove any surface contami-
nation before dating and had 
similar 14C ages. This implies 
contamination by secondary 
carbonate is not the cause for 
these low R values. 

Figure6.ΔRmarinecorrectionsfortheBeagleGulfcoastdeterminedfromthisstudy.
Allsymbolsareplottedinthemiddleofcalibratedagerangesreportedincolumn7of
Table2.Verylow(from−320to−180years)andhigh(630years)valuesofΔRwere
notincludedintheestimateoftheaveragevalue.
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 The low R and ΔR values at the base of the HI80 deposit occurs for both the shell and otolith  
samples.  These are taken from the base of a defined layer between 48–52 cm depth, containing a high 
proportion of the bivalves Marcia hiantina and Anadara inaequivalvis in the otherwise Anadara dominated 
deposit (Bourke 2004). These two species thrive in coarser, sandier substrates than the finer, silty muddy 
substrates preferred by the dominant Anadara granosa. In site MA7 too, Marcia hiantina makes up 20% 
more of the total shell taxa than in a nearby mound (MA1) dated to an earlier period (Bourke 2005: Tables 
1 and 2). The results suggest that something occurred around 1000–900 cal BP causing low R and ΔR valu
es, as this can be seen from three data points from two different sites (HI80    and MA7). Sites HI80 at 
Hope Inlet and MA7 on the Darwin Harbour shoreline are approximately 25 km apart in neighbouring 
estuaries. 
 Thus these results may reflect short-term environmental change on a regional rather than local 
micro-scale confined to the Hope Inlet area, and imply high rainfall or storms and changes in relative 
quantities of sand, mud, river and sea currents and the location of sand banks, as observed on the 
Arnhem Land coast during the 1970s (Meehan 1982:62,70, 78, 142). 
 For HI83, a pair sample at 67 cm shows a low R value of 66 yrs. A mismatch between shell and 
charcoal may cause a low R value, but one author (PB) believes that this is not the case here, as the shell/
charcoal pair for site HI83 at 67 cm was recovered in secure stratigraphic association, consisting of a large 
chunk (5 g) of charcoal cemented together with an Anadara granosa valve in a clay base. Contamination of 
shell by secondary carbonate may also cause a low R value. This contamination can be detected by X-ray 
diffraction (XRD) analysis. This shell sample (Wk6526) measured at Waikato was analysed by XRD to 
make sure it had not suffered any secondary carbonate contamination. This indicates secondary 
carbonate contamination may not be the cause for this low R value. Also, a low R value for HI83 at 67 cm 
is thought not to be due to environmental changes at ~1800 cal BP, because a pair sample at HI81 site at 
140–142 cm shows a reasonable R of 385 ± 75 yrs at that time. A possible cause for a low R value for HI83 
at 67 cm is the old wood problem. However, this possibility is unlikely as the semi-arid tropics of north 
Australia are not known for old trees (see discussions in Materials and Methods) (cf. Higham and Hogg 
1995). It is also possible that the charcoal sample is a reworked charcoal that has survived in the 
surrounding environment for a long period of time before finally ending up in the midden. The low R 
value for HI83 at 67 cm is not well understood and should be investigated in the future. 
 If these very high and low values of R are not taken into account, an error-weighted average R 
for Hope Inlet of 340 ± 70 14C yrs for the period 1800–600 cal BP can be inferred (Figure 5). Similarly, if      
these high and low ΔR values are not included, an error-weighted average ΔR for Hope Inlet of −1 ± 72     
14C yrs for the period 1800–600 cal BP can be estimated (Figure 6).  The uncertainties associated with error 
weighted average values of R and ΔR are their standard deviations. 
 
 
Conclusions	
 
The results of this study, based on a small number of dates obtained on paired samples — shell/charcoal 
pairs and shell/otolith/charcoal sets from five archaeological deposits — indicate for the Hope             
Inlet estuary on the Beagle Gulf mainland, values of an average marine reservoir age (R) of 340 ± 70 yrs 
and ΔR marine correction of −1 ± 72 yrs for the period 1800–600 cal BP.  This marine reservoir age for      
the  Beagle Gulf for the Late Holocene is not significantly different from the R value of 384 ± 58 yrs deter
mined for the north Australian coast (see Reimer and Reimer 2001) as the two values overlap each other 
within 1σ uncertainty. Similarly, the weighted mean ΔR value for Hope Inlet is not significantly different  
from  the regional mean ΔR value of 64 ± 24 yrs quoted in Hua et al.  (2004b) for NW Australia and Java,  
as the two values overlap each other within 1σ uncertainty. 
 The results also show lower values of R and ΔR ranging from 40 to 150 yrs and from −180 to −320 
yrs, respectively, for a short period during 1000–900 cal BP. These low values, based on only 3 paired 
samples from two different shell middens, may reflect short-term environmental change (e.g. high 
rainfall or storms) on a regional scale. More data are needed to confirm this observation. 
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 Studies such as this that provide localized estuary-specific data contribute to coastal and 
estuarine data sets required as a baseline for accurate calibration of marine radiocarbon dates, which are 
increasingly important in refining archaeological and environmental chronologies. Further studies that 
may be useful to investigate local variations in marine 14C reservoir ages would be to locate and measure 
the reservoir ages of historic shells for this region, as well as stable oxygen and carbon isotopic 
measurements of the historic and archaeological shells. 
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Abstract	

A two-phase process for developing a chronology of Aboriginal occupation in arid western NSW,
Australia, has been developed over the past ten years by the Western NSW Archaeology Program.
Radiocarbondatingofcharcoal fromtheremainsofheat-retainerhearths,builtbyAboriginalpeople in
thepasttocookfood,andOpticallyStimulatedLuminescence(OSL)datingofsedimentshavebeenused
toconstructachronologyof ‘archaeologicalsurfaces’.Hereweprovidepreliminaryageestimatesusing
OSLdatingofstonesfromheat-retainerhearthswhichhavepreviouslybeendatedbyradiocarbon.Our
method is novel in several ways including the rapid preparation method adopted and the approach to
estimatingthedoserateforsurfacesamples.Wediscussthelimitationsofthisvirtuallynon-destructive
and efficient OSL dating method, and provide an agenda for future technical development and
application.

Keywords :Archaeologicalsurfaces,OSLdating,heat-retainerhearths,WesternNSW
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Introduction	

SurfacearchaeologicaldepositsarewidespreadinwesternNSW(Figure1),buthavereceivedrelatively
little attention, owing in part to the difficulty of providing chronological constraint. Heat-retainer
hearths,orearthovens,aremostoftenfoundinassociationwithstoneartefactdeposits,andradiocarbon
datingofcharcoalfromthehearthsisbeginningtoprovideapowerfulmeansofdevelopingachronology
ofoccupationofthelocationsinwhichtheyarefound(e.g.Holdawayetal.2002,2005).
 Optically-stimulatedluminescence(OSL)datingofsediments(Huntleyetal.1985;Rhodes1988)
provides an additional method which may be applied in these contexts. For example, Fanning and
Holdaway (2001) used OSL sediment dating combined with 14C dating of hearth charcoal to provide
a chronology for archaeological material at Stud Creek in Sturt National Park in far northwest NSW
(Figure1).Inlaterwork,Fanningetal.(2008)foundthattheOSLsignalsofsedimentsfromFowlersGap,
NSW,werepoorlybleached,butthatsinglegrainOSLmeasurements,combinedwiththeminimumage
modelofGalbraithetal.(1999),providedreliableageestimatesfordeposition.

Figure1.MapofwesternNSW,Australia,showingthelocationsofFowlersGapAridZoneResearch
Stationandthepastoralpropertyknownas‘Poolamacca’.OtherWesternNSWArchaeologyProgram
(WNSWAP)researchlocationsarealsoshown.

190



 In this paper, we present preliminary OSL dating results for heat-retainer hearth stones,
providing age estimates of the last heating event. These results are compared with radiocarbon
determinations on charcoal from the same hearths, and provide powerful evidence of the potential of
OSL for directly dating the hearths. One clear advantage of using OSL dating, in comparison with
radiocarbon,isthatitisfarlessdestructive:onlyasmallnumberofstones,between1and4,needtobe
removed from the hearth for OSL dating, and no excavation is required. In contrast, for reliable
radiocarbondating,asignificantproportion(typicallyonequartertoonehalf)ofahearthmustbefully
excavated to retrieve charcoal (see Fanning et al. this volume). Given the conservation concerns of
heritage managers and the desire of Aboriginal people for their heritage to be left in place, a reliable
alternative method of dating Aboriginal occupation is highly desirable. Moreover, this method, if
successful, will allow age determinations of hearths where the charcoal is no longer present, thereby
extendingthedatasetfromwhichanoccupationchronologyisconstructed.Themethodswhichwehave
developed for rapid preparation of the samples and the approach to estimating the past dose rate
experienced by grains within hearth stones are both new. With further developmental work and more
complete assessment, we consider that this OSL-based approach will provide a new means for
archaeologistsworking inaridenvironments todeterminea chronologyofhumanactivitywithout the
requirementtoexcavate.


Nature	of	‘archaeological	surfaces’	in	western	NSW	

Theterm‘archaeologicalsurfaces’isusedheretomeananylandsurfacethatcontainsdepositsofstone
artefacts and associated heat-retainer hearths. The processes involved in their formation have the
potentialtovaryconsiderably,dependingonthegeomorphicsettingandhumanoccupationhistory,but
detailed geomorphological and stratigraphic research of numerous surface archaeological contexts in
western NSW reveals a similar story (Fanning 1999, 2000; Fanning and Holdaway 2001), as described
brieflybelow.
 Typically, a new land surface is constructed from the deposition of alluvial (water-lain) and/or
colluvial(slope)sedimentswithinpartofacatchment,usuallythevalleyfloors,following,forexample,a
flood event. The ‘surface’ simply represents the last sedimentary unit deposited at each location. The
surface is initially free of archaeology, although the sediments have the potential to contain reworked
archaeological material from upstream locations. In western NSW, valley-bottom sediments comprise
poorly-sortedsilts(includingpelletalsilts)andsands(Fanning1999;FanningandHoldaway2001),with
occasionalgravelyunits.Whilearchaeologicalmaterialofcoarsergrademayberedepositedwithin the
gravelunits,itisrarelyredepositedwithinsandorsilt-dominatedcontexts.
 In the following years, soil formation processes (weathering, bioturbation) will slowly modify
thesurface,andlocaliseddepositionofaeolianmaterialmaytakeplace.Atthesametime,thesurfaceis
‘available’forhumanhabitation,withtherecordofhumanactivitiestakingplacetherebeingpreserved
inthearchaeologicalmaterialdepositeduponit.Thisincludestheconstructionofheat-retainerhearths,
thoughitisimportanttonotethatthesestructuresareconstructedbydiggingdownthroughthesurface
sedimentaryunit,sometimesintounderlyingstrata.Thus,themainpartofthehearthmayoccupyspace
atadeeper(older)stratigraphiclevel(Figure2).
 Thesurfacewillcontinuetobeavailableto‘collect’archaeologicalmaterialuntileitherburiedby
reneweddepositionorerodedaway.Thismayoccurinlocalisedpatches,forexamplebylimitedaeolian
erosionanddepositionorlimitedsurfacefluvialactivity,oritmayoccuroveragreaterarea,forexample
byfloodplainstrippingorbywidespreaddepositionofflooddepositscausedbyanotherfloodevent.In
such cases, the upper surface of the new sedimentary unit becomes another archaeological surface, in
turnretainingarchaeologicalmaterialdepositedonit.Underthisaccumulation-dominatedscenario,itis
possiblethatacatchmentmaycontainmultiplearchaeologicalsurfacesofdifferentages,possiblystacked
uponeuponanother.
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 In western NSW, however, the stratigraphic records of upland catchments are dominated by
erosion(FanningandHoldaway2001;Holdawayetal.2004).Acceleratederosioncausedbyovergrazing
bycattleandsheepoverthepast150years is theprincipaldeterminantof thecurrenthighvisibilityof
archaeological material at the surface (Fanning 1999, 2002). Once uncovered, however, these surface
archaeological deposits have a very limited lifespan. Much of the archaeological material currently
exposed in these contexts is in highly unstable locations, and is unlikely to survive more than two or
threedecades(Fanningetal.thisvolume).
 Figure2representsthetypicalsedimentaryandarchaeologicalrelationshipsthatexistinmuchof
westernNSWtoday.TheoriginalarchaeologicalsurfaceisrepresentedbytheboundarybetweenlayersB
andC.Archaeologicalmaterial (lithicartefactsanddebitage,boneandothermaterials) is foundat this
level as indicated by the symbol. Note that some movement of material within the sediment by
bioturbationandotherprocessessuchasswellingandcontractionduringwettinganddryingcycles,and
very localised erosion and redeposition, means that archaeological material can extend over a depth
rangeofseveralcm,ratherthanlyingonexactlyonesurface.
 Typical hearth-sediment relationships are also shown in this figure. Hearths are constructed
downfromthearchaeologicalsurface(layerB–Cinterface) into layerB.Fieldobservationsuggests that
hearthsextendtoarangeofdepths,butrarelypenetratethemoreconsolidated,fine-grainedunderlying
sedimentsrepresentedbylayerAinFigure2.

Figure2.Typicalsedimentaryandarchaeologicalrelationshipsthatexistinmuchof
westernNSWtoday.Threesedimentaryunitsareindicatedwithdifferenthatching
andbythelettersA,BandC.Thearchaeologicalsurfaceisrepresentedbythe
boundarybetweenlayersBandC,andwasavailabletoretainarchaeologicalmaterial
afterthedepositionofunitB,butbeforethedepositionofunitC.Archaeological
materials(lithicartefactsanddebitage,boneandothermaterials)arefoundatthis
levelasindicatedbythesymbol.Hearthsareconstructeddownfromthearchaeological
surface(B–Cinterface)intolayerB.Fieldobservationsuggeststhathearthsextendto
arangeofdepths,butrarelypenetratethemoreconsolidated,fine-grainedunderlying
sedimentsrepresentedbylayerA.Alsoshownisoursimplifieddatingstrategy,dating
thecharcoalofthehearthsusingradiocarbon,anddatingtheheatingofthehearth
stonesandthedepositionoftheunderlyingandoverlyingsedimentunitsusingOSL.

Building	a		
geo-archaeological	
chronology	

The Western NSW Archaeology
Program (WNSWAP) has, over
the past ten years, developed
a two-phase dating framework
for developing a chronology
of both landform development
and human occupation at
our field sites. The first
phase consists  of stratigraphic
analysis and dating of the
valley fill sequences described
above,primarilyusingOptically
Stimulated Luminescence (OSL)
to date the sedimentary
units above and below the
‘archaeological surfaces’. This
isdescribedindetail inFanning
et al. (2008). The second phase
consists of age determinations
on the heat-retainer hearths
excavated by Aboriginal people
intothe‘archaeologicalsurfaces’
in thepast.Up tonow,wehave
relied on partial excavation
of these hearth remains to
extract a sample of charcoal
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forradiocarbondating.Here,wedescribeanewalternativemethod,usingOSLtechniques,whichmayin
thefutureeliminatetheneedforexcavation.WeexplorethepotentialofthisapproachbycomparingOSL
and14CageestimatesfromthesamehearthsfromtwoseparatelocationsinwesternNSW(FowlersGap
AridZoneResearchStationandthepastoralpropertyknownas‘Poolamacca’—Figure1).

1. Dating heat-retainer hearths using 14C 
Theapproachtodatingheat-retainerhearthsusing14CisdescribedbyHoldawayetal.(2002,2005).Not
allhearthremainscontaincharcoal;onlyonethirdofallhearthsexcavatedinwesternNSWoverthepast
ten years contained identifiable charcoal suitable for dating. This limits the detail with which a
chronology can be constructed, and demands excavation of a large number of hearths. The excavation
process can be relatively slow, and the charcoal requires significant laboratory processing to isolate an
uncontaminatedsample.Excavationisatleastinpartdestructive,andisunderstandablydiscouragedby
heritage managers andAboriginal people. Hearths with significant quantities of charcoal can be dated
usingconventionalmethods,butmoreexpensiveAMSdatingisrequiredforsmallsamples(i.e.lessthan
afewgrams).
 The chronological data provided by 14C dating are of high accuracy and reliability, though
plateau effects and the anthropogenic release of dead carbon reduce resolution at certain periods,
especially for material from the last 250 years. It is possible that the preservation of charcoal is
significantlybetterforyoungerhearths,biasingthechronologicaldatasettowardsyoungerageestimates.
However,preservationiscontrolledbythedegreeoferosionatindividualhearthlocations(Fanningetal.
this volume), which has been demonstrated to be independent of age within the context of a single
archaeologicalsurface(Holdawayetal.2002).

2. OSL dating of hearth stones — a potential non-destructive alternative 
OSLsignalsareresetbyheatingaswellasbylightexposure(Smithetal.1986).Thisprovidesthepossibility
ofusingOSLtodatethelastheatingofhearthstones.Forafiveminuteheattreatment,virtuallyalltheOSL
signal of quartz is removed at a temperature of 300ºC (Smith et al. 1986; 1990).  For longer heating
durations,lowertemperatureshaveasimilarzeroingeffect.Thesetemperaturesarewellwithintherange
of those experienced within typical wood-burning fires, and penetration of temperatures in excess of
several hundred degrees Celsius to the interiors of cobble-sized and smaller hearth stones is considered
likely.Ifinsufficientheatingwereexperienced,ageover-estimationwouldresult.
 This method has the potential to be significantly less invasive than 14C, as stones currently
exposedatthegroundsurfacewithinthehearthstructurecanbecollectedfordating,andnoexcavation
isrequired.Possiblelimitationsofthetechniqueareencapsulatedinthefollowingquestions:
 1.WastheOSLsignalzeroed?
 2.AretheOSLsignalsoflight-colouredandtranslucentrocksbleached(i.e.reduced)bylight
 exposureatthesurfacefollowingerosiveexposureofthehearthbeforesamplecollection?
 3.Isitpossibletodealadequatelywiththecomplexgeometriesofhearthandsurrounding
 sedimentandmissingoverburdenwhenestimatingtheenvironmentaldoserate?

2.1Sampleselectionandcollectionprocedure
 For thispilotproject,primarilydesigned toassess the feasibilityofusingOSL fordatingheat-
retainerhearthstructures,wedeliberatelyselectedstonesfromarangeofavailablelithologies,including
somehighlytranslucentrocktypessuchasveinquartz.Forsomehearths,onlyonestonewasselected,
whileforothersuptofourstoneswerecollected.Itisimportantthatwehaveahighdegreeofconfidence
that the selected stones were part of the identified hearth structure. For this reason, stones showing
obvious signs of burning, including colour change, fire-cracking or conjoining, and pot-lid or other
thermal fracturingstructureswere favoured,andstones fromoutside thehearthclusterweregenerally
avoided. For this assessment project, both large (cobbles of up to 15 cm diameter) and small stones
(pebblesdownto2cmdiameter)wereselected.
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 Usingaportablegammaspectrometerwitha3”NaI crystal, a 900 s (15minute)measurement
wasmadeat thesurfaceof thehearth.Thisprovidesanenvironmentalgammaradiationdetermination
with a 2π geometry. Gamma rays enter the crystal from the underlying sediment and hearth, travelling  
approximately30to40cmfromahalfspherebeneaththecrystal.Nocontributioncanbemeasuredfrom
sedimentthatpreviouslycoveredthehearth,asthishasalreadybeenerodedandredistributedelsewhere
in the landscape. Thus, for the age estimates presented below, this 2π geometry measurement has simply 
been doubled to provide a proxy 4π geometry estimate. Note that this procedure implicitly assumes that 
the sampleswerepreviouslyburiedbyat least 30 cmofoverburdenwitha similar composition to the
surfacematerialonwhichthehearthlies.Weconsiderthisoneofthemainsignificantunknownfactorsin
this approach, and the comparison with radiocarbon dating is intended to assess the validity of the
methodswhichwehaveadopted.Nocorrectionforairborneradionuclidecontributionshasbeenmade,
thoughitispossiblethat222Rnanddaughters,fromthe238Udecayseries,provideasmallcontributionto
themeasured214Biandtotalgammadoseratemeasurements.

2.2Samplepreparation
 Our aim in preparing samples for OSL measurement is to achieve a quartz-dominated separate,
andtoemployasingle-aliquotregenerative-dose(SAR)protocol(MurrayandWintle2000).Thedegreeof
quartzpurityrequiredforreliableOSLagedeterminationdependsonthe luminescencecharacteristicsof
thequartzandothermineralspresentwithintheavailablelithologies.Somerocksselectedarepurequartz
(e.g.veinquartz),othersarequartz-dominated(e.g.quartzite),whileotherscontainsignificantquantitiesof
other minerals (e.g. metamorphic rocks, sandstone). Quartz OSL signals have been demonstrated to
undergo the ‘predose effect’ (Aitken 1985; Smith et al. 1986; Smith and Rhodes 1994), which leads to a
significant increase in luminescence sensitivity as a result of heating for many samples. As all of the
samplesselectedhavebeenheatedinthepast,weexpectedtoencounterhighsensitivityOSLsignals.
 Withtheseconsiderations inmind,andwiththedesire todevelopaprocedurewhichcouldbe
applied to a large number of samples, but where accuracy is limited by environmental dose rate
estimation,wehaveoptednottoundertakeafull‘quartzinclusion’preparationprotocol(Fleming1970).
Instead, we simply isolated rock from at least 3 mm inside each stone, and ground this to sand-size
particles under acetone using an agate mortar and pestle. After grinding, samples were treated with
diluteHClandsubsequentlydried.Resultantgrainsweremountedonstainlesssteeldiscsusingsilicone
oilforOSLmeasurement.

2.3OSLmeasurement
 AllmeasurementsweremadeinaRisøTL-DA-15mini-sysautomatedluminescencereader.OSL
measurements were performed at 125°C, and were preceded by IRSL measurements at 60°C. Natural
and regenerative-dose measurements were preceded by a preheat of 220°C for 10 s, while sensitivity
measurementswereprecededbyaheatof200°Cfor10s,asusedbyRhodesetal.(2003).Threediscsofeach
sampleweremeasured,usingapost-IROSLprotocol,similartothatdescribedbyBanerjeeetal.(2001).
 For many samples, intense, rapidly decaying natural and regenerated OSL signals were
observed, typical of quartz. Samples showinging bright OSL signals displayed a linear dose response,
andgoodagreementbetweenthethreemeasuredaliquotswasobserved.Severalsampleshadonlyvery
low OSL signal sensitivity (Tables 1 and 2), and some samples displayed significant IRSL signals. This
latter observation may suggest that a more rigorous preparation including HF treatment may be
advantageousforthoselithologies.

2.4Agecalculation
 Ageestimateswerecalculatedusingtheweightedmeanof thethreemeasuredequivalentdose
(De) determinations for each sample. For the dose rate calculation, the signal was assumed to come
dominantly from sand-sized grains with negligible internal dose rate, and insignificant external alpha
particlecontributions.Theseassumptionsmaybeworthyoffurtherinvestigationinthefuture.Thebeta
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dose rate for each rock was calculated using ICPMS measurement of U, Th and K content, and the
gamma dose rate used was simply twice the measured 2π geometry measurement at the surface of each  
hearth.Anoverburdenthicknessof50cmwasassumedforeveryrock, inordertocalculatethecosmic
doseratecontributionusingtheformulaeofPrescottandHutton(1994).Thisassumption isdifficult to
support in every case: for most samples there is no information available regarding previous burial
depth. However, for higher dose rate samples, the cosmic ray contribution represents a rather small
component, and uncertainty in this parameter does not lead to a significant uncertainty in the age
estimate. Where the burial depth was less than around 30 cm, the doubling of the measured surface
gamma dose rate would not be valid, and the assumption of >30 cm burial may require further
examination in the future. It is possible that the measurement of both low and high internal dose rate
rocksfromthesamehearthmightbeusedtoovercomeuncertaintyinburialdepth,bytakinganisochron
approachtosubtractthemorepoorlyknownexternal(gammaandcosmic)doserate.

Preliminary OSL dating results 
The results shown in Tables 1 and 2 represent all those so far measured, and include samples from
hearths without radiocarbon age control. These results are useful in assessing the technique, as they
provideinformationregardingsamplepurity,OSLsignalbrightnessandDeconsistency,andforhearths
withmorethanoneOSLageestimate,thedegreeofexternalconsistencycanbeassessed.NotethatOSL
datingresultsarepresentedasyearsbeforeAD1950,sothattheyaredirectlycomparablewithcalibrated
14C age estimates. Where 14C calibration leads to multiple peaks, the full range from maximum to
minimum2sigmarangeisquoted.
 SomeoftheOSLresultslistedinTables1and2agreewellwiththecorrespondingcalibrated14C
age estimates (e.g. K0118, K0141, K0519, K0524), while others do not agree (e.g. K0115, K0120, K0526,
K0547). Some OSL-14C sample pairs do not have overlapping 2 sigma age ranges, but do not disagree
substantiallybeyondthese(e.g.K0131,K0143,K0146,K0523,K0535,K0548).
 AtFowlersGap(Table1),19OSLsampleshavecorresponding 14Cageestimates.Of these37%
disagreestrongly,16%disagreemildly,whilefor47%OSLand14Chaveoverlapping2sigmauncertainty
ranges.Thissamplesuitecontainsarelativelyhighproportionofquartzandquartzitesamples,andboth
over- and under-estimates in OSL age are observed. At Poolamacca (Table 2), 34 OSL samples have
corresponding14Cageestimates.Ofthese24%disagreestrongly,9%disagreemildly,whilefor67%OSL
and 14Chaveoverlapping2sigmauncertaintyranges.Thissamplesuitecontainsa lowerproportionof
quartzandquartzitesamples,andunder-estimatesinOSLageareobservedmorefrequentlythanover-
estimates,ofwhichthereisjustone(K0542).
 Intotal,53OSLsampleshavecorresponding 14Cageestimates.Ofthese28%disagreestrongly,
11%disagreemildly,whilefor60%OSLand14Chaveoverlapping2sigmauncertaintyranges.


Discussion

These preliminary OSL age estimates are very encouraging, as 67% of paired OSL and 14C have
overlapping 2 sigma uncertainty ranges at Poolamacca, and 60% for the two datasets combined.
However,aroundonequarteroftheOSLageestimatesdonotagreewiththeircorresponding14Ccontrol,
anditisclearthatthemethodstillrequiresalittlerefinement.
 Within both datasets, several OSL age under-estimates are observed for quartz and quartzite
samples.ItispossiblethattheserelatetothereductionoftheOSLsignalbydaylight(bleaching)which
penetrated the rock while it was exposed at the surface after erosion of the overburden and before
collection.Forotherlithologies,thisisconsideredveryunlikely,owingtothepresenceofdarkminerals,
inparticularironoxides,whicharestronglylight-absorbent.Itisclear,however,thatsignalbleachinghas
not adversely affected other quartz and quartzite samples, such as K0117 and K0118. Some rocks
classified as quartzite are relatively dark, and therefore light-absorbent, though this is not usually the
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caseforsamplesclassifiedasquartz.NoattempttorelatesamplecolourorsizetothedegreeofOSLage
under-estimation has been undertaken, though careful re-examination of each sample may reveal
patterns in this trend. In the future, it may be useful to explore sub-samples or single grains from
differentdepthswithinindividualrocks;surfaceOSLagesmaybeexpectedtobelowerthanthosefrom
centralpartsforsampleswhichhaveexperiencedpartialzeroingbylightexposurebeforecollection.
 SomesamplesdisplayedsignificantIRSLsignals(e.g.K0528),althoughnoobviousrelationship
of IRSL magnitude to OSL age was observed.A brief HF treatment might reduce the IRSL signal, and
possiblyalsoimproveOSLageagreement.
 AwidevariationinnaturalsensitivityoftheOSLsignalwasobserved,spanningaround5orders
ofmagnitude;quartzite sampleK0134hada sensitivityof79,650c.s-1.mg-1.Gy-1 (Table1),whilequartz
sampleK554hadonelessthan1c.s-1.mg-1.Gy-1(Table2).Ingeneral,quartzsampleshadthelowestOSL
sensitivities of any lithology, leading to reduced precision in the equivalent dose determination for
severalsamples.
 ForthepreliminaryOSLageestimatesshownhere,thebetadoseratewasassumedtooriginate
outsidethemeasuredquartzgrains,andnoalphadoseratecontributionhasbeenincluded.InTables1
and2,internaldoseratereferstotherocksample,notthequartzgrains.Theseassumptionsmayrequire
modificationinfuture.Notethatiffurtheralphaandbetadoseratecontributionswereincluded,thetotal
doseratewouldincrease,andtheestimatedOSLagewoulddecrease.
 Ourpreliminaryresultsareveryencouraging,andclearlydemonstratethepotentialofOSLfor
datingexposedheat-retainerhearths inwesternNSW.Themethodrequiressomefurtherrefinement to
improve the degree of agreement between OSL and independent chronological control provided by
radiocarbon. However, we can now provide provisional answers to the three questions we initially
posed:
 4.Weobservenoclearindicationofincompletesignalzeroing,thoughsomesamplesdoprovide
 OSLageover-estimates.
 5.Sometranslucentorpale-colouredlithologiesprovideOSLageunder-estimates,suggesting
 thatdaylightbleachingoccurredwhilesampleslayatthesurface.
 6.ThegoodagreementbetweenOSLand14Cformanyofthesamplessuggeststhatcomplex
 geometrydoesnotrepresentasignificantobstacleforOSLdating.Mostofthesampleswhich
 provideOSLageestimatesnotinagreementwith14Caresignificantlyinerror,ratherthanjust
 alittleoutsidetheestimateduncertaintylimits,whichsuggestsothercausesfortheseerrors.

 We plan to re-measure these samples after a brief HF treatment to reduce possible feldspar
contamination, and to examine the dependence of age on burial depth, internal dose rate, sediment
moisture content, and other parameters. We will also examine the role of sample size and colour in
controlling surface bleaching. From the large dataset of paired OSL and 14C samples presented here, it
will be possible to estimate meaningful values for inter-sample variation beyond the estimated
uncertainties, which may be applied to similar OSL age estimates in the future. We will also produce
guidanceonoptimallithologyandsamplesizetoassistefficientcollection.


Conclusions

From the data presented here, we are confident that OSL can provide a very useful technique for
estimatingtheageofheat-retainerhearthsexposedatthesurfaceinaridAustralia.Thistechniqueislikely
tobepopularwithAboriginalgroupsandheritagemanagersasitdoesnotrequireexcavationandcauses
only minimal damage to the hearths. It is also requires relatively little laboratory preparation time and
chemicaltreatment,andtheOSLmeasurementtimeisshort.Thus,therearelikelytobeconsiderablecost
savingscomparedwithradiocarbondatingofhearthcharcoal.Thismethodissuitableforapplicationto
largenumbersofstones,whichinturnwillleadtomeaningfulchronologiesoflandscapeoccupation.
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Abstract	

Highperformanceliquidchromatographywithmassspectrometry(HPLC-MS)isapowerfulmethodfor
characterisingmodernfatsandoilsatthemolecularlevel(triacylglycerols).Itisatechniquethatshould
havegreatpotentialfortheanalysisofarchaeologicalfattyresidues.However,itsarchaeologicalpotential
has yet to be systematically evaluated. This paper presents the results of an HPLC-MS study of food
residuesadsorbed intoarchaeological ceramics.Experimentally three classesofmaterialswere studied:
rawplantandanimalfoodslikelytobeavailabletotheprehistoricpopulationofAnatolia(Turkey),the
samefoodsaftercookingandarchaeologicalresiduesfromLateBronzeandEarlyIronAge(ca1500–900
BCE)contextsfromceramicsexcavatedatthesiteofGordion,CentralTurkey.Modernfoodswereusedas
a baseline; modern cooked residues provided a measure of the effects of cooking on the same fatty
residues.ThesedatasetswerethencomparedtotheHPLC-MSresultsforthearchaeologicalresidues.The
studyfoundthatHPLC-MSdoesofferimportantnewinformation,butdoesnotprovidea‘magicbullet’.
Likeestablishedtechniquesusinggaschromatographyandmassspectrometry,itisbestusedintandem
with other techniques in a multi-stranded approach to archaeological residue characterisation and
identification.

Keywords: HPLC-MS; residue identification; lipids; cooking residues; fatty acids; triacylglycerols;
Gordion
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Introduction	

Fattyresiduesrecoveredfromwithintheporousfabricsofarchaeologicalceramicshavebeenstudiedfor
almost 30 years. Condamin and coworkers (1976) first demonstrated that the porous fabric of
earthenware ceramics provides an excellent microenvironment for the preservation of fatty residues.
Initially, chemical exploration of archaeological residues focused on fatty acid derivatives due to their
archaeologicalubiquityandanalytic simplicity (Condaminetal.1976,Morganetal.1984,Patricketal.
1985).Insimpletermsfattyacidsarehydrocarbonchainswithaterminalcarboxylgroup(Markley1960).
These hydrocarbon chains occur in a range of configurations. However, straight-chain saturated fatty
acidsandcarbon-carbondoublebondunsaturatedfattyacidsaremostcommon(Figure1b,1c)(Christie
2003).Therelativeubiquityofmostfattyacidspeciesinmodernplantandanimalproducts limitstheir
diagnosticutility(HilditchandWilliams1964).Lessthan25fattyacidspeciescanaccountformorethan
90%offattyacidsinnature.Ofthese,somearehighlysusceptibletodegradationandthereforeunlikely
tosurviveoverarchaeologicaltime(Evershedetal.1992,Evershedetal.2001).

 Improvements in column chromatography and the increasingly common technique of gas
chromatographywithmassspectrometry(GC-MS)inlaboratoriesinthe1990sledtotherapidexpansion
oftypesofarchaeologicalmoleculesanalysed,includingfattyacids(Copleyetal.2005,Craigetal.2005,
Eerkens2005,Evershedetal.2002,Kimpeetal.2004,Malaineyetal.1999),waxes(ChartersandEvershed
1997, Evershed et al. 1997, Gariner et al. 2002), alcohols (Reber and Evershed 2004), terpenes (Eerkens
2002, Fox et al. 1995) and sterols (Evershed, et al. 1992). These analyses of new classes of molecules
providedimportantdiagnostictools,suchasthepresenceofcholesterolandcampesteroltoidentifythe
presenceofanimalandplantresiduesrespectively.
 Gaschromatographyreliesonmolecularvolatility,primarilyseparatingmoleculesaccordingto
theirevaporativepoint(Abian1999).ThislimitsthecapacityforGCtoseparatelow-volatilitymolecules,
such as triacylglycerols. Triacylglycerols are the most common component of modern fats and oils
formingadiverseanddiagnosticclassoflipid(Christie2003,Holcapeketal.2003,Mottrametal.1997,
Mottrametal.2001).Triacylglycerolsarecomposedofaglycerolbackbonewiththreefattyacidsattached
viaesterbonds(Figure1a).Around150speciesoftriacylglycerolwouldberequiredtoaccountfor90%of
naturalvariation,amuchlargerandmorediverserangethanfattyacids.Someresearchershaveobserved
thepresenceoftriacylglycerolsinarchaeologicalresidues(Chartersetal.1995,Copleyetal.2005,Dudd
et al. 1999, Evershed et al. 2001, Heron et al. 1991). These triacylglycerols may provide valuable
informationforelucidatingtheoriginalsubstancescontributingtofattyarchaeologicalresiduesandother
aspectsofancienttechnologies.However,thetechnicallimitationsofGC-MShavemeanttheirpotential
hasnotyetbeenevaluated.

Figure1.1a.tristearin;1b.stearicacid;1c.oleicacid.AdaptedfromEvershedetal.(2001).
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Figure2.LocationofGordionandotherkeyAnatoliansites.

 A recent advance in mass spectrometry has been the coupling of high performance liquid
chromatographyandmassspectrometry (HPLC-MS).HPLC is ideally suited to theseparationof large,
non-volatile molecules such as triacylglycerols, separating molecular species by polarity rather than
evaporativepoint(Abian1999).HPLC-MScanalsoanalysefattyacidspeciestypicallyanalysedbyGC-
MS,withtheadvantageofasimplifiedpreparativeprocess.Thisstudythereforesoughttosystematically
evaluatetheutilityoftriacylglyceroldataderivedfromHPLC-MSanalysesforarchaeologicalresearch.


Methodology	

This study utilised three datasets: (1) a set of fats and oils extracted from modern plant and animal
products,basedona literaturereviewofAnatolianarchaeological finds; (2)asetof residuesrecovered
fromthefabricofpurpose-builtceramicsafterexperimentalcookingoffoods;and(3)anarchaeological
dataset of residues recovered from Late Bronze and Early Iron Age ceramics from Gordion, central
Turkey (Figure 2). Fats and oils were extracted from the first dataset by ultrasonicating 500 mg of
material in 9 ml of a 1:2 methanol/chloroform mixture for 15 minutes. The supernatant was filtered
through coarse filter paper and the process repeated once. These extracts allowed the assessment of
HPLC-MSseparationandquantificationmethods,providedabaselineforcomparisonwithexperimental
cookingdataandprovidedareferencedatabasefortheinterpretationofarchaeologicalsamples.

powder with a porcelain mortar and pestle.  Eight grams of powdered ceramic was ultrasonicated in
36 ml 1:2 methanol/chloroform for 15 minutes, followed by centrifuging at 3500 rpm. After this, the
supernatant was collected and the process repeated once. The experimental database was designed to
measuretheeffectsofcookingonresiduesandthesurvivabilityoftriacylglycerolspecies.
 Finally,45archaeologicalceramicswereselectedforresidueextraction,15fromtheLateBronze
Ageand15fromeachoftwoEarlyIronAgeperiods(EIA7BandEIA7A).Fromthese18wereselected
for residue analysis based on residue recoveries. Archaeological residues were extracted in the same
mannerasexperimentalresidues.Thisdatasetallowedtheassessmentoftheprimaryfocusofthisstudy:
the utility of HPLC-MS derived triacylglycerol species data for the characterisation of archaeological
residues.

HPLC-MS characterisation 
ResidueandextractmoleculeswerechromatographedonaVarian150x2mm(i.d.)C18-A(10μmpacking)
column fitted with a 20 x 2 mm C18-A (5 μm packing) pre-column guard. Mass spectrometry was
conductedonaVarian1200LQuadrupoleMassSpectrometer.

 Experimental residues
were prepared by boiling food
productsinearthenwareceramic
pots for five hours. After this,
the pots were allowed to cool
and contents removed. The
cooked-in residue was then
extractedbyremovingapieceof
the ceramic from around the
‘waterline’of thepot,where the
most appreciable volumes of
fatty residue accumulate. The
ceramic was cleaned with a
dentaldrillandcrushedtoafine
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 Residues and extracts were first analysed for triacylglycerols using atmospheric pressure
chemical ionisation (APCI). APCI produces predictable, diagnostic parent [M+H]+ and fragment ions
[M+H-RCOOH]+fromwhichtriacylglycerolspeciescouldbedefinitivelyidentified(Holcapeket.al.2003,
MottramandEvershed1996).Agradientofacetonitrile(MeCN)anddichloromethane(DCM)wereused
asamobilephaseonthefollowingprogram:0min—100%MeCN,80min—100%MeCN,200min80%
MeCN20%DCM,210min80%MeCN20%DCM,withaflowrateof0.8ml/minute.
 After triacylglycerol characterisation, the remaining sample was converted into free fatty acids
and analysed by treating the molecules in 0.5 mol methanolic sodium hydroxide at 70°C for 3 hours.
Followingthis,themixturewasacidifiedandfreefattyacidsextractedbywashingwithhexane(Christie
1987).Fattyacidswereanalysedusingelectronsprayionisation,producingdetectablefreefattyacidions
[M-H]– with minimal fragmentation, allowing identification of molecular species by their mass and
elution order. A gradient of methanol (MeOH) and water (H2O) was used as a mobile phase on the
followingprogram:0min—95%MeOH5%H2O,26min—100%MeOH,40min—100%MeOH,witha
flowrateof0.05ml/minute.
 Resultswerecalculatedbyintegratedareasofrelevantmoleculesexpressedaspercentagesofall
lipids identified. For triacylglycerols, the integrated area of the molecular ion [M+H]+ and relevant
fragment ions [M+H-RCOOH]+ were summed. Free fatty acids were quantified by calculating the
integratedareaofthemolecularion[M-H]−.


Results	

Food extracts 
HPLC-MS analysis of modern plant and animal products revealed complex mixtures of triacylglycerol
species. From the 13 foods analysed, a total of 108 triacylglycerol species were identified. Samples
containedbetween21(wheat)and41(pea)identifiablespeciesoftriacylglycerol,withameanof29.5.A
total of 13 fatty acid species were identified, ranging from 6 (linseed) to 13 (chickpea, pea and wheat)
fattyacidspeciespersample,withameanof10.8.
 The relative ubiquity of most fatty acid species is immediately recognisable from the dataset.
Only twoof thesamplespossessed less than10of the13 free fattyacidspecies identified.Bycontrast,
triacylglycerols presented a large and divergent dataset.  No sample possessed more than 40% of all
identifiedtriacylglycerolspecies.Further,sometriacylglycerolspeciesoccurredinonlyonesample,ora
group of related samples. For example, MaSS (margaric-stearic-stearic) was found only in ruminant
samples (beef and lamb), while APS (arachidic-palmitic-stearic) was only observed in pork samples.
Further, MyPP (myristic-palmitic-palmitic) and PSS (palmitic-stearic-stearic) were found in all animal
products studied, while plant products could generally be characterised by high levels of highly
unsaturated linoleic- and linolenic-bearing triacylglycerols. Considering that the vast bulk of free fatty
acids studied were derived from triacylglycerols, it is clear that reducing triacylglycerols to their
componentfattyacidsresultsinasignificantlossofcharacteristicinformation.

 Despite the apparent simplicity of the fatty acid dataset, some simple statistics still appear to
providecharacteristicinformation.Theproportionofunsaturatedtosaturatedfattyacidspeciesappears
to differentiate modern plant and animal products (Figure 3). Animal products contained between 55
and 70% unsaturated fatty acids. This range can be reduced to 55 to 61% if chicken, which appears
unusually high in unsaturated fatty acid species, is removed. Plant products possess generally higher
levelsofunsaturates,containingbetween69and86%unsaturatedfattyacids.Therefore, inunmodified
foods the proportion of unsaturated to saturated fatty acid species seems an appropriate general
indicatorofplantoranimalorigin.
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Figure3.Boxplotsofpercentageunsaturatedfattyacidsinunprocessedplantand
animalproducts.

Experimental residues 
The experimentally produced
residues revealed structural
changes in lipid composition
relative to their original plant
and animal sources (Figure 4).
Analysis of triacylglycerols
reveals a simplification of the
dataset, with only 59 of the
108 original triacylglycerols
recovered from experimental
ceramics. This relates to
preferential destruction of the
most unsaturated triacylglycerol
speciesthroughthehydrolysisof
the ester bond between the
component fatty acids and the
glycerolbackbone.
 Fatty acid species were
similarly altered, with a general
reduction in the proportion
of highly unsaturated fatty
acids. While volumes varied
considerably, the complete
removal of lipid species was
uncommon. Overall the fatty
acid species present remain
similar to their original food
products. Experimental residues
contained between 9 (olive)
and 13 (chickpea, wheat) fatty
acid species, with a mean
of 11.5. However, the relative
proportions of these species are
sometimes radically altered.
 Comparing triacylgly-
cerol and free fatty acid results,
triacylglycerols provide more
detailed characteristic markers,
especially for animal products.
Generally, triacylglycerols re-
sembled fatty acids, with the
preferential degradation of
highly unsaturated molecules.
Plant products were preferen-
tially degraded due to the
higher unsaturation of their
triacylglycerol components.  No
samplepossessedmorethan55%
of all identified triacylglycerol

Figure4.Boxplotsofpercentageunsaturatedfattyacidsinexperimentallycooked
plantandanimalproducts.
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species,withtheretentionofsomecharacteristicmolecules,especiallymoresaturatedforms.Incontrast,
no experimental residue contained less than 9 of the 13 fatty acid species identified and only two
containedlessthan11.
 Thealterationoflipidsbyexperimentalcookingalsohadaninterestingeffectontheproportions
of unsaturated to saturated fatty acids. After cooking, plant residues contained between 18 and 81%
unsaturated species, compared with 69 to 86% in unprocessed extracts. Animal products contained
between 46 and 62% unsaturated fatty acids. Experimental cooking seems to have removed the logical
structureofthedatasetnotedinunprocessedextracts.Whilelosingsomeunsaturatedfattyacids,animal
productsroughlyapproximatetheirunprocessedsources.Ontheotherhand,plantproductsvaryacross
awiderange,mostofwhichoccurbelowtherangeforanimalproductresidues.Therelativeinstabilityin
plant proportions most likely relates to the higher unsaturation of plant fatty acids. While most
unsaturated fatty acids in animal products contain only one unsaturated double bond, plant products
havemuchhigher levelsofpolyunsaturatedfattyacids.Thesusceptibilityof fattyacids todegradation
increasesexponentiallywithincreasingunsaturation(Eerkens2005),renderingplantlipidsmoreliableto
degradationintheprolonged,high-energyenvironmentofthecookingexperiment.
 In conclusion, the experimental dataset reveals a simplification, with the loss of characteristic
triacylglycerols and free fatty acid data. However, triacylglycerols remain a diverse dataset, retaining
important characteristic information. Fatty acids undergo dramatic changes in composition, rendering
theproportionsofunsaturatestosaturatesmeaninglessandpotentiallymisleading.Fromthis, itwould
be expected that archaeological lipid datasets would have undergone further simplification due to the
effectsofancientprocessinganddegradationoverarchaeologicaltime.

Archaeological residues 
Of the 18 residues analysed, only 6 contained analytically viable volumes of triacylglycerols. These
residues contained between 5 and 16 identifiable triacylglycerol species, with a mean of 8.
Triacylglycerolsrecoveredtendedtowardsthesaturatedendofthespectrum,containingonlysaturated
and monounsaturated component fatty acids. The dataset does not display the variability of the
unprocessed or experimentally cooked dataset, with one residue sample containing 76% of the
triacylglycerol species identified. However, by reference to the first two datasets, some of the
triacylglycerols identified appear characteristic. Triacylglycerol species only observed in beef and lamb
(MaSS)werepresentin5ofthe6residues,whileamarkeridentifiedonlyinpork(APS)wasobservedin
onesample.Thesamplethatcontainedaporkmarkeralsocontainedthebeef/lambmarker.Markersthat
appeared generally indicative of animal products (MyPP, PSS) were observed in 5 of the 6 residue
samples,withtheonelackingthesemarkerscontainingthebeef/lambmarker.Whilethisevidenceisnot
definitive due to the limits of the reference dataset, archaeological triacylglycerols appear to provide a
specific,narrowrangeofpotentialcandidatesforagivenarchaeologicalresidue.
 Fatty acids are again less informative. All 18 residues analysed contained analytically viable
volumesoffreefattyacids,containingbetween9and13fattyacidspecies.Thepotentialeffectsofancient
reuse, mixing and differential preservation complicate the picture. However, the proportion of
unsaturatedfattyacidsseemstorevealalogicalpicture.Thereappearstobearangeseparationsimilarto
that observed in the food baseline, with an apparent separation around 25–30% unsaturated fatty acid
species(Figure5).However,theexperimentaldatasetdemonstratesthatthismaynotbemeaningful.The
apparentpatterncouldresultfromarelativelypredictabledegradativeshiftofplantandanimalresidues,
orasafalsepositivecausedeitherbydifferentialprocessinganddegradationofasingleclassofproduct
or a more unpredictable degradative process similar to the experimental dataset. Without additional
data,thisproblemappearsinsoluble.

 Comparisonwiththetriacylglyceroldatasuggeststhatthisdifferenceisnotsimplytheresultof
differential preservation or processing technology. If degradation differences were the cause of this
spread, these degradative changes would also extend to triacylglycerols. A correlation between high
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Figure5.Boxplotsofpercentageunsaturatedfattyacidsintriacylglycerol-bearing
andnon-triacylglycerolbearingarchaeologicalresidues.

levels of unsaturated fatty
acids and the presence of
triacylglycerols should be
observed. The opposite is, in
fact, the case. Residues that
contain analytically viable
volumes of triacylglycerols
have generally lower propor-
tions of unsaturated fatty acids
than those without (Figure 5).
This data is consistent with
two distinct groups of residue
undergoing degradative pro-
cesses dissimilar to the
experimental dataset; one pre-
dominated by animal products
and another by plant products.
Archaeological residues there-
fore underwent a different
process of alteration and
degradationtothatsimulatedin
our experiments. While a
detailed explanation of this
differenceisbeyondthescopeof
this paper, it is likely that
archaeologicalresidueswerenot
subjected to the prolonged
exposure conditions utilised in the experimental dataset. Without the benefit of triacylglycerol data, it
would  not have been possible to characterise archaeological residues with confidence. Triacylglycerol
data therefore gives us an important new insight not only into residue sources, but also ancient
processingtechnologies.


Conclusion	

ThisstudyaimedtoassesstheutilityofHPLC-MSanalysisandcharacterisationoftriacylglycerolspecies
for archaeological residue research. We have demonstrated that archaeological triacylglycerols can
providesignificantdiagnostic information,reducingthepotentialsourcesofsomeresiduestoanarrow
bandofrelatedspecies.
 Archaeological triacylglyceroldataalsoprovidedimportant informationforapuzzlepresented
by fattyaciddata.Resolving thispuzzleallowsanewunderstandingofancientprocessing technology
and supporting information for the characterisation of non-triacylglycerol bearing residues.
Inconsistenciesbetweenunprocessedandexperimentallycookedfattyacidsindicatedthatevenabroad
identificationofresiduecontributorswouldbe impossible forresiduesexposedtosimilarconditionsto
the experimental dataset. However, archaeological triacylglycerol data demonstrates a real difference
between residues and a real difference in processing technology and degradation relative to the
experimental dataset. The incomprehensibility of the experimental dataset calls into question previous
archaeologicalapplicationsofratiosusedintheabsenceoftriacylglycerolorothersupportingdata.
 However,HPLC-MSofarchaeologicaltriacylglycerolsdoesnotprovideanexhaustivemethodof
residue characterisation. For the archaeological residues, two-thirds of the dataset would have been
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meaninglessiftriacylglycerolcharacterisationwerereliedoninisolation.Further,comparedwithGC-MS
techniqueswhere fattyacids,waxes,hydrocarbonsandotherclassesofmoleculescanbeanalysed ina
singlechromatographicrun,theHPLC-MStechniqueforfattyacididentificationwaslessthanideal.The
techniquewasunable to identifyanyclassesofmoleculeother than fattyacids,potentiallyresulting in
thelossofimportantdiagnosticinformation.
 In conclusion, HPLC-MS of archaeological fatty residues does provide significant information
that could not be attained with current GC-MS techniques. Further, triacylglycerol data may reveal
importantdetailsofancientprocessing technologies.Theseadvantages leadus toconclude thatHPLC-
MS should be considered as an analytic technique for archaeological fatty residues wherever practical.
However, HPLC-MS cannot be considered a replacement for established methodologies and should be
usedintandemwithGC-MS.
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Abstract	

A fundamental concept in compositional studies in archaeology is that an elemental fingerprint most
broadlyreflectsregion-orarea-specificpetrogeneticconditions(theprovenancepostulate).Inthisstudy,
asamplepopulationfromasingleshipwreckassemblageoftradeceramics(stonewarejarsfromEastand
Southeast Asia), can be separated into clear compositional groups. While the multivariate elemental
definition of these groups is not controversial, their interpretation is. The study uses a method of
elemental data optimisation where mathematical and statistical techniques are combined to explicitly
evaluatethesignificanceofthesegroups.Contrarytoexpectations,groupelementalsignaturesemergeas
hybridsofprovenanceandtemperature.Theresultshighlightthevalueofexplicitmodellingapproaches
toarchaeologicalceramicelementaldatasets,aswellasunderscorethegeneralinfluenceoftemperature
onstonewarecompositionalprofiles.

Keywords: Principal components analysis, polynomial regression, data optimisation, ICP-OES,
provenancepostulate,EastandSoutheastAsia


Introduction	

In the elemental analysis of archaeological ceramics the ‘provenance postulate’ remains a major
conceptual link between geochemical pattern and archaeological interpretation (Olin et al. 1978; Kolb
1982; Maggetti et al. 1984; Jones 1986; Vitali and Franklin 1986; Ferring and Perttula 1987; Mason and
Keall1988;Middletonetal.1992;Mommsenetal.1992;Mallory-Greenoughetal.1998;Neff2000;Wilson
andPollard2001;Gomezetal.2002;Heinetal.2002;Grave2004).Experimentalstudiesofearthenwares
haveshownthatinterpretationcanbecomplicatedbyadditionalfactorssuchastechnologicaltreatment
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orpost-depositionalalteration(Matson1971;Kilikoglouetal.1988;Gosselain1992;Cogswelletal.1996;
Buxeda iGarrigos1999;Buxeda iGarrigosetal.2001;MatsunagaandNikai2004;Schwedtetal.2004).
Thesequalificationsoftheprovenancepostulatehavelargelydismissedfiringtemperatureasavariable
with any substantial effect on elemental composition. As a result archaeological ceramic elemental
profiles are generally considered unalterable by the varying temperature regimes required for the
successfulproductionofaceramicvessel.
 Amajordifferencebetweenclaycompositionsusedforearthenwareandstonewarerelatestothe
relative concentration of elements (fluxes) that lower or raise the melting (eutectic) point. Mismatch
betweenfiringtemperatureandflux-richclayscanresultinvesselfailurewithdevelopmentofexcessive
glassphasesandgasformation(‘bloating’)causingpartialorcompletevesselcollapse(‘slumping’).For
stonewares—vitreousceramicsfiredbetween~1100-1400ºC—therelativelylowconcentrationsoffluxin
g elements allow firing in the higher temperature ranges required without premature melting and
slumpingoftheceramicvessel(KerrandWood2004).
 Mostarchaeologicalcharacterisationworkonhigh-temperatureceramicsfromEastandSoutheast
Asiahasadopted theprovenancepostulate (andassociatedcaveats)moreor lessuncritically (Impeyand
Tregear1983;GuoandLi1986;Liu1986;PollardandHall1986;PollardandHatcher1986;YangandWang
1986; Stenger 1992; Yap and Hua 1992; Pollard and Hatcher 1994; Hughes et al. 1999; Chen et al. 1999).
Howeverelsewhere,Ihaveshownthatthehighfiringtemperaturesrequiredforstonewareproductioncan
haveameasurableeffectoncomposition(Graveetal.2000).Theobservationsunderpinningthatargument
werelimitedtoasmallpopulationofdecoratedvesselsandthekaoliniticwhiteclaystheywereproduced
from, from a single production centre in central northern Thailand, using a sensitive but relatively low-
dimensional technique (PIXE/PIGME). Here I evaluate a more robust elemental dataset for a shipwreck
assemblage of stoneware jars from several East and Southeast Asian production centres in order to
demonstrate the importanceof firing temperatureasavariable thatstructures theelementalcomposition
data derived from high-temperature ceramics (Grave et al. 2005a). An analytic advantage for elemental
analysisofstonewarestoragejarsisthatthesefabricsaretypicallyderivedfromclaysourcesthattendtobe
more elementally complex than the clays used for white bodied ‘fine’ ceramics. Greater compositional
complexityincreasesthelikelihoodofdetectingtherangeoffactorsthatmodulateelementalsignatures.
 Theobjectivesofthispaperaretwofoldandinterrelated.Thefirstistoevaluatethesignificance
of compositional groups in this assemblage. The second more methodological objective is to provide a
meanstoexplicitlytestthismultivariatedatasetagainstanumberofworkinghypotheses.

Limitations
Thisstudyisanempiricalpresentationandinterpretationofrelativedatapatternsandtrajectoriesrather
thananefforttoreconstruct‘original’ingredientsortechnologicalparameters.Thecomplexrelationship
between composition and eutectic point, for example is beyond its scope. Therefore I have dispensed
withtheconventionofreportingelementsasoxidesandmakenoattempttorelateempiricalobservations
ofelementalbehaviourtoabsoluteestimatesofinitialclaycompositionorfiringtemperature.


Background	

East and SoutheastAsian archaeological assemblages of the last thousand years or so typically contain
stonewares from a wide range of production centres of varying technical proficiency. Stoneware
technology, initiated in China prior to the first millennium AD, was widely adopted in East Asia and
mainlandSoutheastAsiafromtheearlysecondmillenniumAD(HayashiyaandHasebe1966;Impey1972;
Mikami1972;Medley1976;Li1990;StevensonandGuy1997).Thistechnologywasresponsibleforgoods
that defined the character of one of the most extensive trade and exchange systems of the pre-modern
period(Bronson1990),asystemfedbynumeroussmallproductioncentres,thatgaverisetosomeofthe
largestindustrial-scalespecialisedproductioncomplexesofthepre-modernworld(Harrisson1986;Long
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1992;Valdesetal.1992;Dupoizat1996;Descantesetal.2002).Thereadyspreadofstonewaretechnology
canbeatleastpartlyattributedtotherelativeeasewithwhichthetemperaturesrequiredcanbeachieved.
Stoneware kilns ranged from simple in-ground bank kilns to larger more elaborate hill-side brick
structures (‘Dragon’ kilns) (Vallibhotama 1974; Hughes-Stanton and Kerr 1980; Garnsey andAlley 1983;
Shaw1985;Liu1986;HeinandBarbetti1988;Ho1990;Impey1996;Graveetal.2000).
 Thecurrentwork ispartofawiderresearchproject tounderstand the impactof the transition
fromthepre-toearly-moderneconomyinEastandSoutheastAsia.Stonewarecompositionaldatafrom
highresolutionchronologicalcontexts(shipwrecks)canbeusedasanarchaeologicalproxyforchanges
in craft organisation for East and SoutheastAsia and is detailed elsewhere (Grave et al. 2005b). Here I
focusonachievinganappropriatelevelofanalyticdetailtoarticulatetheseproductiondynamics.

Methodological considerations 
The provenance approach to ceramic elemental analysis is best applied where an extended system of
trade/exchange is thought to have operated over a region, and would seem ideally suited to East and
Southeast Asian archaeological stoneware assemblages. The advantage of establishing an unambiguous
geochemicalsignatureisthatitprovidesameansindependentofmoreformalcriteriasuchastypologyto
distinguish between different production centres, even where the actual source area or centre remains
unknown. This characteristic is especially useful where popular forms were widely emulated, as is the
caseforthenumerouscompetingcentresofAsianstonewareproduction(BrownandSjostrand2002).
 Analytical requirements normally involve a) a relatively large and representative sample
population, b) instrumental technique(s) that can provide accurate and precise (reproducible)
measurementofelements;andc)alargenumberofelementsforahighdimensionaldatasettomaximise
identification of elements or elemental suites that are distinctive of different production centres.
Substantialtechnicaladvancesinmeasurementsensitivityaswellasgreaterflexibilityandavailabilityof
analyticfacilitieshavenodoubtcontributedtothegrowthinpopularityofthisapproach.Criticismofthe
adoption of novel analytical techniques may be justified where there is no proven advantage in larger
numbersofelementsorhighersensitivitymeasurements.
 Recently, Baxter and Jackson (2001) suggested that technical developments, rather than
archaeological requirements, have driven the move to use increasingly large numbers of elements that
may needlessly complicate interpretation. They introduce the idea of data optimisation and adopt a
multivariate modelling solution that seeks the most parsimonious explanation of data structure by
reducing the number of elements required to maintain sample relationships (Krzanowski 1987). While
most techniques of multivariate analysis involve data reduction, a drawback of this method is that its
criteriaarefocussedonthesampleorobjectsideofadataset.Amajorshortcomingisthatitdiscountsthe
interpretativepotentialofelemental/variablebehaviourforunderstandingoveralldatastructure.


Schematic	Models	

Out of the extensive empirical and experimental work on the factors contributing to ceramic
compositional signatures, three major themes emerge: provenance; technological modification (usually
focussedonadditiveorsubtractivetechnologies);andpost-depositionalalteration.Assessingthesemajor
compositional models (provenance, technological and environmental alteration) requires both internal
andindependentevaluationcriteria:
 •Thetypeofstructure(s)(shape)ofthesample;
 •Thebehaviourofelementsthatdescribethisstructure;
 •Ameasureofstatisticalgoodness-of-fitforelementalbehaviour;
 •Expectationsforanobservationindependentofelementalbehaviourthatwould
 unambiguouslysupportaspecifichypothesissuchastheprovenancepostulate.
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Figure1.Schematicrepresentationofmodelsdiscussedinthetext:a:provenance—groupsdefinedbydistinctelemental
suitesoperatingindependentofeachotherandreflectingdifferentparentcatchments;b:technologicalalteration—varied
technologicaltreatmentsproducinganumberofgroupsthataresubsetsofelementalrangeandorientationofparentcatchment;
c:post-depositionalalteration—elementalsignatureofparentcatchmentalteredbyinteractionwithmobilisedelementsof
adifferentcatchmenttoproduceanewhybridsignature

 Forthetypicalmultidimensionalinterpretativeenvironmentusedforhigh-dimensionaldatasets
— principal components analysis (PCA) — the schematic appearance of these themes can be broadly
defined, based on expectations of data structure and behaviour (Figure 1; Grave et al. 2005a). In this
technique,contiguityisessentialforgroupidentification.Inanormallydistributedsamplegroup,shape
tendstobeellipsoidal,withdeviationsfromnormalityreflectedinmoreorlessdistortedgroupshapes.
Inamulti-groupsampletheorientationofgroupellipsoidstoeachotherreflectsthedegreeofsimilarity
ordistinctivenessbetweentheunderlyinggeochemistryofeachgroup.



















 Forprovenance-determineddatastructure,grouprangeandshapeisprimarilyinfluencedbythe
distinctive geochemistry of different catchments. This difference is reflected in independent group
orientationaswellasdistribution(Figure1a).Wheresystematicdifferencesintechnologicalmodification
isthedominantinfluence,suchasremovaloforadditionofinclusions,separationbetweengroupswill
beconstrainedby theorientationandelemental rangeof theparentgeochemical signature (Figure1b).
Finally,post-depositionalalteration,whereadistinctiveprovenance-determinedsignatureisalteredbya
subsequentgeochemicallydistinctdepositionalenvironment,willproduceahybridelementalsignature
(Figure 1c). Without good control over these subsequent processes, post-depositional alteration may
obscuretherelationshiptounalteredgroupsfromthesameparentcatchment.


Material	and	Methods

Sample Population 
Typicalarchaeologicalcontextsinvolveanythingfromdecadaltocenturies-oldaccumulationsofceramic
debris thatmayreflectawide rangeofproductioncentres, eachofwhichcanvarygreatly in technical
proficiency over time. In order to circumvent these issues, this study uses a representative sample
population of stoneware storage jars, from an absolutely dated historical context, the Spanish Manila
galleon,‘NuestraSeñoradelaConcepción’,wreckedAugust1638inthenorthernMarianasIslandswhil
eonthereturnlegtoAcapulcofromthePhilippines(Mathersetal.1990).Inlinewiththe‘timecapsule’
natureofthewreck,thejarassemblageisoflimitedtypologicalrangebutappearstorepresentanumber
of production centres (Rinaldi 1990). Prior to sampling, scaled digital imaging recorded jar type. A
portablecirculardiamondsawwasusedtoremovesamplesfromaninconspicuousarea(typicallyfrom
thebase)of157jars.
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ICP-OES Analysis 
The applicability of inductively coupled plasma-optical emission spectrometry (ICP-OES) to
compositional analysis of stonewares has been reported elsewhere (Grave et al. 2005a). The technique
reliesonsuperheatedplasma(8000–10000ºcentigrade)toreducecompoundstoatomicconstituents.The
current generation of optical emission spectrometers uses a charge-coupled detector (CCD) to measure
theopticalpropertiesoftheplasma.Afterspectralsplitting,theintensitiesoflightwavelengthsthatare
element-specificaresimultaneouslymeasuredasananalogueofelementalconcentrations.TypicallyICP-
OES enables both a high sample throughput (100–200 per day) and long periods between routine
servicing. Theoretically, ICP-OES is capable of simultaneously measuring up to 70 elements of the
periodictablebutinpracticeisnormallyusedforonly20–30elements.
 The method requires careful sample preparation (removal of surfaces with a tungsten carbide
highspeedburrandultrasonicallycleaned)followedbydryingandpowdering(grainsize<10microns)
in a tungsten carbide ball mill (SPEX 5000) for 10 minutes. Samples are then reduced to an aqueous
solution through digestion of a small amount of sample powder (200 mg) with a high pressure
microwavesystem(MilestoneEthosPlus)andacombinationofhydrofluoricandnitricacidsbasedona
modified EPA method. Following digestion the aqueous samples are loaded into an auto sampler for
nebulisationandICP-OESanalysis(aradialVarianVistaMPXICP-OESsystem).
 
SEM Analysis 
The physical and mineralogical characteristics of a representative subsample were examined using
scanning electron microscopy (SEM). This involved carbon coating fresh fracture surfaces of samples
under vacuum and examination for SEM and X-ray element-specific mapping using a Joel 35C SEM
equippedwithanenergydispersivespectrometer.
 
Accuracy and Precision 
For ICP-OES measurement performance is gauged by reference to external standards to determine
precision and accuracy experimentally. Ideally these standards are as closely matched to the general
matrices of the actual samples as possible. Because no internationally accepted standards exist for
stonewares, replicates of two standard reference materials (SRM) from the U.S. National Institute of
StandardsandTechnology(NIST)(SRM679BrickClayandSRM2711MontanaContaminatedSoil)were
used.Theseclayandsoilstandardswereselectedbecausetheyroughlyapproximatethematricesofthe
archaeologicalsamplesandcoverawiderangeofelements.Table1givesexperimentalrecoveriesforthe
NISTstandardsagainsttheircertified/publishedvalues.Ofatotalof41measuredelementsweretain33
elements that have very good measurement precision (≤10%). Twenty four of these compare well with   
NIST certified/published SRM values (≤25%), indicating a good level of measurement accuracy.  
 
Multivariate Analysis 
Multidimensional data reduction with principal components analysis (PCA) enables standardi-zation of
widelydivergentelementalranges(z-scoring)suchthatthemajorityofdatavariationisaccountedforon
the first few components ((Pollard 1986; Tangri and Wright 1993; Neff 1994). Each successive component
describes variation not otherwise accounted for. Typically, with highly structured ceramic compositional
data, the first 4 components describe at least 70% of total variation (Grave et al. 2005a). As PCA highlights 
themostsignificantstructuresaswellasthecontributionofelementsinareducednumberofdimensions,it
facilitatesgraphic(scatterplot)interpretation(Tufte1983;Graveetal.2000).
 AstrengthofPCAisitsintrinsicabilitytomathematicallyisolatedistinctfeaturesofadatasetby
component(i.e.itdoesnotrequireaprioriassumptionsaboutdatastructure).Inanthropometricstudies
ofcranialdata,forexample,PCAisusedtodistinguishageneralsizefeature(typicallyaccountedforon
component 1) from other diagnostic (and non-size related) data structures on subsequent components
(Hennessy and Moss 2001; Adriaens and Verraes 2002; Bruner and Manzi 2004). For archaeological
ceramics this capacity — the relationship between elemental pattern and a general feature — has not
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Table1.StatisticsfortheaccuracyandprecisionoftheICP-OESanalysisshowingtotalnumberofelementsusedinthisstudyand
optimalspectrallinesinnanometers(nm).Averagesbasedonnumberofreplicates(n=#)with%standarddeviations(calculatedby
takingthestandarddeviationfortheelementanddividingitbytheelementmeanX100.Thepurposeofthiscalculationistomake
thestandarddeviationfiguresdirectlycomparablebetweenelementalconcentrationsthatcandifferbyordersofmagnitude).Data
forthecertifiedstandardsNIST679and2711includes%standarddeviationsand%recoveries(calculatedbydividingthemeanof
theNISTvalueby100thendividingtheunknownbythisresult).Highlightedelementsarethosethatarebothpreciseandaccurate.
Reportedbutnon-certifieddataarewithouterrorsshownby—.

beenexplored.Thesignificanceofageneralisedfeature lies in thepossibility thatgroupdifferentiation
on the first component would reflect a property that if demonstrated, would apply to all samples,
irrespectiveoforigin,technicaltreatmentorenvironmentaleffects.Inotherwordsmorespecificeffects,
suchasprovenance-specificpatterning,shouldbesoughtonsubsequentcomponents.

Polynomial Regression Analysis and ‘goodness of fit’ 
Determining theprobabilityeither that the firstprincipal component isolatesageneralisedeffect,orof
the best fit between the data and a particular model, requires statistical (rather than mathematical)
evaluation.RegressionanalysisanditsassociatedR2scoreisaneffectivewaytotestboth(FanandGijbels
1996). The non-linear transformations involved in PCA require a polynomial regression approach. For
modelling, a hypothesised governing property of the multidimensional behaviour of elements
determines their respective positions along one axis (e.g. valence state, atomic weight, physical
behaviour)againstthefirstcomponentorderofelementsontheotheraxis(theresponse).Thefitofaline
throughtheobservedpointsofthismodelprovidesameasureoftheextenttowhichthemodelexplains
thedistributionofelements.ThisisgivenbyanR2value,anestimateoftheproportionofthevariationin
theresponsearoundthemeanthatcanbeattributedtothemodelratherthanrandomerror.AnR2value
of 1 reflects a perfect fit and an R2 value of 0 means that the fit predicts the model no better than the
overall response mean. For evaluating how well a general phenomenon is isolated on the first
component, then, this shouldbe reflected inahighR2 score.Conversely, if the first component reflects
compoundeffects,thenthisshouldproducealowR2value.
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Preliminary Modelling Expectations 
Having defined the test population, method and quality of instrumental measurement, and the
multivariateandstatisticalmeanstoevaluatedatastructureandelementalbehaviour,wecannowturnto
definingprovisionalexpectationsforeachofthethreeschematicmodelspresentedearlier.

Model A (Figure 1a):Provenancepostulate—elementalsignaturethatreflectsspatiallyandgeologically
discreteproductioncentre:
 •Groupsdefinedbydistinctelementalsuitesoperatingindependentofeachotherand
 reflectinglocalpetrogeneticconditions(i.e.eachgroupdefinedbyadifferentelemental
 trajectoryinmultidimensionalspace).
 •Independentcorrelates:typology—eachgrouphasdistincttypologicalattributes.

Model B (Figure 1b):Technologicalmodificationofelementalsignature (e.g.additionorsubtractionof
inorganicororganicinclusions):
 •Groupdefinedbydistinctelementalsuitethatreflectschangeincompositionalrangeasa
 resultoftechnologicalalteration.Differenttechnologicaltreatmentscanproduceanumberof
 groupsconstrainedwithinthesameprovenance-specificelementaltrajectory.
 •Independentcorrelates:physicalevidenceforadditions;correlationswithindependent
 measurementsofelementalbehaviour(e.g.elementalenrichmentassociatedwithpurposefully
 addedinclusions).

Model C (Figure 1c):Post-depositionalalterationofelementalsignature(e.g.environmentalenrichment/
depletion):
 •Elementalsignature(s)alteredbyinteractionwithmobilisedelementstoproduceanew
 hybridsignature.Ifamany-to-onerelationship,thenthiseffectwouldtendtoblur
 provenance-relateddistinctions.
 •Independentcorrelates:evidenceofaccretionofsaltsinporespaces,dissolvedminerals.


Results	

Variationinsummedelementaltotalsforeachsampleconflatesbothsystematicaswellasrandomeffects.
Because of the difficulties in separating the two, sample measurements were normalised to Σ 50000 ppm.    
PCA indicates that the normalised dataset is highly structured. It readily separates into five discrete
groups on the first two components, with the eigenvalues for these components accounting for almost 65% 
of overall variation (Figure 2; Table 2). In the accompanying variable plot for these components two
elemental trends are evident. The first ranges from high K samples to high Ca samples and describes
groups1–3and5alongcomponent1.TheseconddistinguisheshighTifromtheK-Catrendandseparates
group4samplesalongcomponent2.Nofurthernewgroupsareevidentonsubsequentcomponents.
 Polynomialregressionof theaccompanyingelementalplotproducesa lowR2valuesuggesting
that, while the object plot clearly distinguishes 5 groups, there is little correlated behaviour between
variables.Optimisationoftheseresultsdetermineshowmanyelementscanberemovedwhileretaining
groupintegrity.Thisstepinvolvesiterativeremovalofredundantornoisyelementsusingimprovements
in the polynomial R2 value as a guide. Elements that exhibit little systematic behaviour due to poor
measurementstatisticsorbecauseofsampleoutliersareobvioustargetsforexclusionbyoptimisation.
 Following R2 optimization the revised dataset was reanalysed by PCA (Figure 3). The results
show a substantial 15% improvement in the variation accounted for by the first two components (from 
~65% to ~80%).  Little substantive difference is evident in the group object scatterplot of component 1   
and2. ThepolynomialregressionR2valuesfortheaccompanyingelementplotshowsanimprovement
from 0.3 to almost 0.9 indicating a high level of descriptive efficiency in the element-reduced dataset.
While element end members in the optimised dataset appear to retain a high level of redundancy,
removalofanyofthesereducedtheR2value.
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Table2.SummarystatisticsforthefiveelementalgroupsofstonewarejarsidentifiedthroughICPanalysis.Averagesbasedon
numberofreplicates(n=#)with%standarddeviations(calculatedbytakingthestandarddeviationfortheelementanddividingit
bytheelementmeanX100).

Figure2.PCAscatterplotofthefirsttwocomponentsforthenon-optimiseddatasetshowingstructureofobjects(above)
andelementswithpolynomialregressionandR2value(below).
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Figure3.PCAscatterplotofthefirsttwocomponentsfortheoptimiseddatasetshowingstructureofobjects(above)and

elementswithpolynomialregressionandR2value(below).

 Ten elements were discarded to produce the optimised dataset. These include elements at
concentrationswellbelowthoseofthestandardsornotrepresentedinthemandthosethatarelikelyto
have poor measurement characteristics (Cd, Gd, Lu, Pb). However, they also include elements in
concentrationsforwhichmeasurementiseitherpreciseorbothaccurateandprecise(Co,Mn,Na,S,Sr,
Zn). Three of these elements can be discounted because of outlier behaviour (Co: a single sample in
group 2 with significantly elevated levels, >250 ppm), S (significantly enhanced, >500 ppm) for several
group 2, 3 and 5 samples and Zn (elevated levels, >150 ppm) in three group 1 and 2 samples). The
remaining elements Mn, Sr and Na otherwise appear statistically normal (i.e. have good measurement
statisticsandarenotsubjecttooutlierdistortion).
 Elevatedconcentrationsoftheseelementscharacterisegroup5.MnandNa,relativelyabundant
componentsofseawater,couldbeexpectedasprecipitatesfrompost-depositionalseawaterinfiltration
(RodshkinandRuth1997).Amorecomplexargumentneeds tobemountedforSr,a traceelement that
normally tracks Ca. Structural similarities allow substitution of Sr into the Ca molecular lattice. This
relationship is charge dependant and environmentally sensitive (Porder et al. 2005). The Ca/Sr ratio is
substantially higher (Sr depleted) than in the remaining groups (average group 1–4 Ca/Sr ratio: 43.15±
8.72%; group 5 Ca/Sr ratio: 73.03). As Sr-depleted-Ca in group 5 is consistent with a marine rather than 
terrestrial source, this distinction also suggests possible sea water infiltration. In other words group 5
samplesmaybemoreporous,lessvitrifiedandthereforeaffectedbypost-depositionalprecipitatesthan
theremaininggroups.
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Scanning electron microscopy (SEM) 
LowandhighmagnificationSEMandX-raymappingoffreshcarbon-coatedfracturesurfaceswasused
to assess the likely extent of post-depositional chemical alteration of a selection of fabrics from each
group.Allgroupsexhibitextensivevitrification,closedporespacesandthedevelopmentofgasbubbles
(Figure 4a). Contrary to expectations from the elemental profiles, Group 5 samples appear to be more
vitrified with larger coalescing bubbles than the remainder and have no evidence of post-depositional
precipitates (Figure 4b). Group 5 samples also contained numerous fine and coarser Ca- and Na-rich
mineral inclusions. These inclusions retained clear (unmelted) grain boundaries and were part of the
original pre-fired fabric (Figure 4c and d). No samples from the other groups contained inclusions of
comparablecomposition,sizeorpreservation.

Figure4.Representativejartypesforeachofthe5compositionalgroupsdiscussedinthetext(alltoscale).
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Discussion	

Returningtothethreemodelswecannowre-evaluatetheseresults.
 
Model A (provenance postulate): 
 For model A, the independent attribute of jar form provides a check on whether the five
compositionalgroupsarelikelytocomefromdifferentcentres(Figure5).Groups1and2shareajarform
thatisindistinguishableinstyleanddecorativedetail(Figure5,group1,group2).Thisclosesimilarity
suggeststhesamepottersratherthanemulationofapopularjarformbytwocentres.Thesignificanceof
the compositional separation will be returned to below. Group 2 also includes several examples of a
second smaller form representing a distinctive fabrication convention (two-piece shoulder joined type
(Figure 5, group 2, sample 351). Together, group 1 and 2 account for the majority of the sample
populationsuggestingthatthesejarswereapredominanttypeavailabletoSpanishshipsleavingManila
in theearly17thcentury.Basedoncomparisonwithpublisheddata,group1and2formshavea likely
origininasoutheasternChineseproductioncomplexinFujianorGuandongProvince(Hogervost1982;
SoutheastAsianCeramicSociety(WestMalaysiaChapter)1985;Harrisson1986;Long1992;Valdesetal.
1992; Dupoizat 1996). The remaining groups represent about 5% each of the total sample.  The possible 
spatialsignificanceofthisrelativelylowfigurecanbegaugedfromgroup3.Thisgroupincludesarange
of types derived from production centres in more distant Thailand (Brown 1988; Brown and Sjostrand
2002),suggestingthattheothersmallgroupsmayalsoreflectmoredistantproductioncentres(Figure5,
group3).Group4samples(Figure5,group4)areofadistinctivetypewithoutsufficientlygoodparallels
tonominatea sourceareabutwecan infera singleproductionregion fromthe relativelyhomogenous
form and the distinctiveness of the titanium-rich composition of this group. For group 5 (Figure 5,
group 5) large elemental differences coupled with stylistic anomalies (less well-defined neck and rim;
less symmetrical body indicating greater degree of hand finishing) suggest that this group, though
broadlysimilar in formto themostcommontypesharedbygroups1and2, isanemulationanddoes
notoriginateinthesameproductioncomplex.

Figure5.TheBoilingPointmodel:polynomialregressionanalysesandR2valuesforboilingpointdata(yaxis)comparedwithorderof
elements(xaxis)onthefirstcomponentfromthePCAoftheoptimiseddataset.Notethattheveryhighvalueforthe3rdregression
reflectsthelownumberofelementsandisretainedprimarilyforheuristicvalue.Contrastthiswiththehighvaluesforregressions1
and2,eachwith~10elementsextendingacrossthecomponentandboilingpointrange.
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Model B (technology): 
 The results from the PCA of the optimised dataset were used to determine if a generalised
featurewascapturedintheorderofelementsalongthefirstcomponent(effectivelydetrendingthePCA
‘horseshoe’distributioninherentintheeigenvaluesthemselves).Astrongcorrelationisevidentbetween
component-ordered elements and boiling point data (Aylward and Findlay 1983). Several iterations to
improve the polynomial R2 value result in not one but three regression solutions for the component 1
orderofelementsagainsttheirboilingpoints(Figure6).Twoofthesecorrelatewithelementalorderfrom
left to rightandanoveralldecrease inboilingpoint.The thirddescribes lowboilingpointelements in
what is otherwise the high boiling point side of the plot. While only trace elements are represented at
elevatedboilingpoints,thethirdtrendrunscountertothiswithlowboilingpointmajor,minorandtrace
elements in theotherwisehighboilingpointendof the first component.Thisgeneralisedboilingpoint
behaviour isconsistentwithprogressivevolatilisationofelementsunder increasinglyhightemperature
firing regimes. In this scenario the enhancement of a limited suite of low temperature elements in the
hightemperatureendofthecomponentreflectsdevelopmentofanextensiveK-Y-Ba-richfelspathicglass
phasedepletedinotherlowtemperatureelements(Kopeikin1960;YakovlevaandBeznosikova1960).

Model C (environmental effects): 
 Post-depositional alterationdoesnotappear tohavehadappreciable influenceon the stoneware
fabricsofthesamplepopulation.Incontrasttorelativelyporousearthenwareswithagreaterpotential to
takeupelementsmobilisedingroundwater,thestonewaresallexhibitedextensiveglassyphases(i.e.non-
continuousporestructures)thatappearimpervioustopenetrationbygroundwaterorsalts.Evenassuming
somedegreeofalterationundetectablebySEM,thesamplesofthisstudy,immersedinsaltwaterforalmost
400 years, shared the same conditions of temperature and salinity, and have been treated in the same
mannerformuseumstorage,suchthatpost-depositionalalterationshouldaffectallsamplesequally.

Figure6.Scanningelectronmicrographsofrepresentativegroupfabrics.Above,highmagnificationstonewarefabrictypicalof
groups1–4(a);andfabrictypicalofgroup5(b).Bothshowevidenceofextensiveglassformationwithgasbubblesbutnote
thegroup5sampleappearsmoreevolvedwithlargerareasofglassandcoalescedgasbubbles.Below,lowmagnification
X-raymapsofthesameareaofagroup5fabricpreserving(c)Ca-and(d)Ca/Na-richmineralswithcleargrainboundaries.
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Summary 
Forthe‘Concepción’stonewareassemblage,thegeographicprovenanceofcompositionalgroupscannot
bedisengaged fromsystematicdifferencesproducedby firing temperature.The first componentof the
PCAanalysisfortheoptimiseddatasetisolatedageneralisedtemperature-relatedbehaviour;polynomial
regressionanalysishighlightedtheexplanatoryefficiencyoftheboilingpointmodelandunderscoredthe
potential pitfalls in optimisation techniques, such as proposed by Baxter and Jackson (2001), that
arbitrarily remove ostensibly redundant elements. In this study the elemental end members of the
optimised PCA that appeared to contain a high level of redundancy in fact represent a complex
relationshipbetweentemperatureandfabriccomposition.
 Of the threeceramicelementalhypotheses (provenance, environmentand technology) twocan
be accommodated within the dataset (Figure 7). While provenance (Model A) can be demonstrated
to account for group distinctions, firing temperature differentials (Model B) represent the most
parsimoniousexplanationofdatastructure.

Figure7.PCAscatterplotofthefirsttwocomponentsfortheoptimiseddatasetshowingstructureofobjectswith
hypotheticalschemassuperimposed(labelsfollowFig.1).

 If,asproposed,groups1and2comefromthesameproductioncentrethentheyappeartoreflect
acomplexproductionenvironment.Theclose typological similarityofbothgroupssuggests theywere
producedbythesamepotters.However,ifthedistinctionbetweenthemprimarilyrelatestodifferences
infiringtechnologythenthissuggeststhattheproductsofasinglepotteryworkshopweresenttoatleast
two kilns with different firing characteristics. This level of complex organisation has good historical
antecedentsfortheoperationoflargepotteryproductioncentresinSoutheasternChinafromatleastas
earlyasthe17thcentury(Sung1966).
 Group 3 consists of vessels that are of entirely different types and are typical of production
centresinThailand.Thisgroup,aboutthesamedistanceonthefirstcomponentfromgroup2asgroup2
is to group 1, also appears to reflect a lower firing temperature technology. Group 4, both
compositionallyandtypologicallydistinctfromtheremaininggroups,representsaclassof jarfromyet
another, (?) more distant, production complex but that more closely matches the higher temperature
range of group 1 and 2 and therefore is more closely related technologically (e.g. northern China,
Vietnam).
 Group5,themostcompositionallydistantofthegroups,broadlyconformstothemostcommon
jar type of groups 1 and 2 but diverges in typological details. Model C (post-depositional salt water
enrichment),suspectedtoberesponsibleforthisdistance,wasnotsustainable.SEMdataindicateslevels
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ofvitrificationcomparableorevenmoredevelopedthanfortheremaininggroups. Ingroup5the low-
temperature end member is also richest in fluxing elements (Ca, Mn and Na) that would lower the
eutectic point and promote melting at lower temperatures. The presence of Ca/Na rich minerals with
distinct boundaries in the group 5 fabrics suggests that while extensive melting had occurred this was
curtailedbeforeafullglassphasecoulddevelop.Thesurvivalofmineralscomposedoflowboilingpoint
elementsfurthersupportsgroup5asalowtemperatureendmemberbestexplainedinModelB.Group5
wares appear to be the product of a firing technology with significantly lower temperatures than
represented, for example, in the distance between the Southern Chinese groups 1, 2 and Thai group 3
samples.As an adaptation of high temperature firing technology to clays with high flux, low melting-
pointcharacteristicsmoretypicalofearthenwarecompositions,group5appearstorepresentastoneware
firingtechnologywherestonewarewasadaptedtoalessthanoptimumclaytype.


Conclusions	

Temperature plays a role in elemental sequestration of stoneware ceramic datasets. This observation
underlines the opportunities for a better quantitative understanding of the differences between both
contemporaryandsuccessivestonewarefiringtechnologiesofaregion.Italsohighlightsthepotentialof
thisapproachasananalyticalproxyforcomplextechnologicalorganisation(e.g.theapparentdecoupling
of potters of a common jar type from multiple firing complexes with different temperature
characteristics). These conclusions tend to contradict conventional modelling assumptions for
archaeological ceramic elemental datasets with provenance/temperature effects perhaps more
widespread than previously supposed. If so, these types of signatures may prove of broader utility in
other archaeological settings for identifying systematic techno-cultural differences between production
centresorregions.
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Introduction	and	aims	

Archaeomagnetismasdefinedhereistheuseofmagneticmethodsofanalysisonarchaeologicalmaterials
and deposits, although in its widest context it refers to the magnetisation of any materials relating to
archaeologicaltimes.Itismostwidelyknownforitsuseindating,butmorerecentlyithasbeenutilised
forotherpurposesincludingsitesurvey,sourcingandpalaeoclimaticreconstruction.Theseapplications
havedifferentsiterequirements,asdiscussedbelow.Twomainmethodsofanalysisexist:thosethatlook
atthedirectionandintensityoffossilremnantmagnetisations,asinpalaeomagnetism;andthoserelated
to looking at the mineralogy, grain size and concentration of minerals within a rock or sediment, as in
mineral(rock,environmental)magnetism.Inthelatercase,identificationoftheseparametersisachieved
bydifferenttypesandstrengthsoflaboratory-inducedremnantmagnetisationsand/orheatintosamples
toseehowtheyreactoralter.
 Magneticmethodshave,overthelast10years,beenincreasinglyusedasaQuaternarymethodof
analysis for a variety of applications including dating, sediment-source tracing, and palaeo-
environmental/climaticreconstruction.Whilethesemethodshavebeenusedonsomearchaeologicalsites
(e.g.Ellwoodetal.,1997;DalanandBanerjee1998;Moringaetal.1999;Gose2000;Petersetal.2001),their
applicationhasbeen sporadicand theirpotential asamajor tool for reconstructingarchaeologicaldata
remainsunderutilised.Thispaperprovidesareviewofmethodsofarchaeomagneticanalysistoshowthe
potentialforrecoveringvarioustypesofprimarydatathatcanbeintegratedtoformapowerfultoolfor
reconstructing archaeological site evolution and behavioural patterns. The paper also provides
preliminarydatafromanumberofStoneAgecavesitesinSouthAfricaandSpain.
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Mineral	magnetism	

Sediment sourcing, input, alteration and palaeoclimatic modelling 
Mineral magnetic studies examine the magnetic nature (minerals, grain sizes and concentration) of the
sedimentaryinputintoadepositionalsystemandthevariousprocessesthathaveactedonthatmaterial
bothbeforeandafteritsdepositioninthatsystem.Soilformedonvolcanicsoilswillhaveaverydifferent
magnetic character to soils formed on karstic landscapes.A study of the magnetic mineralogy of cave
sediments can therefore show changes in sedimentary input, such as a change from locally derived
material to material derived from further afield. This particularly occurs for sites where sediments are
deposited by aeolian activity due to changes in wind speed and direction, which can change between
glacialandinterglacialperiods(Begét2001).Influviallyderiveddeposits,changesgenerallytendtoreflect
more locally changing conditions, such as changes in pedogenic activity, soil cover, weathering and
erosion.Astudyofthemagneticmineralogyofsedimentsequencescanoftenbeusedasapalaeoclimatic
proxyrecordbecause theseprocessesaregovernedbyclimatic factorssuchasrainfallandtemperature
variations.Theseareinturndrivenbyglacial/interglacialcycles.Suchpalaeoclimaticproxyrecordshave
primarilybeenundertakenonlakeandmarinesequences(forexample,Pecketal.2004;Williamsonetal.
1998), but work has shown that cave sediments are also suitable, as they are relatively protected from
externalclimaticprocessesafterdeposition(Herries2006).
 Mineral magnetic analysis of sediment sequences can reveal a climatically-driven signal for a
number of reasons. Primary and secondary iron phases in rocks and sediments are transformed by
weathering and various other climatically driven processes into secondary iron oxides (such as
magnetite,maghaemiteandhaematite),hydroxides(suchasgoethite)andsulphides(suchaspyrrhotite).
Most often, these pedogenic processes convert primary and secondary iron into magnetite, with later
oxidisation to maghaemite through oxidisation/reduction cycles (Maher 1998). This is known as
pedogenic enhancement and it produces a dominance of these ferrimagnetic minerals. With prolonged
weathering,theseprocessesmayalsocausetheformationofanti-ferromagneticminerals,haematiteand
goethite. The degree of pedogenic enhancement is not only determined by climatic and environmental
processes but also by the local lithology, which provides the initial magnetic input into the pedogenic
system through weathering of underlying rock strata. In certain rocks, iron oxides, hydroxides and
sulphides may already coexist with amorphous iron. In igneous landscapes magnetite is the dominant
iron oxide, whereas sedimentary rocks may contain significant haematite, especially in sandstones.As
large amounts of highly magnetic phases are weathered directly from the local rock strata in volcanic
landscapes, the soils tend to show little pedogenic enhancement. The greatest enhancement is seen in
rocktypesthatdonotcontainlargeamountsofprimaryironoxides,suchaslimestone(Maher1998).
 Pedogenic formation of ferrimagnets is driven by temperature and moisture. It appears to be
favouredinwell-drained,poorly-acidicsoilsonweatherable,Fe-bearing(butoftennotFe-rich)substrates
in a climate that produces wetting/drying cycles (Maher 1998). Excessively arid, waterlogged or acidic
soils display little pedogenic enhancement. Maher and Thompson (1995) suggest that in many cases
maximum values of strong ferrimagnetic mineral phases, and so greatest pedogenic enhancement,
correlate well with absolute rainfall. However, in cases where a certain rainfall threshold is exceeded,
water-loggingoccursandcanresult inthedepletionofmagneticmineralsbyprocessessuchasgleying
(Liu et al. 1999). Detailed in situ magnetic susceptibility (MS) measurements of multiple sections can
quickly identify the potential of a site for palaeoclimatic analysis by identifying bulk changes in iron-
bearingminerals.However, tounderstand fully themagneticmineralogical changes, a suiteofmineral
magnetic measurements needs to be taken. Other analytical techniques for characterising mineralogy
(e.g.XRF,XRD,FTIR)canmostoftennotbeusedduetothesmallamountsofmagneticmaterialwithin
thesamples.
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 The survey and identification of archaeological sites using archaeomagnetism is based on
locatingstrongmagneticanomaliesthatarenormallyrelatedtotheuseoffirebyhumans(Mullins1977).
Theseanomaliescanbestronglymagnetisedrocksthatoncemadeupafireplaceorsedimentsthathave
been anthropogenically altered. Palaeoclimatic analysis on archaeological sites is complicated by
anthropogenic alteration of the deposits after deposition. It is therefore of primary importance to
understand how the heating of sediments affects the magnetic mineralogy of the deposits. Magnetic
measurements are sensitive to fire histories because burning causes the transformation of trace iron
withinthefuelsourceitselfor/andwithinsedimentsassociatedwiththeheating(Petersetal.2001,2002).
Changes between different minerals and different grain sizes can occur; these are dependent on the
temperature, longevityandatmosphereofheating (HerriesandKovacheva2007).Oxidising conditions
cause the formation of fine- to ultra-fine-grained single domain ferrimagnetic minerals and at higher
temperatures, haematite (Herries et al. 2007a). In contrast, reducing conditions cause the formation of
largerstablesingle-domaingrainedmagnetite(Herriesetal.2007a).Whileheatingofsedimentsinkilns
and ovens might produce a purely reducing environment (Herries et al. 2007a), campfires, as seen on
StoneAgesites,almostalwaysproduceanoxidisingormixedenvironmentofheating.Aswithmagnetic
enhancement in soils, the effect of heat on sediments is determined primarily by their initial magnetic
makeup(Herriesetal.2007a).Anumberoffactorscanaffectthethermo-magneticenhancementofburnt
deposits, including the type of combustion process used, contaminant mineralogy and fuel chemistry
(Petersetal.2002).Differentfuelsourcescanoftenbedeterminedfromthemagneticmineralogyofash
residues(Petersetal.2002).Mineralogicallycomplexfuel-ashisnormallyconfinedtofuelssuchascoals
and peat. Pure wood-ash, which would be expected to dominate Stone Age and Palaeolithic hearths,
should cause no thermo-magnetic enhancement because wood itself is non-magnetic, but magnetic
enhancementdoesoccurduetosmallamountsofburntsedimentwithintheash.


South	African	soils	and	burning	

Over the last 10 years a series of samples have been collected from modern and ancient campfires in
South Africa (Figure 1), to come to an understanding of the effect of fire on South African soils and
sediments at different sites. Most often, heating causes the formation of fine-grained ferrimagnetic
particles,whichproducesmagneticenhancementandhighMS(Petersetal.2001).Theviscousgrainsizes
formed by heating can normally be detected by frequency dependence of MS (FD-MS [XFD%])
(ThompsonandOldfield1986).However,SouthAfricancavesedimentsalreadycontainlargeamountsof
these viscous magnetic grains due to pedogenesis and natural burning in the open landscape (Table 1;
Figure 2 colluvium). Further burning causes a high concentration of ultra-fine (superparamagnetic)
grains that are smaller than can be detected by this method using the standard Bartington (Ltd.) MS
equipment. An increase in MS still occurs as these grain sizes are still easily magnetisable. However,
rather than seeing an increase in FD-MS with heating, as seen at many Eurasian sites (Morinaga et al.
1999;Petersetal.2001;Herriesetal.2007a),nochange,orevenadecreaseinFD-MSisseen(Table1).
 
 InSouthAfrica,thevariationinthisparameterisseeminglypartlygeographicallydependant.At
morecoastalsites,suchasPinnaclePointandSibuduCave,adecreaseinFD-MSisseeninconjunction
with increased MS (Table 1; Figure 2 fire). At most inland sites, such as Grand Canyon Rockshelter
(LimpopoProvince),RoseCottageCave (FreeState) andMolony’sKloof (NorthernCape)onlya slight
decreaseornochangeinFD-MScanbenoted,althoughanincreaseinMSisstillseen(Table1).Whilea
comparisonofMSandFD-MScanstillbeusedtoidentifyburntsedimentsinSouthAfrica,notallburnt
sediments can unequivocally be identified with this method unless detailed comparative mineralogical
studiesareundertaken.
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Figure	1.		Location	of	archaeological	sites	studied	in	South	Africa.	

Site	 	 	 	 Location		 	 State	 	 					MS	 	 FD-MS	

GrandCanyonRockshelter  Limpopo  unburnt  278.4  11.4
GrandCanyonRockshelter  Limpopo  mixed  544.0  10.6
GrandCanyonRockshelter  Limpopo  burnt  1876  9.37
RoseCottageCave  FreeState  unburnt  125.0  9.8
RoseCottageCave  FreeState  mixed  200  10.1
RoseCottageCave  FreeState  burnt  285.0  10.7
Molony’sKloof   NorthernCape  unburnt  35.8  5
Molony’sKloof   NorthernCape  mixed  160.0  6.6
Molony’sKloof   NorthernCape  burnt  231.7  8.9
PinnaclePoint   WesternCape  unburnt  1.1  0.0
PinnaclePoint   WesternCape  mixed  41.0  8.8
PinnaclePoint   WesternCape  burnt  138.0  2
KwaZuluNatalrecent  KwaZuluNatal  unburnt  750.0  12.5
KwaZuluNatalrecent  KwaZuluNatal  naturalburning 900.0  12.0
SibuduCave   KwaZuluNatal  unburnt  92  8.7
SibuduCave   KwaZuluNatal  mixed  362  5.5
SibuduCave   KwaZuluNatal  burnt  601  3

Table	1.	Magnetic	susceptibility	(MS)	and	frequency	dependence	of	MS	(FD-MS)	for	burnt,	mixed	and	unburnt	sediments	from	sites	

in	different	areas	of	South	Africa.	
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Figure	2.	Frequency	dependence	of	magnetic	susceptibility	(FD-MS;	XFD%)	
versus	low	frequency	magnetic	susceptibility	(MS;	XLF)	data	for	modern		
soils,	unaltered	sand	and	archaeological	layers	and	in	situ	hearths	from		
MSA	bearing	Cave	13b	at	Pinnacle	Point.	

Figure	3.	Low	temperature	magnetic	susceptibility	(LT-MS)	data	for	unburnt	and	burnt	
LSA	layer	Alan	2	from	Rose	Cottage	Cave	and	experimentally	burnt	clay	samples	from	

the	Thracian	site	of	Halka	Bunar,	Bulgaria.	

 Low temperature mag-
netic susceptibility (LT-MS)
provides another potential
method for identifying burnt
sediments as it can be used
for identifying ultra-fine super-
paramagnetic (SP) grains that
are formed by the heating
process (Peters et al. 2002). SP
grains do not hold a magnetic
remanence, are slightly smaller
than those detected by FD-MS
and are the grain size formed
by heating of sediments in
South Africa. Larger stable
single-domain (SSD) ferrimag-
netic grains show little change
in MS down to the temperature
of liquid nitrogen (−196°C).         
In contrast SP grains show
a large drop in MS down to
−196°C. The RS ratio is the
ratio of MS at +25°C to MS  
at −196°C. As such, SSD  
ferrimagnetic grains have an RS
value close  to 1 and SP values
are much lower. The shape of
the LT-MS can also be used
to identify the mineralogy of
the sample. SP magnetite will
have  a low RS ratio that is
the same between −196 and  
−150°C (the isotopic point 
of magnetite), causing the
formation of a low temperature
tail. Maghaemite does not
have such a low temperature
tail. Haematite can cause a
varietyofbehavioursdepending
on its grain size and its MS
behaviour at low temperatures
is generally less well under-
stoodthanformagnetite.
 Burnt clays from
Bulgarian clay-built pottery
kilnsandLSAhearthsfromRose
Cottage Cave in South Africa
show an LT-MS behaviour that
is quite distinctive and suggests
that a particular mineralogy
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prevails,atleastinmoreclaybasedsediments(Figure3).UnburntsedimentshaveatypicalSPcharacter.
BurntsedimentshaveacurvewithalowerRS,alowtemperaturetailthatprevailstotemperaturesabove
−150°C and overall the cure has a more S-shaped nature. This is thought to be in part due to the formatio
nofcoarsergrainedhaematite in thesamples.Furtherwork isneedtoclarify thisbut thesedataalong
withtheworkofPetersetal (2002)hasshownthepowerofusingLT-MSinidentifyingburntdeposits.
Bellomo (1994) has also suggested certain magnetic parameters for identifying human/hominin burnt
material. However, many of these will be dependent on the location of the site, lithology and climate
amongotherthings.Assuch,theuseofarchaeomagneticmethodstodetermineburningmustalwaysbe
onacasebycasebasisanduseasmanyparametersandmethodsaspossible.Magneticenhancementwill
onlyberelativetothebasemineralogyofthelayerasitwasbeforeitwasaltered.
 In the past, the colouration of sediments was taken as an indicator of burnt archaeological
deposits. However, recent work has shown that reddening of sediments by burning only happens
occasionallyincampfires(CantiandLindford2000).Reddeningofdepositsiscausedbytheformationof
haematite.Whilehaematitecanformatlowtemperaturesinaheavilyoxidisingenvironmentduetothe
transformation of maghaemite (Herries and Kovacheva 2007), it is fine grained and so does not affect
many remanence properties. Courser grained haematite is often not produced until temperatures in
excess of 600°C (Herries et al. 2007a). In most instances the temperature beneath most fires remains below 
500°C and reddening of the soil happens only rarely (Canti and Lindford 2000). Moreover, more reducing 
conditions occur in sediments beneath the campfire and a reddening of deposits would be unlikely to
occurashaematitewouldnotbeformedbyoxidisationprocesses.
 The identification of early fire use by hominins in the open landscape is difficult due to the
occurrenceofnaturalfires,particularlyinAfrica.Oftencolouredsedimentsincaves,wherefiresdonot
occur naturally, are considered to be more reliable indicators of the hominin/human use of fire.
However, the work of Weiner et al. (1998) has also shown that coloured sediments at the Palaeolithic
cavesiteofZhoukoudianareduetoentirelynaturalprocesses.AttheCaveofHearths,atMakapansgat,
aseriesofcolouredsedimentsandcircularboneaccumulationsoccursinEarlyStoneAge(ESA)layers
that have also been interpreted as early fire use (Mason 1988; Maguire 1998). Unaltered alluvial and
colluvial sediments fromMakapansgat (ZKL-003;GKC;Figure4), and from theCaveofHearths (PM,
WWS;Figure4)havehighproportionsoffinetoultra-fineVSDgrains.Burntsedimentsfromthenearby
GrandCanyonRockshelterfall intotwogroups.ThelowerMSgrouprepresentsunalteredcolluvially-
derivedsediments.ThehigherMSgrouprepresentburntsedimentsfromahearthatthesiteandshow
anincreaseinMSbutasimilartolowerFD-MS.TheincreaseinMSisduetoanincreaseinultra-fine,SP
magnetiteduringtheprocessofburning.Incontrast,thepurportedburntESAlayersfromtheCaveof
HearthshavelowMSandFD-MSduetoalackoffinetoultra-fineVSDandSPgrains(HWS;Figure4).
The layers therefore showno formofmagnetic enhancementaswouldbeexpected from fireuseora
mineralogyconsistentwithanydocumentedburnt sediments.Themagneticmineralogy indicates that
thefine-grainedmagnetitefraction,presentinsurroundingdeposits(WWS,PM),isabsentandhasmost
likely been altered or destroyed by some other process. It is suggested that the coloured horizons
actuallyrepresentwaterloggedpooldeposits,wherecomplexmineralogicalchangeshaveoccurreddue
to the presence of owl and bat guano. White ashy-looking horizons within the sequence consist of
un-burnt and crushed rodent bones. This research has shown that there is no evidence of fire in the
ESAhorizonsatthesite.
 In theory, the identification of heavily anthropogenically altered layers in a cave sequence is
possibleusingthesemagneticmethodsandmaybeusedtoidentifyheavilyoccupiedlayersorzonesof
anarchaeologicalcave.Ifthebasematerialisparticularlyunmagnetic,inthecaseofmoresand-orclay-
based sediments, the identificationof anthropogenicalteration, and thereforeheavyoccupation should
besimpler.Figure5showsasectionthroughthetesttrenchofSopeñaCaveinAsturias,northernSpain.
The sequence is dated to between the end of the Last Glacial Maximum ~18–20,000 years and >38,000
years,andrecordstheMousteriantoUpperPalaeolithictransition.Theunalteredbasesedimentisclay-,
sand-andsilt-richandhasalowmeanvalueofMS(Xmean0.24x10-6m3kg-1).LittlechangeintheMSis
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Figure	4.		A	comparison	of	FD-MS	versus	log	MS	for	sites	from	Makapansgat,	South	
Africa.	Samples	from	site	ZKL-003	represent	alluvial	sediments.	Samples	from	Grand	
Canyon	Rockshelter	(GKC)	represent	colluvial	sediments.	The	second	grouping	with	
higher	MS	and	similar	to	low	FD-MS	represent	hearth	sediments	from	the	site.	WWS	
samples	come	from	lightly	calcified	unaltered	ESA	layers	of	the	Cave	of	Hearths.		
PM	samples	come	from	calcified	ESA	deposits	of	the	Cave	of	Hearths	and	have	lower	
MS	values	than	the	WWS	due	to	the	diluting	influence	of	higher	calcite	content.	HWS	
samples	represent	coloured	horizons	suggested	to	be	evidence	for	hominin	fire	use	
from	the	ESA	layers	at	the	Cave	of	Hearths.	

seen for the section that
would suggest a climatically
determined signal from
variation in sedimentary input.
However, there are four distinct
layers that have enhanced
MS values. Unaltered layers
are dominated by more coarse-
grained magnetite and some
maghaemite.Whenthesedeposits
are heated they convert to
fine-grained magnetite and a
large increase in magnetisation
andMS is recorded. In contrast,
burnt layers are dominated
by ultra-fine-grained magnetite
and do not alter on heating to
700°C. The magnetic sequence
at Sopeña Cave identifies four
main levels of occupation at
the site (Levels 3, 5, 7 and 13).
However, a section through
different parts of the cave may
alter this picture as occupation
may have taken place in
differentlateralareasofthecave
atdifferentperiods.
 Therefore, the task now
is to try and recreate these data
multi-dimensionally to create a
three dimensional picture of
anthropogenic alteration that
could ultimately be used to
identify spatial patterning of
occupation within archaeological
cave sites. Figure 6 shows a
3D GIS image of magnetic
measurements undertaken at a
Middle Stone Age (MSA) cave
fromMosselBayinSouthAfrica
(Marean et al.. 2007). Over 600
samples were measured from
bulk samples taken during
excavation of the site. The base
sediment in the caves consists
of magnetically weak dune
sand and quartzitic roof spall.
When the sediments are heated
magnetite is formed. High MS
values show close relationships

Figure	5.		Increase	in	MS	for	heavily	occupied	layers	from	Sopeña	Cave	(Asturias,		
Spain)	caused	by	anthropogenic	alteration	due	to	the	use	of	fire.		
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to ‘burnt’ stratigraphic units
identified during excavation.
Betweentheseburntunits,lower
MS values are recorded that
represent the mixing of
magnetically strong phases into
magnetically weak sediments.
This will be in part due to the
movement of humans around
the floor of the cave and can be
usedtodelineatemovementand
occupation zones within the
cave.

	
Palaeoclimatic	
reconstruction	

Once an understanding of
the effect of anthropogenic
alteration on cave deposits has
been established it is possible
in some cases to recover
palaeoclimatic information from
StoneAgecave sites. In situMS
measurements were made for
theentireexcavatedsequenceat
Rose Cottage Cave in the Free

Figure	6.		Three-dimensional	GIS	model	of	MS	at	the	MSA	bearing	Pinnacle	Point	Cave	
13B,	Western	Cape,	South	Africa.	The	spheres	represent	MS	values	(large	sphere	=	high	
MS)	plotted	against	stratigraphic	units	defined	as	burnt	during	excavation.	(image	by	
Erich	Fisher,	University	of	Florida).		

StateofSouthAfrica (Figure7).Thesequencecovers thepre-Howiesonspoort (HP)MSA, HP,post-HP
MSA, transitional MSA/Late Stone Age (LSA) and LSA period. Samples were additionally taken from
eachmajorlayerwithinthesequenceforlaboratoryanalysis.Aseriesofstandardmineralmagnetictests
(as per Walden et al. 1999) were undertaken on these laboratory samples to assess the reason for MS
changes seen in the in situ sequence. Hearths are easily identified as they have very high MS values.
Moreover,theyareoftenwelldelineatedintheuppersequenceandsocanbeavoidedduringsampling.
 Untilrecently,theolderMSAsequence(>40ka)hadnoreliableageestimates,butisimportantas
itcontainsaHPoccupation.Thebaseofthesequencehasbeendatedto70kausingthermoluminescence
(Valladasetal.2005).Magneticsusceptibilityvariationsofthesedepositsalsosuggestthatthebaseofthe
MSAdepositsweredepositedat the transition fromOIS5a toOIS4 (~68ka).During theOIS4period
(~58–68 ka) lower magnetic susceptibility values are recorded due to a decrease in the input of fine-
grained ferrimagneticmineralsand increased influence fromdiamagneticandparamagneticweathered
sandstonefractions.The layersrepresentedbythebeginningofOIS4 (~68ka)contain theHPindustry
andareassociatedwithspikesinMSrelatedtoinsituhearths.Insituhearthsareeasilyidentifiableinall
layersof thesampledsequenceinwhichtheyoccur,astheMSvaluesarebetweentwoandthreetimes
thevalueofthebackgroundvalues(Figure7).AslowincreaseinMSrepresentsthechangefromOIS4to
OIS3withpeakMSoccurringaround50ka.AfterthisafluctuatingclimateoccursbeforetheMSvalues
reachtheirlowestvaluesaround14to20kaduringtheLastGlacialMaximum.MSvaluesthenincrease
againtoamaximumduringtheHolocene,around7–5ka.TheMSsequenceatRoseCottageCaveshows
upnotonlymajorchangesinclimate,suchasthetransitionfrommoreglacialtointerglacialstages,but
alsosmall-scalefluctuationswithintheHoloceneincludinganeventataround9.2-9.6ka.
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transitionoccursataround60ka(Herries2006)andis linkedtochangesinpedogenesis,windpatterns
and deposition of derived soils within the cave between the colder, more arid, low MS, OIS 4 and the
warmer, high MS OIS 3. Ongoing analysis on the base of the MSA sequence again suggests that a
Howiesonspoort industry occurs within OIS 4 (Wadley and Jacobs 2006). Because this site was heavily
occupiedbyhumans thesedimentshaveundergoneextensiveanthropogenicalteration incertainareas
duetofireuse.Assuch,smallchangesandspikesinMSarenot interpretedasclimaticallydetermined
(Herries2006).However,majorclimaticeventssuchastheOIS4to3transitionarestillnotedinmultiple
sectionsandshowthattheclimaticsignalisnotentirelyoverprinted(Herries2006).


Sourcing	and	behaviour	

OchreisfoundinMSAsitesinSouthAfrica(Mareanetal..2007).Asthismaterialishighlymagneticitis
also important to assess its contribution to the magnetic signal when conducting detailed
archaeomagnetic studies of an archaeological cave and its deposits. Hysteresis loops, isothermal
remanent magnetisation (IRM) acquisition curves and thermomagnetic curves were conducted on
archaeological ochre from a MSA cave site near Mossel Bay using a variable field translation balance
(VFTB).ThesamplesalsounderwentX-raydiffractionexperimentsatArizonaStateUniversity. Inmost
casesthemineralmagneticcharacterismuchmoredistinctthanX-raydiffractionspectraandalloweda
numberofdistinctmagneticochretypestobedistinguished.Figure8showsthermomagneticcurvesfor
three ochre samples from the site. One sample has a Curie point (Tc) of 680°C and indicates the domina
nce of haematite. Another sample has a Tc of 575°C that indicates the dominance of magnetite. The final s
amplehasaTcof620°C and a drop in magnetisation on heating that suggests the dominance of maghae
mite. IRM acquisition curves and hysteresis loops indicate that while most red ochre samples contain
haematite, some also contain magnetite and/or maghaemite. Further analysis utilising hysteresis loops
and IRM acquisition curves can provide distinct mineralogies that can further characterise the ochre
deposits. Mooney et al. (2003) conducted successful sourcing of ochre from Australia using combined

Figure	7.	In	situ	magnetic	susceptibility	(K	x10-5)	curve	versus	depth	(cm),	age	and	
stone	tool	industries	from	an	excavated	section	at	Rose	Cottage	Cave	over	the	last		
70	ka.	Spikes	in	MS	that	are	related	to	in	situ	hearths	are	also	shown.	The	cave	has		
a	pre-Howiesoon-spoort	MSA	(pre-HP	MSA),	Howiesoonspoort	(HP),	post-Howiesoon-
spoort	MSA	(post-HP	MSA),	MSA	to	LSA	transitional	industry	(MSA/LSA)	and	a	number	
of	LSA	industries.		

 At Sibudu Cave, in
KwaZulu-Natal, a palaeocli-
matic sequence has also been
recovered.However,theprocesses
and mechanisms behind the
palaeoclimatic system are
different (Herries 2006). The
upper sequence covers the
periodbetween>60kaand40ka
(Wadley and Jacobs 2006).
Towards the base of this
sequence a distinct mineral
magnetic transition is noted
with a change from sediments
dominated by derived wind-
blown soils containing high
proportionsofultra-fine-grained
magnetite and maghaemite in
the top section to sediments in
the base with little derived soil
and an increased amount of
haematite from weathering of
the sandstone rockshelter. This
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Figure	8.		Thermomagnetic	curves	for	three	ochre	samples	from	Pinnacle	Point		
Cave	13B.	One	sample	has	a	Curie	point	(Tc)	of	680°C	and	indicates	the	dominance		
of	haematite.	One	sample	has	a	Tc	of	575°C	that	indicates	the	dominance	of		
magnetite.	The	final	sample	has	a	Tc	of	620°C	and	a	drop	in	magnetisation	on	
heating	that	suggests	the	dominance	of	maghaemite.	

X-ray diffraction and mineral magnetic methods to help characterise ochre. This work shows the great
potentialforsourcingochrefromStoneAgesitesandthereforerecoveringvaluablebehaviouraldataon
grouprangesoreventradingnetworks.

1995;Lacruzetal.2002;Zhuetal.2003;Herriesetal.2006a,b).Reversalmagnetostratigraphyworkson
thebasisofcomparingthefossilpolarityofsedimentsonarchaeologicalandfossilsiteswiththeglobally
knownvariationintheEarth’smagneticfield(CandeandKent1995;OggandSmith2004).
 Evenwhenthedipolefieldhasasteadypolarityitundergoesswingsindirectionandvariation
initsintensity(OggandSmith2004).Thisfluctuation,or‘secularvariation’,ofthegeomagneticfieldover
stable polarity time periods is also much less well defined, especially for earlier archaeological time
periodsandoutsideofEuropeandtheUnitedStates.Secularvariationstudiescanbedoneusingeither
the palaeo-direction and/or the palaeo-intensity of magnetisation of sediments, speleothems, lavas, or
more normally in archaeological studies, burnt materials (Openshaw et al. 1993, Herrero-Bervera and
Valet 2002; Herries et al. 2007a, b). When these were deposited or cooled they acquired a magnetic
remanence (depositional remanent magnetisation or thermoremanent magnetisation) in the same
direction as the Earth’s ambient magnetic field. This remanence also has an intensity of magnetisation
that is proportional to the strength of the magnetic field at that time. As the Earth’s magnetic field
graduallychangesbothdirectionandintensity,thedirectionandintensityofsamplesfromthesitecanbe
comparedandhencedatedbycomparisonwiththerecordeddirectionandfieldintensityforpasttimes
at that locality, if they exist. In Europe, archaeomagnetic studies have been undertaken to develop
regional archaeomagnetic curves that can be used to date archaeological sites and features (e.g.
Kovacheva 1997; Herries et al. 2007a, b). As a dating method ‘archaeomagnetic dating’, as it is
traditionallytermed,hasatypicalaccuracyofafewhundredyearsandanagerangebacktoaround8ka
(Kovacheva 1997), depending on the length and completeness of the archaeomagnetic record for the
regionunderstudy.Unfortunately,formuchoftheworld,especiallythesouthernhemisphereandover
mostoftheStoneAgetimeperiod,nocomparativegeomagneticsecularvariationcurvecurrentlyexists.
Thebestrecordsforthistimeperiodcomefromlakeormarinesediments,wheremanypost-depositional
effectsoccur,orfromlavasequences(Herrero-BerveraandValet2002;Roberts2006).

Palaeomagnetism	

Geomagnetic field variation 
Geomagnetic data consists of
palaeo-directional measurements
in the vertical (inclination) and
horizontal (declination) plain as
wellas the intensityof theEarth’s
field. Unlike mineral magnetic
studies, palaeomagnetic studies
needtobeundertakenonoriented
samples if palaeo-directional
or taphonomic data are to be
recovered. However, for palaeo-
intensity studies, samples need
not be oriented. Perhaps the best
known application of palaeo-
magnetic studies to archaeology
is the dating of hominin bearing
deposits using magnetostrati-
graphic analysis (Tamrat et al.
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 Archaeologicalsitesprovideaprimeresourcefortherecoveryofgeomagneticfielddata.Inthe
southernhemisphere,particularlySouthAfrica, the lackofa long termrecordofkilnandstonehearth
constructionhasledtoaninabilitytocreateanarchaeomagneticreferencecurve.Therecentdevelopment
of themicrowavepalaeointensity technique (Böhneletal.2003)enablesmuchsmaller samples, suchas
pottery,tobeutilisedtorecordgeomagneticfieldvariation.Assuch,thereisthepotentialinSouthAfrica
tocreateanarchaeointensity record thatcoversat least the last2000years.Toextendbeyond this time
periodtheonlypotentialdataarefromStoneAgehearths.Heat-retainerhearths,asusedinAustralia,are
ideal for this typeofanalysisandpreliminarywork in thisareahasbeenconductedbyBarbetti (1977)
andBartonandBarbetti(1983).However,fewbuilthearthshavebeennotedfromsouthernAfrica.Recent
research has been undertaken on burnt rocks from SouthAfrican StoneAge sites.  These studies have
a number of values: 1) the date recovered from in situ burnt rocks provides evidence for geomagnetic
fieldchangesoveramuchlongertimerange;2)themethodcanidentifyburntrocksthatareinsituand
theirmaximumtemperatureofheatinng;3)thiscanbeusedalongwithmagneticmineralogicalstudiesof
burntsedimentstocreateapowerfultoolforreconstructingsitetaphonomy.

Palaeomagnetism and fire identification 
WhensedimentsaredepositedthegrainsorientthemselvesinthedirectionoftheEarth’smagneticfield
andproduceadepositionalremanentmagnetisation(DRM).Thisisretainedafterlithificationwithsmall
changesoccurringondewateringandcompaction,toformapost-depositionalDRM(pDRM).Sandisnot
agoodrecorderofDRMduetotheweaknessofquartzandalsoitssusceptibilitytomovement.However,
sandstones can preserve a secondary chemical remanent magnetisation (CRM) due to the formation of
haematiteduringlithificationandweathering.ThisCRMwillrecordthedirectionoftheEarth’smagnetic
fieldatthetimeofitsalteration.Whenblocksfalloffthewallofarocksheltertheylosetheirorientation
andtheirdirectionofremanencenowliesinarandomdirection.Whentherocksareincorporatedintoa
fireplace, either deliberately or accidentally, and are heated they will acquire a thermoremanent
magnetisation(TRM)inthedirectionoftheambientgeomagneticfield(Figure9).

Figure	9.	A	rock-bound	hearth	from	Western	Cape.	Before	the	rocks	are	heated	their	geological	palaeodirection	is	in	independent	
directions.	When	the	rocks	are	heated	a	TRM	is	induced	in	the	sample	and	their	palaeodirection	should	be	in	the	same	direction.		
A	sample	outside	the	hearth	will	retain	its	original	geological	palaeodirection.	
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 IfheatedtoabovetheCurietemperature(Tc)ofthemainremanence-carryingmineral,haematite
(680°C) or magnetite (575°C), the CRM will be completely overprinted with a TRM and the rock will retain
onlyasinglefielddirection.Anunheatedrockwillalsorecordonlyasinglefielddirection,however, it
willhaveaweakCRManditsdirectionwillberandom.Incontrast,aheatedrockwill retainastrong,
singlecomponentinanormal(towardsNorth)magneticfielddirection.Iftherockisnotinsituitcanstill
bedistinguishedfromanunheatedrockbyitshighintensity,asthestrongferrimagneticmineralphase,
magnetite (Tc = 575°C), is normally formed during heating. No heating temperature information can be    
recovered other than that it was heated to above the Curie point. If heated to below the Tc, a partial
thermomagneticremanence(pTRM)isinduced.Heatingtotemperaturesbelowtheancienttemperature
of heating (ATc) will thermally demagnetise the pTRM. The temperature step at which the pTRM is
removed and the magnetic vector changes to the randomised CRM of rock is the estimated last
temperatureofheating.Therefore,subsequentheatingoftherockinthelaboratoryinsmalltemperature
increments (25–50°C) and measurement between these temperature steps can help determine the maximum
temperatureofheatingthattherockorstoneartefacthasexperienced.
 Aseriesofexperimentshasbeenundertakentodeterminethesuitabilityofthepalaeomagnetic
vectormethodtodifferentrocktypesandsituations.Gose(2000)showedthepotentialofthismethodto
stone-bound hearths during more recent periods in the United States. A series of bedrock sandstone
samples fromCardenParkRockshelterwasburnt inacampfireat theUniversityofLiverpool to see if
this material retained a measurable, stable TRM from heating in a hearth. The sandstone samples
retainedanormalgeologicalmagneticpolarity.Thesampleswereplacedintothefireinvariouspositions
andthecampfirewasstokedforoneandahalfhours.Themaximumtemperatureofheatingofvarious
parts of the hearth was monitored with thermocouples to confirm the accuracy of the maximum
temperatureofheatingmethod(Figure10).SampleBSSB1Acamefromthesurfaceofthesampleandwas
placedat90degreestothenormalgeologicalremanenceofthesampleandinthesameverticalplain.The
mean modern overprint that is recorded in the samples was 354 degrees declination by +65.8 degrees
inclination. The modern field at the location was 355.5 degrees by +67.9. This suggests that sandstone
fulfils the first requirement of recording the current Earth’s field accurately. Thermocouples gave a
maximum temperature for the fire above the burnt rock of 395°C. The base of the rock gave a maximum
temperature of 315°C. The estimate for the maximum temperature of heating using the palaeomagnetic  
vectors method was between 300 and 400°C for all the samples (these are the temperatures between which
the magnetic components switch direction; Figure 10). This suggests that this method is reliable for
determining both the direction of the ancient magnetic field and the approximate temperature of last
heatingthathasoccurred.Byundertakingthermaldemagnetisationinsmallertemperaturestagesandby
payingcarefulattentiontothelocationoftherocksandsampleswithinthemorphologyofthefireplace,
thisestimatecouldberefined.

 Studiesofamodernhearth fromMakapansgat, in theLimpopoProvinceofSouthAfrica,have
shown that burnt quartzite can successfully record palaeo-directional data , although the samples are
oftensoweakthataverysensitivemagnetometerisneeded.ThemodernfielddirectionatMakapansgat
is 346.2 degrees declination and −54.7degrees inclination (IGRF reference field accessed through the         
British Geological Survey). Burnt rocks from the modern fireplace at Makapansgat record a mean
direction of 345.9 degrees declination and −55.1 degrees inclination (Table 2). A third rock (MAKMOD3;  
Table2)fromthefireplacewasnotincludedinthemeanasithadobviouslybeenmovedsinceheating.
A vector change occurs between 350 and 400°C and indicates that the rocks were heated to a maximum      
temperature of 350°C (Figure 11). The rocks therefore record both a pTRM from the modern heating  and  
theoriginalgeologicalremanence.Thesedatafurthersupporttheabilityofthismethodtorecordreliable
palaeodirectionsandpalaeotemperaturesindifferentrocksindifferentpartsoftheworld.
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Figure	10.	Magnetic	data	for	a	sample	from	an	experimental	hearth	at	the	University	of	Liverpool,	U.K:	a)	orthogonal	plot;	b)	stereo	
plot;	c)	intensity	plot;	d)	spectrum	plot;	and	e)	a	plot	of	time	versus	temperature	for	thermocouples	associated	with	the	burnt	rock	
(above	and	below).	
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Figure	11.	Magnetic	data	for	a	sample	for	a	modern	hearth	at	Makapansgat	in	Limpopo	Province,	South	Africa.	



 However, recovering reliable data from Stone Age sites is dependent on a number of factors.
Howsuccessfullythegeomagneticfieldisrecordedwillbepartiallydependentonthemorphologyofthe
fireplace.Rocksthatsurroundfireplaceshavethetendencytobemovedafterorbetweenheatingsandso
manydonot retain the correctmodern fielddirection.This is shownby theunreliabledirections from
rock MAKMOD3 (Table 2). Those that lie within the fire appear to generally be more reliable
(MAKMOD1; Table 2) but if too small may be moved during restocking of the fire. Those that are
embedded in sediments underneath fireplaces, either as heat retainers or accidentally heated, will
generallyrecordthefieldmoreaccuratelyastheyarenotsubjectedtomovement,buttheywillbeheated
to a lower temperature than those directly in the hearth (MAKMOD2). Thus, the biggest obstacle to
recoveringsecularvariationdatafromStoneAgesitesisnormallythesizeoftheburntrocksalongwith
theweaknessofthehostrock,themorphologyofthehearthandtherockslocationwithinit.However,
while palaeodirectional data may not be recoverable, it is still possible to identify a number of things
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Sample	 	 	 Dec.	 	 Inc.	 	 MAD	 	 Palaeotemp	

CARP1a  353.6  65.3  5.7  350-400
CARP1b  352.4  69.3  6.9  350-400
CARP2a  356.5  63.4  8.3  300-350
CARP2b  349.9  65.4  7.2  300-350
CARP3a  357.4  66.3  5.4  350-400
CARP3b  354.2  65.2  4.4  350-400
mean   354.0  65.8  
Modern   355.5  67.9  
    
MAKMOD1a  344.4  -54.6  7.6  350-400
MAKMOD1b  346.4  -58.2  5.6  350-400
MAKMOD2a  341.5  -52.3  6.7  300-350
MAKMOD2b  351.3  -55.4  4.2  300-350
MAKMOD3a  312.2  -44.3  6.7  300-350
MAKMOD3b  302.9  -40.5  8.2  300-350
mean   345.9  -55.1  
Modern   346.2  -54.7  
    
SIBBDT1  351.7  -3.9  3.4  450-500
SIBBRSP1  30.1  -43.8  5.6  400-450
SIBBRSP2  31.6  -39.6  6.7  400-450
mean   30.35  -41.7  

Table	2.	Palaeodirectional	data	for	burnt	rock	samples	from	an	experimental	fire	at	Carden	Park	(CARP),	a	modern	fire	
at	Makapansgat	(MAKMOD)	and	MSA	samples	from	Sibudu	Cave	(SIBB).	

from the burnt rocks. If the samples have been heated to less than the Tc of the remanence-carrying
mineral (normally magnetite, 575°C), then both the pTRM induced in the sample from heating and the  
original geological remanence can be separately identified as with sample MAKMOD3 (Table 2).Also,
not all rock types are amenable to this method, mainly due to the lack of magnetic material or the
inabilitytomeasuresuchweaksamples.StudiesofflintfromtheMiddlePleistocenesiteofBeechesPit
intheU.K(Haritou1996;Gowlett2006),andlimestonefromthelatePleistocenesiteofSopeñainSpain
haveshownthatnotallrocksareidealforthismethodofanalysis.
 At Sibudu Cave, in the Kwazulu-Natal, a number of firing events have been discovered
throughout the MSA layers of the site (Herries 2006; Wadley and Jacobs 2006). These occur as both
discrete,shallowfirepitsandassimplescattersofashandcolouredsediment. Bylookingat thefossil
directions of magnetisation within a number of sandstone blocks recovered from these features and
horizons, itwashopedto identify theprimaryheatingcontexts fromsecondaryashscatters.Anumber
of rocks taken from ‘ashy layers’ in the trial trench showed no evidence of burning with a weak NRM
and a weak single component of magnetisation. FTIR analysis of the ashy material identified it as
gypsum. Naturally forming gypsum nodules were then noted in a number of layers at the site. These
gypsum nodules formed during periods of hiatus at the site, as shown by rapid jumps in magnetic
susceptibilityandOSLdates(Herries2006;WadleyandJacobs2006).However,thermaldemagnetisation
of sandstone from a number of fire pits at the site gave meaningful directions that estimated the
maximum temperatures of heating to be around 450–500°C in some cases (Figure 12).  Two separate         
samplesfromthesamefireplacealsogaverelativelyreliablepalaeodirectionresults(Table2:SIBBGY1
andSIBBGY2;Figure12a,12b)Aburntdolerite tool (SIBBDT1;Table2) fromthesitewasalsosampled
andwhileitdidnotgiveareliablepalaeodirection,itdidgiveaconsistenttemperatureofheatingaround
500°C (Figure 12c). As such, the method can also be used to look at the heat treatment of stone tools  
(Brownetal.,2008).
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Figure	12.		Magnetic	data	for	two	burnt	rocks	from	a	MSA	hearth	(~50	ka)	at	Sibudu	Cave,	KwaZulu-Natal,	South	Africa.	

Conclusions	

This paper illustrates the potential of magnetic methods of analysis, subsumed under the term
archaeomagnetism,forrecoveringinformationusefulforarchaeologistsincluding:
 •dating
 •palaeoclimaticreconstruction
 •behaviour:
  1.evidenceforfireuse
  2.spatialpatterningofoccupation
  3.heatingtemperatureandtaphonomyofburntrocksandstonetools
  4.sourcingofartefacts.
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Abstract	

Includingaconservatoronanexcavationteamcanprovidebenefitstothearchaeologistinadditiontothe
improved preservation of excavated materials. Additional information can also be obtained from the
material through conservation processing and cleaning on site. The nature and conditions of the site
should be considered when deciding if a conservator is required on a team. The work of the site
conservatorisillustratedbythefunctionscarriedoutbytheauthorasconservatorontheexcavationsby
Dr JudithField (1997–2005)atCuddieSprings,NSW.During theseexcavations, the conservator carried
out theconsolidation, lifting,packingand treatmentof crushedmegafaunaboneswhichcontributed to
moreeffectivelong-termsurvivalofthematerial.


Introduction	

In the Australia/Pacific Region, it is less common for conservators to be actively employed in
archaeologicalexcavationsthanisthecaseinNorthAmericaorEurope.Thisresultsfromacombination
offactors:thenatureofthematerials,thedegreeofpreservationofmaterialexcavatedintheregion,and
the availability of trained archaeological conservators. Most archaeological materials (particularly
organicsandmetals)havereachedanequilibriumstatewiththeirburialenvironmentwhichisdisturbed
upon excavation. Taking appropriate measures on site to halt rapid deterioration immediately can be
crucialinthepreventionofmajordamageoccurringbeforethefindsreachthelaboratory.
 Thispaperwilloutlinesomeoftheconservationtechniquesthatshouldbeemployedonsiteand
the benefits to the archaeologist. It will also provide a case study showing the application of specific
techniquesatCuddieSprings.
 The contribution of a conservator to the outcomes of any excavation can be considerably more
thansimplyincreasingtheprospectsofthelong-termsurvivaloftheexcavatedmaterial(O’Connor1996).
Broadlythebenefitsfortheexcavationmaybe:
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 •successfulliftingoffragilematerialforanalysis
 •increasedamountofinformationaccessedfromexcavatedmaterial
 •easierpost-excavationmanagement
 •long-termsurvivaloftracematerialsforanalysis.

 Giventhesebenefits,theprincipalaimoftheconservatoristoensurethesurvivalofthematerial
in the best possible condition whilst assisting in unlocking the information that an object has to offer
(Foley1984).


Part	1:	Benefits	of	on-site	conservation	

Slottingtheconservatorintotheexcavation
Isaconservatorrequiredatallonsite?Thisquestionisbestansweredbyassessingthenatureofthesite.
Whenrequired,theconservator’sroleshouldbedefinedattheplanningstage,inordertoensurethatthe
conservator can deliver satisfactory outcomes and be effectively integrated into the excavation team
(Cronyn1990:10–11).

Planningconservation
Thequestionstoconsiderwhenplanningtheconservationresourcesforanexcavationarewhatmaterials
maybefoundandwhatistheirlikelystateofpreservation.

 Materials: The period, culture and function of the site should be considered, in order to
anticipatethetypesmaterialsthatarelikelytobeexcavated.

 Condition: An appraisal of the likely physical nature and chemistry of the site before the
excavationcommencesallowsthearchaeologist toanticipatethetypesofmaterial thatwillsurviveand
theexpectedconditionofthem.
 
 The exact details of what will have survived on the site and the quality of preservation is
impossibletopredictwithcertainty.Therearemanyvariablesrelatingtothepost-depositionalenvironment
thatmayhaveaffectedtheburiedmaterials,suchaschangesinthemoisturecontentofthesediment.

 Examplesoftypesofsitesandinfluenceonsurvivaloffinds:
 •damp-acidicenvironment:poorsurvivalofmetalsandbone
 •damp-alkalineenvironment:goodsurvivalofmetalsandbonebutlittleorganicmaterial
 •waterloggedsites:goodsurvivaloforganicmaterialsandmetalsifconditionsareanaerobic
 andnotalkaline.

Identifyingresourcesrequired
Usinginformationaboutthenatureofthesite,aconservatorcanadviseonthematerialsandequipment
thatmayberequiredonsite.Thesewillbeusedfor:
 •stabilizationandconsolidationoffinds
 •liftingtechniquesforfragilematerials
 •storagesystemsforfinds
 •transportationfromsite

On-siteconservationstrategies
Armedwiththisinformationthearchaeologistcandecide,inconsultationwithaconservator,whethera
trainedconservatorisrequiredonsite.Ifnot,thefindsco-ordinatormayhandlethefirst-aidforobjects
andstorage(Leigh1981:3–7)andcallinaconservatorifunexpectedlydifficultproblemsarise.
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 Theworkcarriedoutbyaconservatorinthefieldcanassistthearchaeologistbybothunlocking
informationaboutthefindsandimprovingtheprospectsofthesurvivaloftheobjectswiththeminimum
ofdeterioration.Examplesinclude:

Consolidationtechniques
 Fragile and crushed bones may require strengthening before lifting can be attempted by
applyingareversiblewater-basedpolymerinsitu.

Liftingtechniques
 Softwaterloggedwoodstructuressuchastrackwayscanbesupportedbyasemi-rigidsheetsuch
assteelplateinsertedthroughthesoftmatrix(Coles1980).
 Fragmentary materials such as bone or pottery may have to be encapsulated in a plaster or a
foamjacketwhichwillformarigidcradlefortheobjectafterlifting.

Haltingdeteriorationandstorage
 Metals can oxidize and deteriorate rapidly when exposed to the air so transfer to sealed
containerswithdrysilicagelwillremovethemoistureandhaltdeterioration(Sease1987:68).

Cleaningandstabilisationonsite
 Cleaning coins on site will reveal sufficient details to assist with the dating of contexts and
interpretationofthesite.

Reconstructiononsite
 Duringlongerexcavationseasons,reconstructionsofprofilesofpotterycanenablethepotteryto
be drawn and recorded during excavation and facilitate the identification of pottery styles and
chronologies(Figure1).

Figure	1.	Reconstruction	of	pottery	in	the	field.	
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Packingoffindsfortransport
 Preparing well-padded boxing systems for finds that limit movement and cushion shock and
vibrationwill increasethechancesofmaterialsarrivingingoodcondition,particularlyfromareaswith
unsealedroads.Creatingappropriatemicro-climatesaroundunstablefindssuchaswoodormetalswill
improvetheirchancesofsurvivingthejourneyandstorageuntilprocessed.

Planningthefutureofmaterial
 The long-term storage of the finds should also be considered before the excavation proceeds.
Anysitewhichproducesahighvolumeoffindswillrequiresuitablestoragespace.Somematerialswill
need an additional investment of funds to buy suitable storage units. For example, metals will require
sealed polyethylene boxes and silica gel to keep the humidity low around the objects, whereas
waterloggedwoodrequirestanksandbiocidesforstoragepriortotreatment.Thecostofconservinglarge
waterloggedobjectsissogreatthatreburialhasoftenbeenthepreferredoptioninrecentyearsunlessthe
culturalsignificanceoftheobjectcanattractthenecessaryfunding(Goodburn-BrownandHughes1996).



Part	2:	A	case	study:	Lifting	and	conservation	of	megafauna	bones	at	Cuddie	
Springs,	NSW	

 ThesiteofCuddieSpringsislocatedinnorthwestNewSouthWales(FieldandDodson1999).It
is a claypan that was formerly a lake, now silted up by drainage from the surrounding areas. It was
recognisedasasignificantsourceofmegafaunamaterialduringexcavationsbytheAustralianMuseum
in1933(AndersonandFletcher1934).Thedepositscontainingbonesare10metresdeep.In1991further
excavations(Furbyetal.1993)revealedthepresenceofstonetools incloseproximitytotheremainsof
GenyornisandDiprotodonindepositsdatedat28–35,000yearsBP.Thenatureof thesedepositsmakes
thesitesignificanttoarchaeologistsinterestedinthecausesofthedemiseofthemegafauna.
 Theconditionofthebonesvariedenormouslybetweentheoldestandmostrecentlevels.Inthe
lowerlevelstheboneconsistedoftotallyfossilisedhardblackmaterial,whereastheupperarchaeological
levels contained delicate semi-mineralised dark-brown bones. The archaeological levels were 1.0–1.7
metresbelowthesurfaceoftheclaypan.Intheselevels,bonesweremorelikelytohavebeenencasedin
dampclaysincedeposition.Thefine,even-grainedsiltformedanexcellentsupportforthebones.ThepH
ofthesedimentwasaround9.Thisalkalinitycausedtheorganiccomponentsinthebonetodeteriorateto
the point beyond detection. The remaining inorganic structure had absorbed minerals from the
surroundingsoil,includingmanganese,resultinginadarkeningofthematerial.Manyoftheboneswere
crushed,withmultiplefracturesbutthenatureoftheclayhadheldthepiecestogether.
 Preservationonsitewasgenerallyonlypossiblewherethematerialwaskeptdampuntilithad
beenliftedandtransportedtothelaboratoryinSydney.Rapiddryingoccurredinthesurfacelayersand
theclayshrankandhardenedtoaconcreteconsistency.Theshrinkagecausedphysicaldisruptionofthe
boneandtheadhesionbetweenthefragmentswaslost.Regularapplicationofwaterusingahand-spray
wasrequiredtokeepthebonesdamppriortolifting.Evaporationofmoisturewasalsoslowedbyplacing
food-wrap(Glad®wrap)andaluminiumfoiloverthebones,weighteddownwithminiaturesandbags.
Over night and during breaks the site was covered with polythene sheeting. This also aided the
excavationbykeepingtheclaysurfacesoft.
 Bone material that had been fully exposed and supported by a pedestal of clay sometimes
required ‘facing-up’ to hold the fragmentary surface together during lifting and transport. This was
achievedbyadheringstripsofnylongossamertissueacrossthebreaks(Figure2).Theadhesivechosen
forthejobwasPlextolB500,awater-baseddispersionofanacrylicco-polymerthathassufficientstrength
forthisworkbutisalsoeasilyremovableinthelaboratory(Horton-Jamesetal.1991).Onbonethathad
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areasofsoftor friablesurfaces,especially theterminalsof largebones,PrimalWS24wasappliedasan
overallsurfaceconsolidant(Howie1984).WS24isanacrylicdispersioninwaterandonbonethatiswet
thepolymerdoesnotpenetratemuchbeyondthesurface.Itis,however,aneffectivesurfaceconsolidant
formingaskinthatholdsthesurfacetogether.




























LiftingandTransport:The fragmentarynatureof thebonesembedded inamatrixofclaynecessitated
some form of block-lifting to ensure the pieces stayed together during lifting and transport. The jacket
couldhavebeenformedfrompolyurethanefoamorplasterofParis.Thefirststageoftheprocesswasthe
same for both materials. A layer of food-wrap was spread across the bone. A layer of heavy-duty
aluminiumfoilwasthenappliedoverthis.Bothwerethenstippledintothecontoursofthebonesusinga
soft paint brush. The layer of food-wrap was an extra layer of protection to prevent leakage through
pinholesinthefoil.Polyurethanefoam(Jones1980)spacefiller,whichcanbepurchasedinaerosolcans
at hardware stores, was sprayed onto the aluminium foil and allowed to expand and harden. It is not
advisable to apply too much foam in any one application as foam trapped at the base will not set for
days,causingdimensionalmovementinthesupportjacket.
 Plaster of Paris and bandages are cheaper alternatives and faster setting materials, although
moredifficulttoapply.Insomecasestheweightoftheplastermakesitapreferredoption.Forexample,
the polyurethane foam will expand and push itself out of undercuts and narrow channels whereas
plaster‘staysput’afterapplication.
 Oncethejackethadset,thebonewasremovedbycuttingthroughtheclaybeneaththepedestal.
Aselectionofwell-sharpenedspatulaeandkniveswiththinflexiblebladeswerefoundtoslicethrough
theclayeffectively(Figure3).Thejacketwastheninvertedwiththespatulaholdingtheboneinposition.

Figure	2.	Consolidation	of	bone	prior	to	lifting.	
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Figure	3.	Using	a	block	of	polyurethane	foam	to	support	the	bone	as	it	is	lifted	and	inverted.	

 Treatment in the
laboratory started with the
removal of the remaining clay
on the bones. This was carried
out while the clay was still
damp. Larger sections of clay
wereremovedwithascalpeland
dental tools. The smaller
deposits that hid the fine detail
in the surface were removed
with a brush, hand-spray and
dental aspirator. This drew a
slurryofwaterandclaystraight
off the surfacewithoutallowing
the water to penetrate and left
averycleansurface(Figure4).
 The nylon gossamer
applied on site to hold the
fragments together was gently
peeled off before consolidation.
Itwas frequentlydetached from
the surface manually. However,
acetone was brushed under
the edge to release the more
stubbornpieces. Figure	4.	Cleaning	bones	using	vacuum	technique	with	water	and	dental	aspirator.	
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 The decision to consolidate the internal structure of the bone was made after assessing the
strength of the remains. It was essential that all samples for analysis or dating were taken before
treatment was carried out. Structural consolidation was best carried out with a polymer in an organic
solvent solution. The high surface tension of the water made penetration by aqueous solutions
problematic. Itwas thereforenecessary todry thebonesslowlybeforeconsolidation.Thisresulted ina
temporary weakening of the bones, as the adhesion of the damp clay was lost. Careful handling was
crucialatthisstage.ThepolymerchosenforconsolidationwasParaloidB72,anacrylicco-polymer,that
is recognized as one of the most stable resins available in conservation (Koob 1986). It also remains
solubleoverlongperiods,sothatitcanberemovedagaininthefuture,ifrequired.
 
 Thethreemethodsavailablefordeepconsolidationare:

 •immersioninsolutionundervacuum
 •immersioninsolutionwithoutvacuum
 •applicationofconsolidantwithpipette

 Immersion under vacuum exerts considerable stress on a porous specimen as gas bubbles are
drawnoutbythereduction inpressure.This isparticularly truewithcancellousbonethatwillcontain
pocketsoftrappedair.Forthisreasonvacuumwasseldomusedontheextremelyfragilespecimensfrom
CuddieSprings.
 Immersioninsolutionwithoutvacuummayalsotoleadtocollapseofsomebones,asthebone
andclaymatrixsoftensand losesall structuralstrength in thesolution.Wheredanger fromthisexists,
specimensshouldbewrappedingauzebandageorsupportedinacradleoffoilbeforeimmersion.These
canberemovedwithacetoneafterdrying.
 Applicationbypipette allows the consolidant solution tobedrawn into thebonebycapillary
action.Itispreferabletoapplyasmuchsolutionaspossiblewitheachapplicationasthedriedpolymer
resinwillinhibitsubsequentapplications.Thiswasthesafestoptionandwasusedonthemajorityofthe
bones treated, although it did not necessarily result in as thorough consolidation as the immersion
techniques.
 Contouredsupports forstorageandhandlingthemost fragilebonesaremadebyadaptingthe
polyurethanefoamjacketsthatwereappliedforliftingonsite,orsculptedfromclosed-cellpolyethylene
foam.ThePEfoamlastsagreatdeallongerthanpolyurethanefoam,asitismorechemicallystable.

Summary
 In order to achieve the most effective conservation for excavation material and to support the
researchgoalsoftheprojectitwasnecessaryto:

 •anticipatethelikelymaterialsthatwouldbefound
 •considerthenatureoftheburialenvironment
 •haltchemicalandphysicalchangesoffindsimmediatelyafterexcavation
 •ensuretreatmentsdidnotcompromiseanalyticalanddatinggoalsofproject
 •considerthepossibleimpactoftreatmentonfutureanalyticaltechniques
 •planthedestinationofmaterialforlong-termstorage.
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