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Abstract
The analysis of organic residues from archaeological materials has become
increasingly important to our understanding of ancient diet, trade and
technology. Residues from diverse contexts have been retrieved and analysed
from the remains of food, medicine and cosmetics to hafting material on stone
arrowheads, pitch and tar from shipwrecks, and ancient manure from soils.
Research has brought many advances in our understanding of archaeological,
organic residues over the past two decades. Some have enabled very specific
and detailed interpretations of materials preserved in the archaeological record.
However there are still areas where we know very little, like the mechanisms at
work during the formation and preservation of residues, and areas where each
advance produces more questions rather than answers, as in the identification of
degraded fats. This chapter will discuss some of the significant achievements in
the field over the past decade and the ongoing challenges for research in this
area.
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Introduction
This chapter represents a personal view from the perspective of ten years’
involvement in the field of organic residue research in archaeology and as such
is not intended to be an exhaustive review article. Comprehensive reviews of
the field are available in the literature and present a more detailed view of the
research published in the last 10 years (1-5). In particular this chapter does not
address advances in the field of ancient DNA research as applied to
archaeological residues as this is a separate field outside the scope of this review
(1). It will deal with some of the challenges facing research, including questions
which are fundamental to our understanding of how organic residues behave in
an archaeological context and others which arise directly from current and
previous research.
It will then summarize some of the significant research carried out in recent
years and, looking forward, the many possibilities which are opening up through
the application of new analytical techniques from other areas of research. This
‘cross-fertilization’ between science and archaeology has been, and will
continue to be, key to advancing the field of organic residue research and to
applying the results from laboratory analysis in ways which are truly relevant to
archaeology in the field.

What are organic residues in an archaeological context?
Organic residues encompass a vast range of amorphous materials from
diverse natural sources and associated with a wide variety of artefacts. They
include residues of foods and other materials in pottery, residues left on stone
tools during use, substances used in mummification, residues left in plaster
floors by human activities, pastes and glues used in the construction of artworks
and other artefacts, binders used to apply colour to paintings and statues, organic
colourants used on textiles, organic material preserved in the mineral matrix of
bone, and even the remains of ancient manures found in soils (3). Their analysis
can inform us about trade, technology, diet, medicine, cosmetics, arts, crafts,
farming practices, how people organized their houses and how they prepared
their dead for burial (3, 6-8).
For organic material to survive over archaeological time it must be
relatively resistant to degradation or burial conditions must be exceptionally
favourable to its preservation. Lipids (fatty and waxy materials, bituminous
substances, resins etc) are the most commonly occurring materials in
archaeological residues as they are relatively insoluble in water and resistant to
degradation (3, 9). In the past it was considered that proteins, starches and
sugars would not survive over archaeological time (9). However more recent
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research has found that, in some circumstances, these too can survive hundreds,
perhaps thousands, of years (10-13).
Wet chemistry methods were the only analytical tools available to early
analysts of archaeological residues (14-16). These require very large samples
and in many cases are not sufficiently diagnostic to fully characterize the types
of degraded samples found in archaeological contexts. From the 1970s onwards
instrumental methods of analysis became increasingly available (17), and today
instrumental chromatography (gas or liquid), more recently combined with mass
spectrometry, has been the most widely used method. Other methods used to
characterize ancient organic residues include various spectroscopies (infrared
(FT-IR), Raman, nuclear magnetic resonance (NMR), ultraviolet (UV) etc.),
scanning electron microscopy (SEM) for imaging and elemental analysis by
energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), X-ray
fluorescence (XRF), and high magnification light microscopy. Since the
discovery that the fractionation of stable isotopes can provide a new dimension
to residue research, isotope ratio mass spectrometry (IRMS) has also become
part of the residue analysts tool kit (18). Over the past 15 years the use of
chromatography (gas or liquid) combined with combustion-isotope ratio mass
spectrometry (eg GC-C-IRMS) to measure the carbon isotopic signatures of
individual fatty acids and amino acids has also become relatively routine (3, 11,
19).

Challenges facing organic residue research
There are many questions and challenges in the field of organic residue
research. Some of these are outlined below with the object of highlighting some
of the more interesting and relevant questions and encouraging debate about and
research into some of these issues.

Residue formation and preservation
Some fundamental questions about how residues form and how they survive
over archaeological time remain unanswered. For example absorbed residues in
ceramics are present within the voids or pores in the ceramic fabric and this
provides at least partial protection from degradation and dissolution (3, 4, 6, 8,
9). In soils organic compounds are adsorbed onto the surfaces of clay particles
(20, 21) and it is not unreasonable to theorize that a similar process may take
place between organic materials and ceramic fabrics (3, 4, 6, 22). Similar
processes may be at work in partially-carbonized visible residues found in
cooking pots where residues are encapsulated in a protective, organic matrix (3,
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6). However little work has been done in this area and very little is known
about the effect of different ceramic fabrics on the formation and preservation of
residues. It is probable that the chemistry of a pottery fabric, including the
presence of metal ions such as iron and copper within the clay, will affect the
formation and preservation of residues. There is evidence for this in the
formation of ketones in heated fats when metal oxides are present in the ceramic
fabric (23, 24). Formation and preservation of residues may also be affected by
the physical nature of the ceramic (coarseness, degree of firing etc). Evidence
from soil science suggests that the size of the voids in ceramics may affect the
preservation of residues by limiting the size of microorganisms that can access
material within the pores (20).
Similarly there is much to be learned about how residues accumulate in
ceramics. Is the residue which remains in a ceramic vessel indicative of the first
use of that vessel, the last use of the vessel or an accumulation over the whole
lifetime of the vessel, and how much organic material can a particular ceramic
accumulate? Some experimental work has been done (4), but the answer to this
question is still unclear. This is in part because it is very difficult to replicate the
sustained use of a cooking pot, for example, over many years. Analysis of
ethnographic pottery, where an accurate use-history is available for each vessel,
could provide insights into some of these questions but such studies are rare and
often remain unpublished (4, 25).
The effects of degradation on the chemical composition of organic materials
during their use and subsequent burial is reasonably well understood (3, 4, 6, 8,
26-30). However, the increasing importance of isotopic analysis of various
types of materials raises the question of whether isotopic values are stable under
burial conditions. Two studies in the late 1990s measuring the carbon isotopic
values (δ13C) of stearic and palmitic acids before and after simulated burial in
oxic and anoxic environments showed that, under these conditions, isotopic
values remained robust (4, 7, 31). It has also been shown that the changes in
hydrogen isotopic values (δD) of individual fatty acids caused by cooking
followed by burial for 16 months are significantly less than the natural variation
in δD of fatty acids from a range of animal fats (32). However analysis of
experimental cooking residues produced by boiling a range of foods in replica
vessels, found that the bulk nitrogen and carbon isotopic values were not
preserved during burial (33). More investigation would help to provide a better
understanding of the processes affecting isotopic values of materials over
archaeological time.
Another area where more research would be advantageous concerns
conditions at archaeological sites and how these affect the preservation of
organic residues. Organic materials, including amorphous organic residues, are
well preserved in water-logged burial environments and at some, but not all,
very dry sites (3, 4, 26, 34-43). By contrast organic material is very poorly
preserved at sites where the water table is constantly rising and falling creating

1341280_File000001_20903114.docPrinted 7/19/2013

4

cycles of wet and dry conditions (3). Exactly how site conditions affect the
preservation of organic residues has yet to be investigated in detail. It is a
potentially important question as the ability to assess whether food residues are
likely to be preserved in pottery vessels from a particular site, in advance of a
project, would allow decisions about the feasibility of residue analysis to be
made at an early stage. However, soils are very variable in their chemistry, water
content, and texture, all of which may affect the survival of organic residues
buried in them. Local climatic conditions, in particular temperature, may also
play a part in the destruction or survival of organic residues. It is rare to be
offered soil samples from a site when analysing organic residues but the
availability of soil would allow basic measurements of texture and pH to be
recorded. The state of water-logging at sites is generally published in site
reports and is often available for interrogation. A compilation of information
from published residue analysis projects could begin to provide a basic
understanding of some of these issues. The incorporation of research into future
projects could also build up a significant amount of data on this question which
would enhance the understanding of how organic residues behave under
different burial conditions.

Contamination
In seeking to characterize organic material from the past analysts are faced
with the problem of trying to identify traces of significant compounds within an
environment full of similar compounds of modern origin. Despite this little has
been published about contamination and organic residues.
Over the lifetime of an organic residue there are several possible sources of
contamination. The most obvious is the burial environment but it can prove
extremely difficult to quantify exactly what soil or groundwater has contributed
to an organic residue. In the one published study, Heron et al. (44) analysed
pottery residues and organic material from adjacent soil and concluded that
differences in type, distribution and abundances of organic compounds in the
soil and the pottery were too significant for the soil to be the source of the
residue in vessels.
By contrast, a recent pilot project on unwashed sherds from a north African
site which had been cyclically wet and dry since its abandonment about 4,500
years ago, discovered no residues of archaeological interest in the pottery (45).
Instead, organic compounds which are typical of modern, urban waste water
were identified (45-48). It is possible that, in this case, the degradation and
dissolution of any original residues in the pottery by the constant wet and dry
cycles in the burial environmnent allowed the ingress of organic material from
the ground water during the wetter cycles.
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During post-excavation handling and storage the possibilities for
contamination multiply rapidly and are even less well understood. However,
there have been no published studies designed to measure how much material
might be absorbed by ceramics, for example, during handling, washing and
storage. Compounds from sun screens and insect repellants as well as
insecticides have been identified in pottery residues (49, 50). When these are
recently synthesized or isolated compounds, they can quickly be identified as
modern and excluded from consideration but, when they are compounds which
might have been present in the ancient world, distinguishing the modern from
the archaeological can be challenging.
Plasticizers from plastic storage materials are easily identified as they are
very distinctive and have no ancient equivalent (6, 51). However plastics
contain a wide range of compounds which have the potential to migrate into
material stored in close proximity, some of which are also found in ancient
materials (52-54). Some plastics exude fatty acids (53, 55) which are the
biomarker compounds for degraded fats (3, 6, 8) but fatty acids are also shed
from the surface of human skin and will be deposited on any artifact which is
handled (6, 56). Human skin lipids and other animal fats also contain the sterol
cholesterol, used as an indicator of animal origin in degraded fats, which can
sometimes be deposited on surfaces by contact with hands (6, 56, 57). Skin also
excretes the compound squalene which degrades rapidly (57) and it is usually
considered that, if cholesterol and squalene occur together, any lipid residues
present may be due to handling (6). However squalene is also present in olive
and other plant oils, sometimes in large abundances (58), and is not always
present in skin (57). Skin lipids in fact appear to be very variable (59) and skin
may also carry compounds from food, cosmetics, topical medicines and any
other materials handled (57)
As a result, fatty material present at very low abundances may not be
archaeological, and could be background contamination.
In addition
background levels of many contaminants are present in dust and air (60, 61) and
may be a source of contamination in the laboratory. One study found low, but
quantifiable, abundances of fatty acids in previously Soxhlet extracted pottery
(62), suggesting that background levels of fatty acids are between 3 and 13 µg/g,
and Evershed (4) suggests that levels of residues below 5 µg/g should be
considered as background.
The preparation and analysis of method blanks can identify and quantify
contamination introduced in the laboratory, while the analysis of soil samples,
when available, can provide a picture of potential contamination from the burial
environment. In the case of pottery residues, drilling samples from both sides of
a pottery sherd can provide an assessment of any contamination present as
residues of archaeological interest will usually be present on only one surface of
a sherd (most often the interior), while contamination will accumulate on both
surfaces. An awareness of the problem of distinguishing contamination from
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residues of archaeological interest, and a basic knowledge of potential
contaminants, is also advantageous when seeking to interpret the results of
residue analysis.

Identification of fatty material
One of the most challenging questions facing organic residue researchers at
the present time is the secure identification of fatty material from the past. Fat
residues include the remains of meat, oily fish, dairy products and vegetable
oils, and their identification is particularly relevant to questions relating to diet
and food culture but also to trade, technology, arts and crafts, and the use of
specific features within ancient structures. They are found primarily in pottery
but can also be present in hearths, floors, plaster surfaces, on stone tools, in
works of art etc.
Degraded fats are usually composed primarily of palmitic (C16:0) and stearic
(C18:0) acids regardless of the original source of the fat. This is due to the
processes of degradation and dissolution that occur during burial and, in some
cases, alteration of the fats during the lifetime of the vessel, for example during
cooking. These processes tend to deplete diagnostic biomarker compounds that
are characteristic of particular fats (3-5, 63-67) preventing the unique
identification of degraded fatty material.
Work by Evershed’s group in Bristol during the 1990s estabilished that it
was possible to distinguish different degraded fats by measuring the carbon
stable isotope ratios, expressed as δ13C values, of C16:0 and C18:0 (3, 32, 64, 66).
Modern reference fats fall within well-defined areas on a scatter plot of δ13C18:0
against δ13C16:0, reflecting the different metabolic processes by which different
organisms synthesize these two acids (5, 32, 68). Results can also be plotted as
∆13C vs δ13C16:0 (where ∆13C = δ13C18:0 - δ13C16:0), a method which eliminates
minor local variations in isotopic values by using ∆13C, while still incorporating
the variations in δ13C16:0 produced by the presence of marine fats or C4 plants
(67). Isotopic analysis has proved to be a very powerful tool for identifying
individual fats, in particular dairy fats, even within mixtures. However, as more
archaeological residues and modern reference fats are analysed, it is becoming
clear that this may not be a universal solution to the question of identifying fats.
Analysis of modern, reference horse fats from Kazakhstan showed almost
complete overlap in carbon isotopic values between dairy and adipose fats (32,
69). Measurements of C3 plant oil isotopic signatures show them to lie either on
the mixing line between ruminant and non-ruminant adipose fats (70) or in the
same range as cattle adipose fats (68). This is not typically a problem in prehistoric northern Europe, where the presence of plant oils is unlikely, but will be
significant in the interpretation of results from the Mediterranean. There is also
some evidence that occasionally deer adipose fat shows carbon isotopic
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signatures where ∆13C is lower than -3.3 ‰ (5, 71), an offset value generally
used to define milk fats. The effect of cooking on the carbon isotopic values of
individual fatty acids in milk was also considered by Spangenberg et al. (68)
who measured variations of up to 4‰ between heated and unheated milk, an
effect which varied with species.
Continuing research in this area is steadily increasing understanding of the
strengths and weaknesses of compound specific carbon stable isotope analysis
and providing solutions to some of the problems encountered (5, 32). The
measurement of hydrogen isotopic values, while technically challenging, may
provide a new level of discrimination in the identification of archaeological fats,
already showing success in distinguishing horse milk and adipose fats (5, 32).
Nevertheless, the interpretation of isotopic data from residues should always be
carried out with full reference to the results of molecular analysis and to faunal
and other evidence from the site. It is unlikely that it will ever be sufficient to
examine isotopic data alone for the identification of fats.

Detecting alcoholic drinks
The question of how to detect alcoholic drinks in archaeological residues
continues to be one of the most debated areas in organic residue analysis (3, 72).
There is no consensus among researchers on what unique biomarker compounds
might survive over archaeological time to indicate the presence of a fermented
beverage. The difficulty arises because alcoholic drinks consist mostly of water
and water-soluble compounds such as sugars and alcohols which either leave no
trace or disappear very rapidly in the burial environment. The main question
then becomes which of the minor components of wine or beer might survive
over archaeological time and be unique to only one type of fermented drink.
Tartaric and syringic acid have been suggested as suitable biomarker
compounds for wine in archaeological residues (73-77). Syringic acid is derived
from malvidin and is only found in significant abundances in red wine,
increasing with the age of the wine – no other plant contains significant amounts
(72, 76). Syringic acid can polymerize and this may contribute to its survival in
archaeological residues (72). Tartaric acid is abundant in all grapes, and is
strongly adsorbed onto silicates in pottery by hydrogen bonding, facilitating its
survival (72). Tartaric acid itself is water soluble but its salts are far less soluble
and may survive over archaeological time (72, 76). Both tartaric acid and
syringic acid have been identified in visible and absorbed organic residues from
pottery using high performance liquid chromatography with tandem mass
spectrometry (HPLC-MS-MS) (73, 78, 79) and in modern pottery soaked in
wine (72). However tartaric acid is present in other plant species, sometimes at
much higher abundances than in grapes (80), although in many cases these other
plants would not have been used in the same contexts as wine. In addition the
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presence of tartaric acid would only indicate the presence of grapes and does not
provide any information about fermentation (77, 80). These problems have led
researchers to question its use as a biomarker for wine. More recently analysis
of modern wine and archaeological residues using GC-MS has identified not just
tartaric acid, but a range of other organic acids including succinic, malic,
fumaric and citric which may together provide a better indication of the presence
of wine in organic residues (81).
Other approaches for detecting the presence of wine in organic residues are
also being explored. Garnier et al. (82) used in situ tetramethylammonium
hydroxide treatment followed by thermal hydrolysis and methylation-gas
chromatography-mass spectrometry (THM-GC-MS) to look for phenolic
compounds in modern wines, archaeological grape pips and two samples of
Roman wine present as visible residues within amphorae. Phenolic compounds
were detected in the ancient wines but some of the same compounds are also
present in lignin and more research will be needed to determine whether any of
the phenolic compounds identified prove to be unique biomarkers for wine.
Polyphenols were identified in absorbed residues by Romanus et al. (83) using
the Folin-Ciocalteu colorimetric reaction. This method has the disadvantage of
requiring 1g of drilled sample from a sherd (a large sample for this type of
analysis) and there is potential for false positives due to a reaction with reduced
iron. This method detects the presence or absence of polyphenols but does not
provide a detailed analysis of the compounds present.
Much of the analysis of wine residues has been carried out on exceptionally
well preserved residues that were already known to be derived from wine, and
these methods remain untested on more typical archaeological residues.
Beer and other fermented beverages present similar problems. Beer forms a
deposit known as “beerstone” on standing which is primarily composed of
calcium oxalate (77). Calcium oxalate has been identified in beer containers
using a Fiegl spot test but it is also abundant in some plants, notably rhubarb and
spinach (77). More recent work by Issakson et al. (84) has suggested that
ergosterol might be used as a biomarker for fermentation as it is produced in
large quantities by fungi including yeasts causing fermentation. This would
only identify the use of a vessel or feature for fermentation and it is impossible
to determine whether this happened in the course of bread-making or beer
brewing as yeast would be active in both cases (84). The fact that fungi are
present everywhere in the environment, including soil, raises some questions
about the unique identification of fermentation using ergosterol as the sole
biomarker (84). In addition the use of ergosterol in many modern skin
preparations should be noted, particularly in the light of the contamination issues
raised above (84). Microscopic analysis of visible beer residues has also been
used to identify the cereals used to produce beer, and also identified malting and
fermentation from the morphology of starch grains within the residue (85).
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Experimental work incorporating the use of traditional brewing and
fermentation procedures, the use of modern reconstructed ceramic vessels and
simulated burial and/or degradation experiments would be invaluable in
attempting to detect the remains of fermented beverages in organic residues. In
addition, continuing work on the analysis of DNA for identifying wine or grape
residues and yeasts (86, 87) may also provide answers questions about detecting
ancient fermented beverages.

New developments in organic residue analysis
An increasing number of new methods and approaches are being tested
which will shape the field of organic residue analysis in the future and may
provide answers to the some of the questions posed above.

New methods in the analysis of organic residues
There are a number of techniques in use in other areas of science which
show great promise as tools for the analysis of organic residues. In particular,
advances in the fields of proteomics and lipidomics have potential applications
to the analysis of archaeological organic materials.

New mass spectrometric techniques
Several new techniques which involve the introduction of samples directly
into a mass spectrometer are proving fruitful in the analysis of some organic
materials from the past. The application of direct analysis in real time-mass
spectrometry (DART-MS) to the fast screening of samples for organic residues
is discussed in detail elsewhere in this volume. As a method involving
no/minimal sample preparation and allowing non-destructive analysis of suitable
samples, it is clear that there are many potential applications in archaeological
and cultural heritage situations (88-90). It may become invaluable for the
screening of large numbers of samples, allowing more time to be spent on the
preparation and analysis of those which contain organic material. Ionisation of
the organics within the sample without the need for a vacuum presents the
possibility of a whole new set of applications for direct mass spectrometry.
Within the wider scientific community DART-MS is already being combined
with separation techniques such as thin layer chromatography (TLC), gas
chromatography (GC), HPLC and tandem mass spectroscopy (91-95) and these
techniques all have the potential to find applications in the analysis of
archaeological organic residues.
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The use of matrix-assisted laser desorption ionization-mass spectrometry
(MALDI-MS) or more specifically MALDI-time of flight mass spectrometry
(MALDI-TOF) has become routine in the analysis of large molecules such as
lipids, proteins, carbohydrates and nucleic acids (96-101). It has been applied
more recently to the analysis of proteins in ancient bones (102, 103) and
eggshells (104), where it allows the identification of species, and has been used
to analyse proteinaceous and lipid binders in works of art and wall plasters (105108). It has been used to analyze proteinaceous glue from a wooden building
(109), to study the photo-degradation of terpenoid varnishes (110), and to assess
the condition and penetration of polyethylene glycol in preserved ships (111).
There are also potential applications to pottery residues (112) and in the analysis
of proteins from dental enamel (113, 114). A variation of MALDI-TOF,
graphite-assisted laser desorption ionisation mass spectrometry (GALDI-TOF)
has also been tested in the analysis of aged triterpenoid resins in varnishes
(115). It seems probable that more applications will be published over the next
few years.
Desorption electrospray ionization-mass spectrometry (DESI-MS) has also
been used to analyse proteins from experimental residues applied to stone tools
and archaeological pottery with a view to applying it to archaeological residues
(116). DESI-MS, like DART-MS, allows the analysis of organic material with
little or no sample preparation at ambient conditions (116). It has the capacity to
detect and identify large molecules and, apart from proteins, has the potential to
analyse triacylglycerols in fatty material, allowing the identification of fats
without the need for isotopic analysis.
The development of gas chromatography-thermal conversion-isotope ratio
mass spectrometry (GC-TC-IRMS) for the compound specific analysis of
hydrogen isotopes has been cited above in connection with the discrimination of
animal fats (p8). It appears likely that other applications of hydrogen compound
specific isotope analysis will be forthcoming.

New chromatographic techniques
Although GC-MS is probably the technique most often associated with the
analysis of ancient organic residues, the potential of liquid chromatography (LC)
and HPLC with mass spectrometry or tandem mass spectrometry should not be
overlooked. LC and HPLC have been used to identify caffeine and theobromine
from chocolate residues (117-120), organic colourants on fabrics (121-126) and
in Cretan icons (127), and used to examine the degradation of dyed and natural
wool and silk fibres by measuring the concentrations of their degradation
products (128). It is the method of choice for examining organic colourants
which are often not suitable for GC-MS analysis. As described above, HPLCMS-MS has successfully been used to detect tartaric and syringic acids in the
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search for wine residues, and this particular application highlights the use of
tandem mass spectrometric techniques to isolate particular target compounds
from a complex sample. However the use of tandem mass spectrometric
techniques seems limited for the present, possibly due to the difficulties of
method development.
In the wider scientific community there has also been a rapid growth in the
use of multiple tandem techniques, for example combining GC with HPLC and
MS, and the use of two dimensional GC-GC-MS. These can also be combined
with methods such as FT-IR or Raman spectroscopy. Few applications in
organic residue research have been seen so far but may in future provide yet
more powerful methodologies for interrogating archaeological residues.

The application of established methods to new situations
The application of established methods to new types of residue and the use
of multiple techniques to characterize a single residue both offer exciting new
possibilities.

Plant microfossils
The extraction and analysis of starch grains and phytoliths from organic
residues is not new. These plant microfossils have been used extensively to
examine residues from stone tools (129-133), shell tools (134), sediments (135137), grinding stones (138), and dental calculus (139, 140). The presence of
starch grains and phytoliths has also been used to identify maize and beans in
pottery residues from North America (141, 142) and of a range of plant foods in
residues from ceramic and stone artefacts from Bolivia (143). However the full
potential of this type of analysis when applied to visible residues from pottery is
only just beginning to be explored and presents a unique opportunity to identify
the past culinary use of specific plants.
This approach has rarely been applied to cooking residues in northern
Europe (144). Phytoliths form at a much reduced rate in plants growing in
temperate conditions compared with those grown in tropical or arid regions, and
until recently it was unclear whether phytoliths would still be present in residues
from northern Europe (145). However, a recent study found both starch grains
and phytoliths in carbonized residues from Late Mesolithic Ertebølle and Early
Neolithic Funnel Beaker pottery from Neustadt in northern Germany (145). The
analysis of starch grains revealed very few cereals, even in the Neolithic
samples, supporting the archaeological evidence that the introduction of cereal
crops was slow in this area (145). Wild resources continued to be exploited
across the transition to agriculture, predominantly acorns but also sweet flag,
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sedge, meadowsweet, reeds, hazelnuts and bracken (145). Phytolith analysis
revealed other plant material usually considered invisible in organic residues,
including plants which would have been used as flavourings (146).

Residues from unexpected sources
Over the past decade residues have been detected on and in artefacts where
their survival was unexpected. The retrieval of residues from stone tools,
originally regarded with some skepticism, is now well established as legitimate
research (147-157). Residues of archaeological interest have also been extracted
from pottery assemblages after long-term storage in museums (50), and pottery
which has been washed (50).
Since 2009 two separate and independent studies on material from different
countries have identified both absorbed and visible residues from soft stone
cooking pots (158, 159). The study of 5th to 13th century chlorite vessels from
Merv in Turkmenistan also used modern, chlorite cooking pots to investigate the
structure of the stone itself, how it behaves when heated and how this could
facilitate the preservation of absorbed residues (158).
The detection of partially carbonized residues from the hoard of Iron Age
copper alloy and iron cauldrons found in a field near Chiseldon, Wiltshire, U.K.
was unexpected (160-162). The fact that the cauldrons had been lifted in blocks
and micro-excavated in the Conservation Department at the British Museum
allowed areas different to the surrounding soil or metal corrosion products to be
identified by the exavators (160-162). These turned out to be remarkably wellpreserved, partially carbonized food residues, probably owing their good
preservation to an interaction with the iron and copper corrosion products
formed on the metal surfaces (20, 163).

The use of multiple techniques in residue research
There are an increasing number of papers illustrating the application of
multiple techniques to a single question. Sometimes these projects employ the
use of a screening method followed by more detailed analysis of selected
samples. Others use multiple methods to provide a fuller picture of the nature of
the residue(s) under examination, particularly where the residue has inorganic
components.
In food residues the use of GC-MS followed by isotopic analysis is routine
(3, 32), sometimes combined with phytolith and starch grain analysis of visible
food residues (145, 164). The use of different chromatographic methods to
analyse the same material is also becoming more routine, particularly in the area
of dyes and paints where organic colourants may be mixed with different

1341280_File000001_20903114.docPrinted 7/19/2013

13

binding materials (165, 166). Where inorganic colourants are also present, a
combination of chromatographic and other techniques such as XRF, XRD,
SEM, SEM-EDX, Raman and FT-IR can provide a complete characterization of
the paints, dyes or other materials being analysed (28, 122, 167-169). This
approach has also proved successful in the analysis of vessel contents suspected
of being paints, inks, medicines or cosmetics (168, 170, 171). For a round robin
analysis of a 17th century ointment, recreated to an authentic recipe, 11
laboratories used 10 different methods to analyse a sample of the ointment
(172).
The methods used included FT-IR, Raman and micro-Raman
spectroscopies, surface enhanced Raman scattering (SERS), GC-MS, pyrolysisGC-MS, solid phase micro extraction-GC-MS (SPME-GC-MS), HPLC-MS and
XRF. No laboratory employed all of these methods and no laboratory
completely characterized the ointment, although many identified the majority of
components. This illustrates the importance of considering multiple techniques
when analyzing very complex residues from the past.

The future of organic residue analysis
The application of new techniques and the discovery that organic residues
have the capacity to survive in unexpected circumstances are opening up
increased opportunities for residue analysis. However to take full advantage of
these new opportunities carefully planned, rigourously executed research is
necessary that combines best practice from both science and archaeology.
All new research projects should be designed to answer one or more
questions of archaeological or scientific significance. These questions will
determine how the material is sampled, what methods will be used and what
data is collected to give the answers required. Much time, effort and money can
be wasted by not establishing the aims and objectives of a project at the planning
stage.
Careful consideration should be given to how the material is sampled. The
sampling strategy should be designed to answer the archaeological or scientific
question and should also aim to be statistically significant (173, 174). Sampling
is always a compromise between what is ideal and what is possible but careful
use of the samples available can maximize the relevance of the data obtained.
Analytical methods should be appropriate to the types of samples and the
information expected from the analysis. All methods have strengths and
limitations and it is important to know what these are in order to decide which
methodologies will provide the best results. It is also useful to know the
limitations of the data produced by any analytical method so that
complementary analysis can be included in the project design if necessary. Data
analysis should be carried out either by, or in close collaboration with, an
analyst with experience in the techniques being used.
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Data intepretation must always be carried out with due reference to
historical and geographical context. Some knowledge of contamination issues,
including possible modern contaminants and their sources, is essential in data
interpretation. This will avoid obvious mistakes in identifying a residue as a
material which was not available in the historical period and/or geographical
area where the residue originated. Other data from the same or similar
archaeological sites, such as faunal analyses, environmental data etc., is also
helpful when interpreting residue analysis data.
In designing new projects which incorporate these features, close
collaboration is necessary between archaeologists and scientists.
This
collaboration will be the key to excellent research in the future. Ideally organic
residue research should involve archaeologists who have some knowledge of
science and scientific method and scientists who have a basic understanding of
archaeology.
With increasingly complex analytical techniques finding
applications in the study of organic residues more communication will be
required between scientist and archaeologist in the future.
So much is still unknown about how our ancestors lived, worked, sourced
and cooked their food and buried their dead that there is ample scope for more
research for many years to come. Well designed, well executed organic residue
analysis projects, incorporating the best from archeology and science, have an
important part to play in this quest to understand the past.

References
1.
2.
3.
4.
5.
6.
7.

8.

Brown, T.; Brown, K. Biomolecular Archaeology: an introduction.
Wiley-Blackwell: Chichester, U. K., 2011.
Colombini, M.P.; Modugno, F., Eds. Organic Mass Spectrometry in Art
and Archaeology. 2009, Wiley: Chichester, U. K.
Evershed, R.P. Archaeometry. 2008, 50, 895-924.
Evershed, R.P. World Archaeol. 2008, 40, 26-47.
Regert, M. Mass Spectrom. Rev. 2011, 30, 177-220.
Evershed, R.P. World Archaeol. 1993, 25, 74-93.
Evershed, R.P.; Dudd, S.N.; Charters, S.; Mottram, H.R.; Stott, A.W.;
Raven, A.; van Bergen, P.F.; Bland, H.A. Philos. Trans. R. Soc., B.
1999, 354, 19-31.
Heron, C.; Evershed, R.P., In Archaeological Method and Theory;
Schiffer, M., Ed. University of Arizona Press: Tuscon, AZ, 1993; pp
247-284.

1341280_File000001_20903114.docPrinted 7/19/2013

15

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

Eglinton, G.; Logan, G.A. Philos. Trans. R. Soc., B. 1991, 333, 315328.
Brecoulaki, H.; Andreotti, A.; Bonaduce, I.; Colombini, M.P.;
Lluveras, A. J. Archaeol. Sci. 2012, 39, 2866-2876.
Corr, L.; Richards, M.; Grier, C.; Mackie, A.; Beattie, O.; Evershed,
R.P. J. Archaeol. Sci. 2009, 36, 12-18.
Högberg, A.; Puseman, K.; Yost, C. J. Archaeol. Sci. 2009, 36, 17351737.
Yohe II, R.M.; Bamforth, D.B. J. Archaeol. Sci. 2013, 2337-2343.
Åström, P. Bull. Medelhavsmuseet. 1969, 5, 16-21.
Mathiassen, T. Acta Archaeol. 1935, VI, 139-152.
Pollard, A.M.; Batt, C.; Stern, B.; Young, M.M. Analytical Chemistry
in Archaeology. Cambridge University Press: Cambridge, U. K., 2007.
Condamin, J.; Formenti, F.; Metais, M.O.; Michel, M.; Blond, P.
Archaeometry. 1976, 18, 195-201.
Vogel, J.C.; van de Merwe, N.J. Am. Antiq. 1977, 42, 238-242.
Evershed, R.P.; Arnot, K.I.; Collister, J.; Eglinton, G.; Charters, S.
Analyst (Cambridge, U. K.). 1994, 119, 909-914.
Mayer, L.M. Chem. Geol. 1994, 114, 347-363.
Ashman, M.R.; Puri, G. Essential Soil Science. Blackwell Publishing:
Oxford, U. K., 2002.
Craig, O.E.; Collins, M. J. Immunol. Methods. 2000, 236, 89-97.
Evershed, R.P.; Stott, A.W.; Raven, A.; Dudd, S.N.; Charters, S.;
Leyden, A. Tetrahedron Lett. 1995, 36, 8875-8878.
Raven, A.M.; van Bergen, P.F.; Stott, A.W.; Dudd, S.N.; Evershed,
R.P. J. Anal. Appl. Pyrolysis. 1997, 40-41, 267-285.
Heron, C. University of Bradford, U. K., unpublished
Regert, M.; Bland, H.A.; Dudd, S.N.; van Bergen, P.F.; Evershed, R.P.
Proc. R. Soc. B. 1998, 265, 2027-2032.
Regert, M.; Colinart, S.; Degrand, L.; Decavallas, O. Archaeometry.
2001, 43, 549-569.
Colombini, M.P.; Giachi, G.; Modugno, F.; Pallecchi, P.; Ribechini, E.
Archaeometry. 2003, 45, 659-674.
Colombini, M.P.; Modugno, F.; Ribechini, E. J. Mass Spectrom. 2005,
40, 675-687.
Egenberg, I.M.; Aasen, J.A.B.; Holtekjølen, A.K.; Lundanes, E. J.
Anal. Appl. Pyrolysis. 2002, 62, 143-155.
Evershed, R.P.; Dudd, S.N.; Lockheart, M.J.; Jim, S., In Handbook of
Archaeological Sciences; Brothwell, D.R.; Pollard, A.M., Eds. Wiley:
Chichester, U. K., 2001; pp 331-349.
Evershed, R.P., In Organic Mass Spectrometry in Art and Archaeology;
Colombini, M.P.; Modugno, F., Eds. Wiley: Chichester, U. K., 2009;
pp 391-432.

1341280_File000001_20903114.docPrinted 7/19/2013

16

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.
57.

Heron, C.; Hancock, H. University of Bradford, U. K., unpublished
Buckley, S.A.; Clark, K.A.; Evershed, R.P. Nature (London, U. K.).
2004, 413, 294-298.
Buckley, S.A.; Evershed, R.P. Nature (London, U. K.). 2001, 413, 837841.
Copley, M.S.; Bland, H.A.; Rose, P.; Horton, M.; Evershed, R.P.
Analyst (Cambridge, U. K.). 2005, 130, 860-871.
Copley, M.S.; Rose, P.J.; Clapham, A.; Edwards, D.N.; Horton, M.C.;
Evershed, R.P. Antiquity. 2001, 75, 538-542.
van Bergen, P.F.; Bland, H.A.; Horton, M.C.; Evershed, R.P. Geochim.
Cosmochim. Acta. 1997, 61, 1919-1930.
van Bergen, P.F.; Peakman, T.M.; Leigh-Firbank, E.C.; Evershed, R.P.
Tetrahedron Lett. 1997, 38, 8409-8412.
Berstan, R.; Dudd, S.N.; Copley, M.S.; Morgan, D.M.; Quye, A.;
Evershed, R.P. Analyst (Cambridge, U. K.). 2004, 129, 270-275.
Evershed, R.P. Archaeometry. 1990, 32, 139-153.
Evershed, R.P. Archaeometry. 1992, 34, 253-265.
O'Donoghue, K.; Clapham, A.; Evershed, R.P.; Brown, T.A. Proc. R.
Soc. B. 1996, 263, 541-547.
Heron, C.; Evershed, R.P.; Goad, L.J. J. Archaeol. Sci. 1991, 18, 641659.
Steele, V.J. University of Bradford, U. K., unpublished
Eriksson, E.; Auffarth, K.; Henze, M.; Ledin, A. Urban Water. 2002, 4,
85-104.
Diskowitzky, L.; Schwarzbauer, J.; Kronimus, A.; Littke, R.
Chemosphere. 2004, 57, 1275-1288.
Grigoriadou, A.; Schwarzbauer, J.; Georgakopoulos, A. Environ.
Pollut. (Oxford, U. K.). 2008, 151, 231-242.
Stacey, R.; Steele, V.J. unpublished results. The British Museum,
London, U. K., 2002, 2013
Steele, V.J. PhD, University of Bradford, Bradford, U. K., 2009
Shen, H.-Y. Talanta. 2005, 66, 734-739.
Garrido-López, Á.; Esquiu, V.; Tena, M.T. J. Chromatogr. A. 2007,
1150, 178-182.
Haider, N.; Karlsson, S. J. Appl. Polym. Sci. 2002, 85, 974-988.
Huber, M.; Franz, R. J. High Resolut. Chromatogr. 1997, 20, 427-430.
Bradley, E.; Coulier, L. An investigation into the reaction and
breakdown products from starting substances used to produce food
contact plastics; FD07/01; Central Research Laboratory, Food
Standards Agency: York, U. K., 2007
Grenacher, S.; Guerin, P.M. J. Chem. Ecol. 1994, 20, 3017-3025.
Archer, N.E.; Charles, Y.; Elliott, J.A.; Jickells, S. Forensic Sci. Int.
2005, 154, 224-239.

1341280_File000001_20903114.docPrinted 7/19/2013

17

58.
59.
60.
61.
62.
63.
64.

65.
66.

67.
68.
69.

70.
71.
72.
73.
74.
75.
76.

77.

Gunstone, F.D. The Chemistry of Oils and Fats: sources, composition,
properties and uses. Blackwells: Oxford, U. K., 2004.
Ramasastry, P.; Downing, D.T.; Pochi, P.E.; Strauss, J.S. J. Invest.
Dermatol. 1970, 54, 139-144.
Clausen, P.A.; Wilkins, K.; Wolkoff, P. J. Chromatogr. A. 1998, 814,
161-170.
Mandalakis, M.; Tsapakis, M.; Tsoga, A.; Stephanou, E.G. Atmos.
Environ. 2002, 36, 4023-4035.
Stern, B.; Heron, C.; Serpico, M.; Bourriau, J. Archaeometry. 2000, 42,
399-414.
Dudd, S.N.; Regert, M.; Evershed, R.P. Org. Geochem. 1998, 29, 13451354.
Evershed, R.P.; Mottram, H.R.; Dudd, S.N.; Charters, S.; Stott, A.W.;
Lawrence, G.J.; Gibson, A.; Conner, A.; Blinkhorn, P.W.; Reeves, V.
Naturwissenschaften. 1997, 84, 402-406.
Mottram, H.R.; Dudd, S.N.; Lawrence, G.J.; Stott, A.W.; Evershed,
R.P. J. Chromatogr. A. 1999, 833, 209-221.
Evershed, R.P.; Dudd, S.N.; Copley, M.S.; Berstan, R.; Stott, A.W.;
Mottram, H.R.; Buckley, S.A.; Crossman, Z. Acc. Chem. Res. 2002, 35,
660-668.
Copley, M.S.; Berstan, R.; Dudd, S.N.; Straker, V.; Payne, S.;
Evershed, R.P. J. Archaeol. Sci. 2005, 32, 485-503.
Spangenberg, J.E.; Jacomet, S.; Schibler, J. J. Archaeol. Sci. 2006, 33,
1-13.
Outram, A.K.; Stear, N.A.; Bendry, R.; Olsen, S.; Kasparov, A.;
Zaibert, V.; Thorpe, N.; Evershed, R.P. Science (Washington, DC,
U.S.). 2009, 323, 1332-1335.
Steele, V.J.; Stern, B.; Stott, A.W. Rapid Commun. Mass Spectrom.
2010, 24, 3478-3484.
Craig, O.E.; Allen, R.B.; Thompson, A.; Stevens, R.E.; Steele, V.J.;
Heron, C. Rapid Commun. Mass Spectrom. 2012, 26, 2359-2364.
Stern, B.; Heron, C.; Tellefsen, T.; Serpico, M. J. Archaeol. Sci. 2008,
35, 2188-2203.
Guasch-Jané, M.R.; Ibern-Gómez, M.; Andrés-Lacueva, C.; Jáuregi,
O.; Lamuela-Ravantós, R.M. Anal. Chem. 2004, 76, 1672-1677.
McGovern, P.E. J. Egypt. Archaeol. 1997, 83, 69-108.
McGovern, P.E.; Glusker, D.L.; Exner, L.J.; Voigt, M.M. Nature
(London, U. K.). 1996, 381, 480-481.
Singleton, V.L., In The Origins and Ancient History of Wine;
McGovern, P.E.; Fleming, S.J.; Katz, S.H., Eds. Gordon and Breach:
Luxembourg, 1996; pp 67-77.
Michel, H.V.; McGovern, P.E.; Badler, V.R. Anal. Chem. 1993, 65,
408-413.

1341280_File000001_20903114.docPrinted 7/19/2013

18

78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.

102.

Guasch-Jané, M.R.; Andrés-Lacueva, C.; Jáuragui, O.; LamuelaRavantós, R.M. J. Archaeol. Sci. 2006, 33, 1075-1080.
Guasch-Jané, M.R.; Andrés-Lacueva, C.; Jáuregui, O.; LamuelaRavantós, R.M. J. Archaeol. Sci. 2006, 33, 98-101.
Barnard, H.; Dooley, A.N.; Areshian, G.; Gasparyan, B.; Faull, K.F. J.
Archaeol. Sci. 2011, 38, 977-984.
Pecci, A.; Giorgi, G.; Salvini, L.; Ontiveros, M.Á.C. J. Archaeol. Sci.
2013, 40, 109-115.
Garnier, N.; Richardin, P.; Cheynier, V.; Regert, M. Anal. Chim. Acta.
2003, 493, 137-157.
Romanus, K.; Baeten, J.; Poblome, J.; Accardo, S.; Degryse, P.; Jacobs,
P.; De Vos, D.; Waelkens, M. J. Archaeol. Sci. 2009, 36, 900-909.
Isaksson, S.; Karlsson, C.; Eriksson, T. J. Archaeol. Sci. 2010, 37,
3263-3268.
Samuel, D. J. Am. Soc. Brew. Chem. 1996, 54, 3-12.
Foley, B.P.; Hansson, M.C.; Kourkoumelis, P.; Theodoulou, T.A. J.
Archaeol. Sci. 2012, 39, 389-398.
Cavalieri, D.; McGovern, P.E.; Hartl, D.L.; Mortimer, R.; Polsinelli,
M. J. Mol. Evol. 2003, 57, S226-S232.
DeRoo, C.S.; Armitage, R.A. Anal. Chem. 2011, 83, 6924-6928.
Fraser, D.; DeRoo, C.S.; Cody, R.B.; Armitage, R.A. Analyst
(Cambridge, U. K.). 2013, in press.
Adams, J. Int. J. Mass Spectrom. 2011, 301, 109-126.
Beißmann, S.; Buchberger, W.; Hertsens, R.; Klampfl, C.W. J.
Chromatogr. A. 2011, 1218, 5180-5186.
Eberherr, W.; Buchberger, W.; Hertsens, R.; Klampfl, C.W. Anal.
Chem. 2010, 5792-5796.
Cody, R.B. Anal. Chem. 2009, 81, 1101-1107.
Kim, H.J.; Jang, Y.P. Phytochem. Anal. 2009, 20, 372-377.
Hajslova, J.; Cajka, T.; Vaclavik, L. TrAC, Trends Anal. Chem. 2011,
30, 204-218.
Bonk, T.; Humeny, A. Neuroscientist. 2001, 7, 6-12.
Fuchs, B.; Schiller, J. Eur. J. Lipid Sci. Technol. 2009, 111, 83-98.
Fuchs, B.; Süß, R.; Schiller, J. Prog. Lipid Res. 2010, 49, 450-475.
Gut, I.G. Hum. Mutat. 2004, 23, 437-441.
Schiller, J.; Arnhold, J.; Benard, S.; Müller, M.; Reichl, S.; Arnold, K.
Anal. Biochem. 1999, 267, 46-56.
Schiller, J.; Süß, R.; Arnhold, J.; Fuchs, B.; Leßig, J.; Müller, M.;
Petković, M.; Spalteholz, H.; Zschörnig, O.; Arnold, K. Prog. Lipid
Res. 2004, 43, 449-488.
Buckley, M.; Kansa, S.W.; Howard, S.; Campbell, S.; Thomas-Oats, J.;
Collins, M. J. Archaeol. Sci. 2010, 37, 13-20.

1341280_File000001_20903114.docPrinted 7/19/2013

19

103.
104.
105.
106.
107.
108.
109.

110.
111.
112.

113.

114.
115.

116.
117.
118.
119.
120.
121.

Richter, K.K.; Wilson, J.; Jones, A.K.G.; Buckley, M.; van Doorn, N.;
Collins, M. J. Archaeol. Sci. 2011, 38, 1502-1510.
Stewart, J.R.M.; Allen, R.B.; Jones, A.K.G.; Penkman, K.E.H.; Collins,
M.J. J. Archaeol. Sci. 2013, 40, 1797-1804.
Calvano, C.D.; van der Werf, D.; Palmisano, F.; Sabbatini, L. Anal.
Bioanal. Chem. 2011, 400, 2229-2240.
Kuckova, S.; Crhova, M.; Vankova, L.; Hnizda, A.; Hynek, R.;
Kodicek, M. Int. J. Mass Spectrom. 2009, 284, 42-46.
Kuckova, S.; Hynek, R.; Kodicek, M. J. Cult. Heritage. 2009, 10, 244247.
Kuckova, S.; Sandu, I.C.A.; Crhova, M.; Hynek, R.; Fogas, I.; Schafer,
S. J. Cult. Heritage. 2013, 14, 31-37.
Chamberlain, P.; Drewello, R.; Korn, L.; Bauer, W.; Gough, T.; AlFouzan, A.; Collins, M.; van Dorn, N.; Craig, O.; Heron, C.
Archaeometry. 2011, 53, 830-841.
Scalarone, D.; Duursma, M.C.; Boon, J.J.; Chiantore, O. J. Mass
Spectrom. 2005, 40, 1527-1535.
Mortensen, M.N.; Egsgaard, H.; Hvilsted, S.; Shashoua, Y.; Glastrup, J.
J. Archaeol. Sci. 2007, 34, 1211-1218.
Solazzo, C.; Erhardt, D., In Theory and Practice of Archaeological
Residue Analysis; Barnard, H.; Eerkens, J., Eds. Archaeopress: Oxford,
U.K., 2007; pp 161-178.
Nielsen-Marsh, C.M.; Stegenann, C.; Hoffmann, R.; Smith, T.; Feeney,
R.; Toussaint, M.; Harvati, K.; Panagopoulou, E. J. Archaeol. Sci.
2009, 36, 1758-1763.
Porto, I.M.; Laure, H.J.; Barbosa de Sousa, F.; Rosa, J.C.; Gerlach,
R.F. J. Archaeol. Sci. 2011, 38, 3596-3604.
Dietemann, P.; Herm, C., In Organic Mass Spectrometry in Art and
Archaeology; Colombini, M.P.; Modugno, F., Eds. Wiley: Chichester,
U. K., 2009; pp 131-163.
Heaton, K.; Solazzo, C.; Collins, M.; Thomas-Oats, J.; Bergström, E.T.
J. Archaeol. Sci. 2009, 36, 2145-2154.
Hurst, W.J.; Tarka Jr., S.M.; Powis, T.G.; Valdez Jr., F.; Hester, T.R.
Nature (London, U. K.). 2002, 418, 289-290.
Washburn, D.K.; Washburn, W.N.; Shipkova, P.A. J. Archaeol. Sci.
2011, 38, 1634-1640.
Washburn, D.K.; Washburn, W.N.; Shipkova, P.A. J. Archaeol. Sci.
2013, 40, 2007-2013.
Henderson, J.S.; Joyce, R.A.; Hall, G.R.; Hurst, W.J.; McGovern, P.E.
Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 18937-18940.
James, M.A.; Reifarth, N.; Mukherjee, A.J.; Crump, M.P.; Gates, P.J.;
Sandor, P.; Robertson, F.; Pfälzner, P.; Evershed, R.P. Antiquity. 2009,
83, 1109-1118.

1341280_File000001_20903114.docPrinted 7/19/2013

20

122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.

136.
137.
138.
139.
140.
141.
142.
143.

Karapanagiotis, I.; Mantzouris, D.; Kamaterou, P.; Lampakis, D.;
Pnayiotou, C. J. Archaeol. Sci. 2011, 28, 3127-3232.
Karapanagiotis, I.; Theologou, J.; Lakka, A.; Ozoline, A.; Panayiotou,
C. Archaeometry. 2011, 53, 587-599.
Petroviciu, I.; Albu, F.; Medvedovici, A. Microchem. J. 2010, 95, 247254.
Wouters, J.; Rosario-Chirinos, N. J. Am. Inst. Conserv. 1992, 31, 237255.
Liu, J.; Guo, D.; Zhou, Y.; Wu, Z.; Li, W.; Zhao, F.; Zheng, X. J.
Archaeol. Sci. 2011, 38, 1763-1770.
Karapanagiotis, I.; Lampakis, D.; Konstanta, A.; Farmakalidis, H. J.
Archaeol. Sci. 2013, 40, 1471-1478.
Degano, I.; Biesaga, M.; Colombini, M.P.; Trojanowicz, M. J.
Chromatogr. A. 2011, 1218, 5837-5847.
Kealhofer, L.; Torrence, R.; Fullager, R. J. Archaeol. Sci. 1999, 26,
527-546.
Pearsall, D.M.; Chandler-Ezell, K.; Zeidler, J.A. J. Archaeol. Sci. 2004,
31, 423-442.
Piperno, D.R.; Ranere, A.J.; Holst, I.; Hansell, P. Nature (London, U.
K.). 2000, 407, 894-897.
Piperno, D.R.; Weiss, E.; Holst, I.; Nadel, D. Nature (London, U. K.).
2004, 430, 670-673.
Li, M.; Yang, X.; Ge, Q.; Ren, X.; Wan, Z. J. Archaeol. Sci. 2013, 40,
1667-1672.
Allen, M.S.; Ussher, E. J. Archaeol. Sci. 2013, 40, 2799-2812.
Perry, L.; Sandweiss, D.H.; Piperno, D.R.; Rademaker, K.; Malpass,
M.A.; Umire, A.; de la Vera, P. Nature (London, U. K.). 2006, 440, 7679.
Sullivan, K.A.; Kealhofer, L. J. Archaeol. Sci. 2004, 31, 1659-1673.
Albert, R.M.; Weiner, S.; Bar-Yosef, O.; Meignen, L. J. Archaeol. Sci.
2000, 27, 931-947.
Tao, D.; Wu, Y.; Guo, Z.; Hill, D.V.; Wang, C. J. Archaeol. Sci. 2011,
38, 3577-3583.
Hardy, K.; Blakeney, T.; Copeland, L.; Kirkham, J.; Wrangham, R.;
Collins, M. J. Archaeol. Sci. 2009, 36, 248-255.
Henry, A.G.; Piperno, D.R. J. Archaeol. Sci. 2008, 35, 1943-1950.
Boyd, R.; Surette, C.; Nicholson, B.A. J. Archaeol. Sci. 2006, 33,
1129-1140.
Boyd, M.; Varney, T.; Surette, C.; Surette, J. J. Archaeol. Sci. 2008, 35,
2545-2556.
Dickau, R.; Bruno, M.C.; Iriarte, J.; Prümers, H.; Betancourt, C.J.;
Holst, I.; Mayle, F.E. J. Archaeol. Sci. 2012, 39, 357-370.

1341280_File000001_20903114.docPrinted 7/19/2013

21

144.
145.
146.

147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.

160.
161.

162.

163.

Petı, Á.; Gyulai, F.; Pópity, D.; Kenéz, Á. J. Archaeol. Sci. 2013, 40,
58-71.
Saul, H.; Wilson, J.; Heron, C.P.; Glykou, A.; Hartz, S.; Craig, O.E. J.
Archaeol. Sci. 2012, 39, 3483-3492.
Saul, H.; Fischer, A.; Glykou, A.; Hartz, S.; Madella, M.; Craig, O.
Phytoliths in pottery reveal prehistoric hunter-gatherers' taste for spice.
Department of Archaeology, University of York, U. K.; Danish
National Heritage Agency, Copenhagen, Denmark; Institute of
Prehistoric and Protohistoric Archaeology, University of Kiel,
Germany; Stiftung Schleswig-Holsteinische Landesmuseen, Schleswig,
Germany; Department of Archaeology and Anthropology, Spanish
Council for Scientific Research, Barcelona, Spain, unpublished
Langejans, G.H.J. J. Archaeol. Sci. 2010, 37, 971-985.
Loy, T.H. World Archaeol. 1993, 25, 44-63.
Shanks, O.C.; Bonnichsen, R.; Vella, A.T.; Ream, W. J. Archaeol. Sci.
2001, 28, 965-872.
Wadley, L.; Lombard, M. J. Archaeol. Sci. 2007, 34, 1001-1010.
Lombard, M.; Wadley, L. J. Archaeol. Sci. 2007, 34, 155-165.
Anderson, P.C. World Archaeol. 1980, 12, 181-194.
Bruier, F.L. Am. Antiq. 1976, 41, 478-484.
Downs, E.F. J. Archaeol. Sci. 1995, 22, 11-16.
Haslam, M. J. Archaeol. Sci. 2006, 33, 114-121.
Smith, P.R.; Wilson, M.T. J. Archaeol. Sci. 1992, 19, 237-241.
Odell, G.H. J. Archaeol. Res. 2001, 9, 45-100.
Namdar, D.; Stacey, R.; Simpson, S.J. J. Archaeol. Sci. 2009, 36, 25072516.
Steele, V.J.; Turner, V. The analysis of visible and absorbed residues in
Viking Age steatite vessels from Shetland. University of Bradford, U.
K.; Shetland Amenity Trust, Lerwick, Shetland, U. K., unpublished
Winterburn, J. Curr. Archaeol. 2008, 214, 25-32.
Joy, J.; Baldwin, A.; Hood, J.; Fitzpatrick, A. Chiseldon Cauldrons.
The British Museum, Research Projects pages; Available from:
http://www.thebritishmuseum.org/research/research_projects/all_curren
t_projects/chiseldon_cauldrons.aspx. (accessed 2013 25 May)
Baldwin, A.; Crummy, S.; Hood, J.; Joy, J.; Wang, Q. Chiseldon
Cauldrons. The British Museum, Chiseldon Cauldrons Blog; Available
from: http://blog.britishmuseum.org/category/archaeology/chiseldoncauldrons/. (accessed 2013 25 May )
Steele, V.J.; Baldwin, A.; Hood, J.; Joy, J. Analysis of organic residues
from the Chiseldon Cauldrons. The British Museum, London, U. K.,
unpublished

1341280_File000001_20903114.docPrinted 7/19/2013

22

164.

165.

166.
167.
168.
169.
170.

171.
172.

173.
174.

Craig, O.E.; Steele, V.J.; Fischer, A.; Hartz, S.; Andersen, S.H.;
Donohoe, P.; Glykou, A.; Saul, H.; Jones, D.M.; Koch, E.; Heron, C.
Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 17910-17915.
Valianou, L.; Wei, S.; Mubarak, M.S.; Farmakalidis, H.; Rosenberg, E.;
Stassinopoulos, S.; Karapanagiotis, I. J. Archaeol. Sci. 2011, 38, 246254.
Scott, D.A.; Warmlander, S.; Mazurek, J.; Quirke, S. J. Archaeol. Sci.
2009, 36, 923-932.
Degano, I.; Colombini, M.P. J. Archaeol. Sci. 2009, 36, 1783-1790.
Pérez-Arantegui, J.; Ribechini, E.; Colombini, M.P.; Escudero, F. J.
Archaeol. Sci. 2011, 38, 3350-3357.
Scott, D.A.; Swartz Dodd, L.; Furihata, J.; Tanimoto, S.; Keeney, J.;
Schilling, M.R.; Cowan, E. Studies in Conservation. 2004, 49, 177-192.
Canevali, C.; Gentile, P.; Orlandi, M.; Modugno, F.; Lucejko, J.J.;
Colombini, M.P.; Brambilla, L.; Goidanich, S.; Riedo, C.; Chiantore,
O.; Baraldi, P.; Baraldi, C.; Gamberini, M.C. Anal. Bioanal. Chem.
2011, 401, 1801-1814.
Stacey, R. Anal. Bioanal. Chem. 2011, 401, 1749-1759.
Colombini, M.P.; Modugno, F.; Gamberini, M.C.; Rocchi, M.; Baraldi,
C.; Deviese, T.; Stacey, R.; Orlandi, M.; Saliu, F.; Riedo, C.;
Chiantore, O.; Sciutto, G.; Catelli, E.; Brambilla, L.; Toniolo, L.;
Miliani, C.; Rocchi, P.; Bleton, J.; Baumer, U.; Dietemann, P.; Pojana,
G.; Marras, S. Anal. Bioanal. Chem. 2011, 401, 1847-1860.
Orton, C. Sampling in Archaeology. Cambridge University Press:
Cambridge, U. K., 2000; pp 177-209.
Shennan, S. Quantifying Archaeology; 2nd ed. University of Iowa
Press: Iowa City, IA, 1997; pp 361-400.

1341280_File000001_20903114.docPrinted 7/19/2013

23

