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On Thursday 3 I March 2005 wc organized a symposium 
entitled 'Theory and PrKtiee of Archaeological Residue 
Analysis'. With the assistance of Dr. Jclmer Eerkens 
(University of California, Davis) and Dr. Ran Boytner 
(University of California. Los Angeles). this symposium 
took place in Salt Lake City, during the 70'" Annual 
Meeting of the Society for American Archaeology as 
sessions 21 and 46. I The parlicipanls were asked to 
prcpare presentations on their own research, and to 
report on their analysis of a res idue recently cooked in a 
ncw ceramic vessel. Eleven agrecd to partake in the 
latter and were sent a segment of the wall of a vessel in 
which camel milk had been cooked. The accompanying 
letter and model rcport sheet did not providc information 
on what was prepared in the vessel, nor did it present a 
list of possibilities such as in Table I. This made the 
analysis more challenging than is typical of most 
archaeological settings as thc provenance, shape and date 
of a pot usually offer important clues to its fonner usc 
and contents. Seven participants (almost 213) in this 
'Round robin' managed to fi le a report before the meeting 
where thc source of the residue was revealed. These 
individual reports will be briefly discussed hcre, 
preceded by some data on came l milk and followed by a 
discussion on the signific ance of our findi ngs for the 
practice of archaeological residue analysis. 

Birth of the 'Round Robin' 
Within the framewo rk. of a research project to invcst!F.te 
possible uses of Eastern Desert Ware, a corpus of 4 _6'" 
cell lUl)' CE vessels found in Southeast Egypt Hnd 
Northeast Sudan, one of the authors purchased two 

The programs. abstracts and a pre liminary 
report of these can be found at the project's website 
hup:1lwww.archbasc.orglresiduel(llamard ctal. 2007). 

dozen new unglazed ceramic vessels in Luxor, Egypt, in 
November 2003. The chosen vcssels were cheap porous 
bowls known as 'tagen' (..>+I.b), with a diameter of 
about 12 cm and a height of 6 em, made of Nile 'silt' 
(~~) by professional potters. Such vessels are 

frequently used, after fi rst being 'seasoned' (made less 
porous) with oil or honey, to prepare stews with fish or 
meat in an oven. 

In the following weeks, 22 foodstuffs that could have 
been encountered in Eastern Desert Ware were collccted 
and prepared in the ncw vessels that were len 
unseasoned. Organic rcsidues from these pots were to be 
extracted and compared with residues found in the 
ancicnt vessels. Two pots used in an experiment on meat 
preservation by Dr. Salima Ikram (American University 
in Cairo) werc added to the series while one listed 
foodstuff (Table I), camel milk, could not readily be 
found. In Deecmber 2003, about 200 g of each available 
foodstuff was introduced in its own marked vessel. This 
was then topped off with Bayat mineral water (from 
Siwa Oasis. Total Dissolved Sol ids: 190 mg/I), wropped 
in aluminum foil and allowed to sit Ht room temperature 
for 24 hours (Plale I). The ne.l(t day the whole 
assemblage was put in a gas oven heated to 
approximately 200°C and cooked for one hour, After 
cooling for four hours, the contents of the vessel were 
checked and water was added when necessary. Each 
vessel was then again wrapped and cooked for another 
hour. after which the assemblage was allowed to sit for 
24 hours at room temperature. The vesse ls were then 
emptied. rinsed with cold water and air-dried for 10 
days. Finally. the vessels were rinsed to remove the 
fungus that had developed in many, dried for 24 hours, 
broken and stored in scaled plastic bags. About a month 
later, mid-January 2004, small parts of the vessels were 
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ground into a fine powder to faci li tate extraction of the 
organic residues. Around the same time camel milk was 
finally acquired at the camel market in Daraw (southern 
Egypt). This was processed, in Aswan. in the same way 
as the other foodstuffs. with the exception that Baraka 
mineral water was used (u.)-! from Kafr eI-Arbcin, 
TD5: 430 mgtl). Due to time constraints. however, the 
whole vessel was transported to California for analysis, 
along with smal l amounts of powder of the other vessels. 

This quirk made it available for the exercise, first 
suggested by Dr. Ernestine Elster (University of 
California, Los Angeles) and christened 'Round robin' by 
Dr. Richard Evershed (University of Bristol, UK), which 
is the basis of this chapter. In May 2004 the vessel was 
machine·eut in 12 pieces, one being the base (Plate 2). 
after which the II \\'all fragments were distributed 
among the participants of our blind 'Round robin'. 

No. Synonyms Provenance 

1: beans Vicia/ava - J:.J.>+'" J.,J Zam-zam No. 1 dried beans 

2: barley Hordeum vulgare - • farmer in luxor -3: wheal Triticum aestivulII- "..... Isis organic wheat 

4: sorghum Sorghum bic%r- ',)J farmer in luxor 

5: dates Phoenix dactyli/era- .~~ Isis organic dates 

6: doam nuts Hyphaene theboico - 0' Khan el-Khalili market 

7: nabq fruits Ziziphus spina-christi- ~ street vendor in Cairo 

8: sugar dates Balanites aegyptiaca-
>'-" "" 

Harraz herbs and spices 

9: coffee CojJea arabica- .~ I ,joY. roastery in Cairo 

10: goat milk ljj.c-L.~ farmer in Luxor 

11 : camel milk """ ""'" Daraw camel market 

12: cow milk ~;., ""'" (pasteurized) labanita full cream 

13: egg ~ Isis organic eggs 

14: mutton ~U . J Metro supermarket (Cairo) 

15: camel meat J...,-J Zagazig camel market 

16: pork .)-!ji.i. ~ Christian butcher in Cairo 

17: veal ,LL'-" . . J Metro supermarket (Cairo) 

18: fish Plectropollllls maculatlls - J,.;.,l.> Metro supermarket (Cairo) 

19: olive oil Olea e/lropaea- ,j~j~j Borges extra vigin olive 011 

20: water (.40-) .4- -TOS: 190 mgll Hayal mineral water (Siwa) 

21: broccoli Brassica o/eracea var. italica Melro supermarkel (Cairo) 

22: beef and mutlon --- D,. Salima Ikram (AUC) 

23: beef in sheep fat --- D,. Salima Ikram (AUC) 

24: lentils Lells cu/inaris - ~V"~ Isis organic brown lenlils 

25: lupine Lupinus albus - 0-;' el·Doha lupins 

Table t : Ust of the foodstuffs prepared in new Egyptian 'tagen' in December 2003 and January 2004 (TOS = Total 
dissolved solids; AUC = American University in Cairo). 
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Plate 1: The preparation of organic residues of selected known foodstuffs in new and unseasoned Egyptian 'tagen' 
(Cairo, December 2003 and January 2004). 

Plale 2: Egyptian 't8gen' number 11 , with a residue of camel milk, Jusl after it was cut (Los Angeles, May 2004). The wall 
fragments were subsequently distributed among the participants of our bl ind 'Round robin'. 
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Camels and Camel Milk 
Millions in Asia and Africa rely on came ls (the one
humped Callie/lis dromedarills and the two-humped 
Comeilis bactriGlllls) for transportation, milk, meat and 
leather. especially in areas that afe too hot and dry for 
other large mammals sueh as cattle and horses (Ingram 
and Mount 1975; Schmidt-Nielsen 1964). Camels were 
introduced in Egypt, long after being domcsticated in 
Centra l Asia, by invading armies during the 7th or 6'~ 
century BeE, the very end of Pharaonic times (Midant
Reynes and Braunstein-Silvest re 1977; Rowley-Conwy 
1988). As thcy are eminelltly suitable for the Egyptian 
climate, camcls were quickly adopted by the civilian 
population and had spread to Meroe in Sudan by the first 
century BCE (Bulliet 1975; Epstein 1971; Wilson 1984), 
Today they are sti ll used as beasts of burden, riding 
being mostly limited to the military and tourists, and 
valued for their meat and leather. In modem Egypt, 
camel milk is only consumed for 'medical' or 'magical' 
reasons. It is thought to cure infectious diseases, possess 
aphrodisiac powcrs and make the skin impenetrable to 
scorpion stings and snake bites (Barnard 2000; Mares 
1954; Rao et al. 1970). In the past, camel milk may have 
been more commonly consumed in Egypt, as it is in 
many other places, which is why it was entered into thc 
study on Eastern Desert Ware. 

A healthy lactating camel produces 5-15 kg milk daily 
for a period of 9- 15 months (Alshaikh and Salah 1994; 

EI-Bahay, 1962; Knoess 1977). Thc milk has a relatively 
high pH (6.5-6.7) and high concentrations of vitamin C 
and niacin (Elamin and Wi lcox 1992; Farah ct al. 1992; 
Sawaya et al. 1984). The absolute and re lative 
composition of the milk dcpcnds on the fodder and the 
stage of lactation (Zhang ct al. 2005), like in other 
mammals, but also on the statc of hydration of the 
anima l. In camels the latter can vary greatly as part of 
their adaptation to life in an arid environment (Vagil et 
al. 1974). Among other things, lack of drink ing water 
will cause an increase in the mineral content of the milk 
and a decrease of fat, lactose and protein (Gorban and 
lueldin 1997,2001; Vagiland Etzion 1980a, b). 

The fatty acid composition of the fats in camel milk is 
also rathcr variable (Figure I). In fresh milk the fats are 
suspended in globules (micelles), about 300 ~m in 
diameter, in which they appear to be bound to proteins 
(Farah and Ruegg 1989; Ramet 2001 ; VagiJ 1982). This 
may explain why the usual processing methods to 
preserve it (like fermenting, churning or curdling) are 
less effcctive (Vagi l el al. 1984). Concentration of the 
milk by cvaporation is obviously still possible and 
several methods have been developed to produce butter 
and cheese, at least in part from camel milk. Fermented 
camel milk, which can be carbonated or mildly 
alcoholic, is also commonly produced (Farah ct al. 1989; 
Ramet 2001; Rao et al. 1970; Yagi I1982). 
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Figure 1: Comparison of seven fatty acid signatures of fresh camel milk (after Ramet 2001). 
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The Analysis of Camel Milk Residues 
The fatty acids found in the ceramic matrix of a vcssel 
that was used to contain or proccss camel milk must 
have been those present in the milk or the products of 
oxidation, or other reactions, of these compounds. Their 
absolute and relative abundance will depend on many 
factors, including the affinity of the ceramic matrix for 
each o f the various molecules, the stability of those 
molecu les over time and the effi ciency of the extraction 
and detection techniques to identify different molecules. 
Given what is known about the fatty acid signatures of 
fresh camel milk and organic residues typically 
recovcred in archaeological contexts, the saturated fatty 
acids C16:0 (palmitic or hexadccanoic acid), C18:0 
(stearic or octadecanoic acid) and C14:0 (myristic or 
letradecanoic acid) were an ticipated in the comparatively 
fresh residue of our blind 'Round robin'. Fair amounts of 
the mono-unsaturatcd C 18: I (olcic or octadecenoic acid) 
and C16:1 (palmitoleic or hcxadecenoic acid), and their 
oxidation products (like dicarboxylic acids), were also 
eXlX=clcd (Figure I ). Thcse fatty ac ids arc common in 
fats and oils of vegetable and animal origin and their 
presence alone is unlikely to allow identification of an 
unknown residue such as that of camel milk. Making 
such an identification does require additional 
information and further manipulation of the data. 

.. rln.: S n 

LYlln.,loSl 

Another analytical technique, which could be used 
independently or in combination with the identification 
of specific compounds, entai ls the determination of the 
isotopic compos ition of organic residues, especially the 
ratios of the stable isotopes of carbon ('IC and Ilq and 
nit rogen C4N and "N). Familics of plants have their own 
specific preference for one isotope over another and 
isotope ratios in living mailer are therefore dissimi lar to 
those in the environment. In the New World, for 
instance, maize (Zea mays) employs the C. pathway for 
photosynthesis, which causes higher IlCll1e ratios, while: 
introduced European cereals employ the C) pathway, 
which produces lower DC/IIC ratios. This difference in 
"C/IlC ratios is carried up the food chain: herbivores 
feedi ng on e. plants, and carnivores reeding on such 
herbivores, will have higher tiC/lie ratios than those 
feeding on C) plants (Ambrose 1993; Morton and 
Schwarcz 2004). Egyptian camels typically feed on both 
C3 (most grasses and trees) and C4 plants (sorghum, 
sugar cane). Their milk contains ) ·5 g protein (mostly 
casein) per 100 g (Abu-Leiha 1987; EI.Bahay 1962; 
Knocss 1977; Ramet 2001; Sawaya et al. 1984) which 
should leave small amounts of nitrogen in its residue. 

'rolln.: II .U 

Amll'!o .tld tompo.ltlon (01100 g) or c.m.1 mUk c ... ln 
(F.r.h . nd Ruegg,I9S9) 

Figure 2: The amino acid signature of casein in fresh camel mitk (after Farah and Rue99 , 19a9). 
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The analysis of proteins such as casein, would 
potentially enable a secure identification of the source of 
most archaeological residues (Figure 2), as many 
proteins are species· specific (Craig and Collins 2002; 
Evershed and Tuross 1996). Ancient proteins have been 
isolated from archaeological samples with a variety of 
techniques (Allen et al. 1995; Craig and Collins 2000, 
2002; Evershed and Tuross 1996; Kooyman et al. 1992, 
2001). That this avenue has not yet been fully explored 
must be attributed to the facts that proteins are relat ively 
difficult to handle in the laboratory and arc expected to 
have dcnatured and fractured over time, especially after 
being heated. Furthermore, not a ll naturally occurring 
proteins have yet been fully analyzed, which would be 
necessary for comparison wi th unknown proteins 
(Fankhauser 1994, 1997). Specific antibodies are readily 
available for only a limited number of proteins and may 
not react with severely denatured or damaged proteins 
(Craig and Collins 2000). Counter or cross·over 
clectrophoresis (CIE!'), employing the principles of 
antigen-antibody reactions, has been applied as a method 
for ident ifying residual proteins on various 
archaeological materials in recent years (A llen et al. 
1995; Hcnrikson ct al. 1998; Kooyman et a!. 1992; 2001; 
Shanks et a l. 1999; Yohe e\ al. 1991), although some 
have expressed skepticism as to the reliabil ity of this 
approach (Cattaneo et al. 1993; Downs and Lowenstein 
1995; Eisele ct al. 1995; Ficdel [996). The rapidly 
evolving field of proteomics may soon develop new 
techniques that can also be used for arehaeologica[ 

Sample Distance Sa~!le l5 'lC'l.o Weight 
from rim wei ht % C 

residue analysis, especially with an increased 
cooperation between biochem ists and archaeologists. 

Several approaches to the analysis of ancient organic 
residues were representcd in our blind 'Round robin' 
(Barnard et al. 2007; sce Chapters 1. 5 and 17 for more 
detai ls on the analytical methods). Of the seven 
laboratories participat ing, one (Laboratory J) established 
stable isotope rat ios of carbon and nit rogen; another 
(Laboratory A) identified proteins using antiserum; and 
the remaining five analyzed lipids, mostly fatly acids, 
using various methods to look for a recognizable 
signature. Laboratorics that have in the past approached 
the subject through the analysis of starch residues 
(another relatively stable component of many 
foodstu ffs), tartaric acid and calcium oxalate (present in 
becr and wine) were approached, but decl ined to 
partieipatc. 

Results of the 'Round Robin': Stable Isotopes 
Laboratory J removed the outs ide surfaces of the sherd, 
to avoid possible contamination, after which a total of 12 
samples were obtained at evcnly spaced intervals from 
the rim to the base of the vessel segment, six from the 
interior and six from the exterior. Aliquols of the 
ceram ic powder, weighing an average of 4.9 mg, wcre 
manually compressed in tin foi l capsules and combusted 
in a Car lo Erba elemental analyzer interfaced with a 
MAT 252 isotope ratio mass spectrometer (Tablc 2). 

Volts 1515N"Io. We ight Volts Atomic 
mass 44 %N mass 28 CI" 

Interior 

Xl'-'l1 3.79 4.770 -25.1 1 3.1 5 2.648 --- --- - ---
Xl'·'32 10.85 4.604 -20.41 3.09 2.507 -- -- -- ---
Xl'-1l3 16.17 4.898 -22,20 2.87 2.477 -- --- --- ---
Xl1 -1l4 22.48 5.069 -24.59 3,19 2.845 5.51 0.16 0. 159 23.3 

Xl1·135 30.13 4.784 -22.80 2.34 1.965 4.21 0.19 0.183 14 .4 

X11-136 40.96 4.937 -16.39 1,51 2.614 5.51 0.21 0.217 8A 
Exterior 

Xl1·137 4.14 4.744 -21.57 1.61 1.340 --- -- --- --
Xl1·1 38 10.52 5.560 -1 7.13 2.17 2.120 -- --- --- ---
Xl1·139 16.19 4.6 11 ·20.17 1.56 1.255 --- --- -- --
Xl1·140 21.08 5.270 -20.44 1.54 1.413 --- --- --- --
X11·141 29.20 5.127 -1 7.89 1.49 1.300 --- --- --- ---
Xl1·142 39.26 4.799 -17.51 1,50 1.251 --- -- -- ---

Table 2: Measured carbon and nitrogen isotopic and elemental concentrations. MiSSing values occur where nitrogen 
concentrations were too low for detection (the detect ion threshold is 0.1 volts on the major ion beam). 
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Sample Distance Sample aUc," Weight Volts allN%o Weight Volts Atomic 
from rim weight %C mass 44 %N masa 28 C/N 

X1 1·131 3.79 10.501 -24.75 3.16 5.990 6.24 0.06 0.130 61.4 

X11-132 10.85 10.531 -19.97 3.20 6.074 3.80 0.05 0.101 74.7 

Xl1·133 16.17 10.374 2.73 ... 5.34 0.06 0.127 53.0 

X11 -1 34 22.48 10.528 -24.41 3.45 6.518 6.08 0.15 0.349 26.8 

X11-135 30.13 10.263 -22.58 2.43 4.514 5.72 0.18 0.399 15.8 

X11 ·1 36 40.96 10.463 -18.29 1.59 3.005 8.20 0.20 0.469 9.3 

Table 3: Measured carbon and nitrogen isotopic and elemenlal concentrations at six positions below the Interio r rim. The 
carbon concentration of sample X11 -133 was not measured, due to an instrument error, so a weight was extrapolated 
from the smaller sample listed In Table 2. 

Carbon concentrat ions averaged 2.69% on the vessel 
interior and \.65% on the exterior. Vessel interior slle 
values were systematically more negative than exterior 
values. The average aile for the interior was -22.3%0, 
that for the exterior was -19.2%'. Interior and exterior 
/IDe values varied greatly with the distance from the 
rim, fi rst increasing by almost 5%0, then decreas ing by 
4%0 and then systemalically increasing tOWArd the base, 
with the exception of the lowest sample pair (Figure 3). 
Interior and exterior /lIJC values co·varied systematically 
with the distance below the rim (Figure 4). 
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Figure 3: Varlalion in interior and exlerior 61lC yalues 
with distance below tile rim. 

Ni trogen conccntrations were 100 low for detection in all 
Yessel exterior samples And in the three intcrior samples 
closcst to the rim. The amounts of nitrogen in the three 
lowest interior samples (>22 mm below the rim) 
increased systematically from 0.16 to 0.21% with Ihe 
distance below the rim. Their average SlsN value was 
5.08%0, but these nitrogen samplcs were too small fo r 
accurate isotopic analysis. Therefore. the sample weights 
were doubled to an average of 10.4 mg to obtain better 
estimAtes of nitrogen concentrations and more reliable 
olsN values Cr able 3). Nitrogen concentrations were 0.05 
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to 0.06% in the three samples closest 10 the rim and 
increased systematically from 0.05~, 10 0.2oo/, betwcen 
16 lind 41 mm below the rim. Atomic CIN ratios 
increased slightly and then decreased below the rim. The 
three lowest samples contained enough nilrogen for 
reliable isotopic analysis, thei r SIIN VAlues Averaging 
6.00%0. 
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Figure 4: Cova riance of interior and exterior 613C yalues 
(Y" 1.138x - 0.497 R2 - 0.679). 

The principles of archaeologicAl residue analysis and 
diet reconstruction using stable carbon and nitrogcn 
isotope ratios are discussed in detail elsewhere (Ambrose 
1993; Monon and Schwarcz 2004; Reber and Eyershed 
2004). The co-vfll"iance of interior and ex terior Bile 
values suggests that the vessel contents were absorbed 
throughout the thickness of the vessel, with the 
exception of the exterior samp le closest to the base, 
which did oot increase in step with its interior pair. Thc 
diffcrence in BllC between thc interior and exterior 
suggcsts that the vessel's contents had a lower Bile value 
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than thai or the ruel used to fire the vessel, or to heat it 
during cooking. Had the vessel been 'seasoned', then this 
pattern could also be due to application of a substance, to 
ei ther the interior or the exterior of the vessel, with a 
1)u C \'alue that differed rrom that or the ruel. Carbon in 
the elay and temper may also have remained in the 
matrix after a not completely oxizing fi ring. 

The distinct deflection to the most negative 1)IlC values 
at 21-22 mm below the rim may indicate lhe 'boil line'. 
This hypothesis is based on the fact that the 1)lle value 
of fats are approximately 5%0 more negative than those 
of protein and carbohydrates in roods (DeNiro and 
Epstein 1977). If the rood was cooked in a liquid, 
isotopically lighter fats would have noated 10 the surraee 
and be absorbed at higher levels than heavier foodstuffs. 
The high CIN ratios near the rim are consistent with this 
hypothesis as fats have high carbon contents and lack 
nit rogen. The increase in nitrogen and decrease in atomic 
CIN ratios beginning 22 mm below the rim indicates that 
protein-rich food components were absorbed in lower 
parts of the vessel (figures 5 Dnd 6). 

, 
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" ! 
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" • ! • " € 

" , '" 0.2 ,., 
.... , " N 

Figure 5: Change in nitrogen concentrations of the 
absorbed residue in powdered samples from six posilions 
below the inte(lOr of the vessel rim. 

The increase in 1)lle values between the rim and 10 mm 
below the rim is unl ikely \0 be due to the isotopic 
composition of the food cooked in the vessel. Perhaps 
the vessel was lired upside down, with the rim in contact 
with fuel of Cl origin. Alternatively. if the pot was 
seasoned with a DC-enriched substance, the rim was not 
treated. Increasing 1)IlC values beneath the boi l line 
suggest that a mixture of Cl and C~ foodstuffs or proteins 
or a mixed-feeding animal lYere cooked in this pot. The 
1)uN values nre high enough to suggest the presence or 
meat, milk or blood of an hcrbivore. perhaps combined 
with plant foods. lbe CIN ratios of the three samples 
closest to the vessel base range from 9 to 27. These arc 
higher than those of pure proteins, but are substantially 
lower than those of pure carbohydrates and lipids, thus 
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indicating a mix of proteins and carbohydrates. As only 
one foodstuff was cooked in this vessel it was likely 
either a protein-rich seed, or a whole milk product. The 
moderately high 1)IlC and 1)1~ values exclude C) and C~ 
plants. 
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Figure 6: Change in atomic C/N ratios of the absorbed 
residue in powdered samples from six positions below 
the interior of the vessel rim. 

The strong co-variance of the interior and exterior 1)lle 
values of the five samples closest to the rim suggests that 
thc upper res i duc~ were readily absorbed in the ceramic 
matrix. It may. however, not have had the same capacity 
for absorption of higher density proteins or the 
carbohydrates that predominated near the vessel base. 
The systematic patterns of carbon and ni trogen 
concentrations and isotopic composition of the interior 
and exterior or this vessel were entirely unanticipated . 
However, these patterns arc consistent with the 
prcparation of a s ingle roodstuff. Variation in carbon and 
nitrogen isotopic and elemental composition within a 
vessel used to cook a single substance can be substantial 
due to systematic differences in the composition or 
lipids, proteins and carbohydrates. Conlrol o\'er the 
sample position within the vessel is thererore essential 
ror the adequate interpretat ion of carbon and nitrogen 
elemental and isotopic variation or absorbed organ ic 
matter in potsherds. The simple sampling strategy 
described here. combined with analys is of carbon and 
nitrogen elemental and isotopic composition. can 
pro\'idc a considerable amount or uscful information 
about the foods prepared in porous ceramic vessels. 

Resu lts of the 'Round Robin' : Proteins 
Laboratory A plaecd Ihc sherd in a plastic dish with 0.5 
ml ammonium hydroxide (5%) which was sonicatcd for 
5 min. After this, both dish and contents were placed in a 
rotating mixer ror 30 min. The resuit ing solution was 
transrerred into a sterile plastic vial and stored at -200C. 
About 3 1-'1 of this ammon ia solution was later 
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transferred into a well punched in an agarose gel in II 
Helena Laboratories Titlln Ge l electrophoresis chamber 
and paired wi th a second we ll with 3 ~ I antiserum. A 
control positive was prepared in another pair of wells 
after which an AC electric current of 105 V was passed 
through the gel for 45 min. This caused sample and 
antiserum to migrate, antigens towards the anode and 
antibod ies (antiserum) towards the cathode, and come 
into contact. If thcre is protcin in the sample which 
corresponds with the antiserum, an antigen-antibody 
reaction will occur resulting in the protein precipiling out 
in a specific pattern. After the run was completed the gel 
was pressed and dried. The dry gel was immersed in II 
Coomassie Bl ue R250 stain for 3 min. and then 
destaincd in a solution of ethanol, distil led water and 
acetic acid (5:5: I, v/v) unti l the background was clear 
and any positive responses visible. Sterile equipment 
was used throughout the analysis. 

The antisera used in this study included agave, amaranth, 
bear, bovine, cactus, cal, cedar, chicken, Capparidaceae, 
Chenopodiaceae, Comporitoe, deer, dog, guinea pig, 
Graminae, legume. pine, rabbit, rat and sheep. All the 
an imal antisera arc from Cappel, purchased from MP 
Biomed icals, plant ant isera were produced by thc 
Department of BiOlogical Sciences at Ihe Un iversity of 
Calgary. All antisera arc polyclonal: they recognize 
epitopes of closely related species. For example, anti
deer serum will react posit ively to other members of the 
family Ce",idae such as elk. moose and caribou. 
Commercial antisera manufacturers provide product 
sheets listing cross reactions, the antisera from the 
University of Calgary are tested against a full suite of 
other species to ensure that there are no cross reactions. 

Th is method of ana lysis is known as cross-over (or 
counter) electrophoresis (CIEP). Prior to the introduction 
of DNA fingerprinti ng this technique was common ly 
used in fOTCllsic laboratories to identi fy residues from 
crime scenes. Minor adaptations to the original method 
were made follow ing procedures used by thc Royal 
Canadian Mounted I'olice Serology Laboratory, Ottawa 
(1983) and the Centre for Forensic Sciences, Toronto. 
The solution used to remove residues. ammonium 
hydroxide, has proven to be the most effective extractant 
for old and dcnatured bloodstains without interfcring 
with subsequent testing (Dorrill and Whitehcad 1979; 
Ki nd and Cleevcly 1969). There were no trace protei ns 
de tected in the sherd sent for analysis. This rna)' be the 
resu lt of the degradation of animal proteins that TCSUlt 
(rom cooking. Experiments subsequent to this study 
have demonstrated that animal proteins. of known origin, 
heated to 10000C for 20 min yielded no posit ive readings 
using CIEP. This observation has important implications 
for the applicat ion of this panieular fonn of residue 
analysis on cook ing vessels or objects from within hearth 
features. Anothcr issue to consider is that many of the 
taxonomic groups for which antisera currently exist, like 
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those used in this study, 1Y0u id not be expectcd to react 
to the plant and anima l residues fo und in this 
experimental sample (possible exceptions being bov ine 
and sheep). 

Resu lts of the 'Round Robin': LIpids 
Laboratory 8 ground a small piece of the sherd in a 
monar and pestle. The resuit ing powder was transferred 
into a sterile test tube with 8 ml acetonitrile (ACN). The 
mixture was sonicated and centrifuged, after which 5 ml 
was pipetted into a second test tube. The solvent was 
evaporated from this test tube by gentle heating under u 
streAm of nitrogen. The dry residue was taken up in 100 
~ I ACN and treated with 30 ~Itrimethyts i ty l-N -mcthyl_ 

trinuoroacetamide (MSTFA). About I /.I I of the 
derivatized sample was sandwiched in air and injected, 
proceeded by I ~ I of ACN, into a VArian GC/MS 
instrument. 

Two different pieces of the same shcrd were analyzed, 
using the method of comparing the C I8:0/C I6:0 and 
C I8: I/C I6:0 rat ios. Onc sample showed a CI8:0/C I6:0 
ratio of 0.72 and a C I 8: I/C 16:0 ratio of 1.15 (Figure 7). 
The second sample showed ra tios of 1.03 and 0.32, 
respecti vely. Fatty Acid amounts in known foodstuffs 
were obtained from the USDA Nutrient Data Laboratory 
website and used as a comparative data set. The peaks of 
all the fatty acids tested for (C I2:0, C I4:0, CI6:0, 
C16: I, CI8:0, C I8: 1, C18:2 and C20:0) were also 
compared with those in the known foodstuffs. The only 
peak that differed dramatically between the two spectra 
was the peak for C 18: 1 (oleic acid). This may be due 10 
the oxidation of Ihis unsaturated fatty acid, which may 
have also casued the difference in ra tios between the two 
pieces tested. The chromatogram containing the higher 
amount of C18: 1 was compared with the data of known 
foodstuffs. The resu lts wcrc tentatively interpreted as the 
residue of some an imal product and most likely vcal, 
eggs or goat milk. 

Laboratory C received the sherd broken into two vertical 
strips. The upper portion of one vertical strip WllS 

selected as the 'time 0' sherd. The remainders of the 
pieces were stored in an oven at 75°C. After six days the 
lower portion of the first strip was removed from the 
oven and stored in a freezer at -2QoC. The same was 
done, after 12 days, with the upper portion of the second 
strip. Residues were then extracted from the 'time O' 
sherd and from those stored in the oven for s ix and 12 
days. Contaminants were removed by grinding off the 
surfaces after which the shtrd was crushed. The resulting 
powder was mixed with 30 ml of a chlorofonn and 
methanol mixture (2: I, vlv ) and sonicated (2 x 10 min). 
Solids were removed by filtering into a separatory 
fu nnel. The solvent mixture was washed with 16 ml 
ultra-pure water and left unti l it separated into two 
phases. 
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Figure 7: Graphic representation of the CI 8:0/CI6:0 and CI8:1/C1 8:0 ratios in two samples of the 'Round robin', 
established in l aboratory e , compared to those in s ix foodstuffs. 

The lower chloroform·lipid phase was transferred into a 
nask from which the chloroform was removed by rotary 
evaporation. Any remaining water was removed by 
evaporation with 1.5 ml benzene. The dry residue was 
transferred into a vial with 1.5 ml or the ehlorofonn and 
methanol mixture and stored. A 200 II I sample of the 
solulion was dried under ni trogcn and treated with 6 ml 
0.5 N anhydrous hydrochloric acid in methanol. Afte r 
cool ing 4 ml ultra·pure water was added. The fatty acid 
methyl esters (FAM Es) were recovered with 3 ml 
petroleum ethcr and transferred inlo a vial. The solvent 
was removed by heat under a gentle stream of nitrogen. 
The dry residue was transferred into a GC vial with I ml 
iso-OClane. 

Analysis was pcrfonned on a Varian 3800 gas 
chromatograph filled wi th a name ioni7.ation detector. 
Chromatogram peaks were integrated using Varian Star 
Chromatogmphy Workstat ion software and identified 
th rough comparisons wi th several external qualitati ve 
standards (NuChek Prep, Elysian. MN). To identify the 
residue the relat ive percentage composition was 
determined first wi th respect to all fally acids present in 
the sample, and second with respect to the ten fally acids 
utilized in the identification criteria: C I2:0; C I4:0: 
C I5:0; C I6:0; C I6:1: CI7:0; C I8:0; C I8: loo9; 
C l8: lwll and C I8:2. Medium chain fatty acids 
represent the sum of C12:0, C14 :0 and C I5:0; while 
C18: 1 is the sum of all isomers. It must be understood 
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that the identi fications given do not necessarily mean 
that those foods were ac tua lly prepared because different 
foods of similar fany acid composition and lipid content 
can produce similar residues. 

Signifi cantly more fany acids were recovered from the 
upper portions than of the lower ponions of the sherd 
and, consequently, these provide the best information 
about the residue. The charac t e ri~.at i o n is based on the 
relnt ive fatty acid composit ion of the residue extracted 
from the upper portion of the second strip. Due to the 
low level of unsaturated fatty acids in the residues, it is 
possible to establish decomposition trends after only 12 
days of oven storage. The sum of medium chain fatty 
acids exceeds 30%, while Ihe C18:0 and C18: 1 isomer 
levels are low. Dy applying published cri teria it is 
possible to say Ihal the panially decomposed residue is 
typical of decomposed plants (Malainey et al. 1999b, 
200 I). This category includes low fat-content plants such 
os roots or tubers, greens as well as certain berries and 
seeds. North American foods known to produce residues 
with high levels of C14:0 when boiled nrc biscu it 1'001 

and CllI!IIOpodiulI1 seeds. 

Laboratory G ground off about 0.1 g of the internnl 
surface of the shcrd was ground off. mixed the result ing 
powder wi th 1 ml of a ehlorofonn and methanol mixture 
(2: 1. v/v), sonicated and centrifllged. The supernatant 
was decanted and dried under a stream of nitrogen. The 
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dry rcsiduc was trcatcd with 30 ~l N.O
bis(trimcthylsilyl)t rifluoro-acetamidc (BSTFA) and 
about I Jll of the derivatizcd samplc was injcctcd into a 
I-Icwlelt Packard 5972 CO/MS. Ncxtto a tracc ofC I2 :0. 
thc samplc appeared to conta in a number of free fatty 
acids: C I4 :0. C I6:0. C 18:0 and C IS: I as wcl1 as the 
mcthy l-cstcrs of C 16:0 and C 18:0 (Figure 8). Ncither 
short chain fatty acids nor poly-unsaturated fatty acids 
were idcntified. No attcmpt was made to determine the 

ratios of the free fatty acids but C 16:0 appeared 
predominant. There were traces of odd carbon number 
fauy acids. but these were in low abundance. Cholcsterol 
was present in abundance a long with cholcsterol 
ox idation products and a lracc of squalene. No 
phytostcrols or alkanes wcre found . No tcrpenoids and 
no wax estcrs were identified. indicating that the source 
mosllikely did not contain a resin or a wax. 

TAG 

I" .. .. l 

.. 
.. 

Retention time 

Figure 6: Chromatogram showing the lip id prollle of the 'Round robin' as established by laboratory G. ME: methyl·ester; 
MAG: monoacylglycerols; DAG: diacylglycerols; TAG: trlacylgiycerols (ct. Figure 9). 

On thc basis of thesc results it was suggcstcd that thc 
res idue is of animal origin, the abscncc of short chain 
fatty acids pointing to a non-dairy sourcc like veal or 
eggs. This idcntification should be confirmcd by 
saponificat ion of the samplc, hydrolysis of the 
acy lglycerols rcsulting in glycerol and a fatty acid salt, 
followed by an analysis of thc resul t by gas 
chromatography combust ion isotopc rlllio mass 
spectrometry (OC/CfIRMS) as discusscd by Laboratory 
J above. 

Laboracory H ground thc shcrd in a mortar and pestle. 
Lipids were extracted in a chlorofonn and mcthanol 
mixture by sonification. This was centrifuged and 
decanted after which the solvents were evaporated under 
nitrogen. The dry res idue was treated with BSFfA , 
saponified wi th sodium methoxide in methaool and 
mcthylated with II BFl-methanol complcx. The sample 
was then ana lyzed in a OC-I7A Shimadzu Chrom
Perfect gas chromatograph, with a 30 m I\gilent OB-5 
column raised 5°C/min from 40"C to 280"C, aller a split 
injection. No activity was fou nd in the received sherd. 
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Lnboratory K cut the sherd into fo ur pieces, two of 
which were crushcd into a fine powdcr using a mortar 
and pestle. Lipids were extracted by sonificat ion from 
500 mg of the powder in 2 ml chlorofonn/methanol (2:1, 
vlv) after which Ihe solvcnts were cvaporated under a 
Slrcnm of nitrogen. 50 Jl I tetrat riacontane 
(C'-I I-(CH2)1l-CI-I1) was added as internal standard and 
the dry residue was then trcated with I3STFA with 1% 
trimcthyl-chlorosilane crMCS). The lipids in another 
500 mg were saponified with 0.5 ml 2N KOB, acidified 
wi th HCI and extTfleted with diethyl-ether. The solvent 
WIIS then evaporated under a stream of nitrogen and 
treated with IlSTFA with 1% TMCS after the internal 
standard was added. The deri vi tized residues were 
analyzed in a Hewlett Packard 5890 series II gas 
chromatograph (HTOC) and a Bewleu Pnckard 5890 gas 
chromatograph with a 5972 mass selectivc dctector 
(GC/MS). The HTGC was used with a DB-I HT fused
silica capillary column ( 15 m x 0.3 2 mm, 0. 10 ~m). The 
UrGC oven temperaturc was ini tially set at 500<: and 
increased with JO"C/min to 380"C, at which temperature 
it was held for another 5 min. The GcrMS was equipped 
with II fused-s ilica capillary column {30 m x 0.25 mm. 



Barnard et at: Mixed Results of Seven Methods for Organic Residue Analysis 

0.25 I.lln). The GC oven temperature was programmed to 
start at 50"C, to increase with IO"C/m in to 340°C and 
fi nally to be held at 340"C for 10 min. 

The analysis of the total lipid extract, by Hrac, showed 
the presence of triacylglycerols with a total carbon 
number between 44 and 56, the ma in constituent hav ing 
52. After saponification and OC/MS, the main fatty acids 
appeared to be C I2:0, CI 4:0, CI6:1. C I6:0, C18:1 and 
CI8:0. The CI6:0/CI8:0 rat io (PIS rat io) for one part of 
the sherd was 3.1 75 by HTOC, and 5.741 by GC/MS. 
For the other part of the sherd the C 16:0/C 18:0 ratio was 
3.09 by HTOC. The distr ibution of triacylglyeerols 
indicates a res idue of an imal origin, a C 16:0/C 18:0 ratio 
of around 3 may be explaincd by the presence of egg. It 
was therefore concluded that an animal product was thc 
source of the residue. 
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Analysis of samples taken eight months later, us ing 
another HTOC (an Agilent Technologies 6890N) with 
the same column, showed some interesting diffcrcnccs 
even though the sherd had been stored in a refrigera tor 
(Figure 9). All fatty acids except C18:0 had decreased, 
whi le the most common tr iacylglycerol now had a total 
carbon number of 48 instead of 52. It scems that 
triaey lglyccrols contai ning mainly C 18:0 had hydrolyzed 
to fo rm free C 18:0 and monoaeylgJycerol C 18:0. The 
ncw CI6:0/C I8:0 ratio obtained after sapon ification 
appearcd vcry low compared to the first ratio, which is 
concordant with an increase in CI8:0. Other rat ios, likc 
C 16: IIC 18: I and CI6:0/C 18: I, showed little variat ion 
after eight months. It therefore seems very likely that 
C 18:0 was released, probably because of thc temperature 
changes to which the sherd was exposed. 
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Figure 9: Chromatogram showing the lipid profile of the 'Round robin' after e ight months of refrigerated storage as 
established by laboratory K. The internal standard is tetralriacontane: MAG: monoacylglycerols; DAG: diacylglycerols; 
TAG: triacylglycerols (cf. -Figure 8). 

Discussion 
The first concl usion of our blind 'Round robin' must 
obviously be that none of us could pinpoint the sourcc of 
the residue. This may seem disappointing bUI should be 
hardly surprising as our methods still only allow us to 
look at a small selection of molecu les and not directly at 
foodstuffs themselves. In the reduction from camel mi lk 
to fauy acids too much information is lost and it is 
impossible to retrieve all of this. The driving motive 
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behind our 'Round robin' was 10 get an overview of the 
methods currently avai lable to rccovcr some of this 
information in ordcr to arrive at archaeologicalJy 
relevant conclusions. We purposeful ly include the 
negative resu lts of two of the laboratories as the trend to 
oilly publish successful projects, though fully 
understandable, has contributed to a biased 
representation of the state of the field and unrea listic 
expectations. 



Theory and Practice of Archaeological Residue Analysis 

The second conelusion is that, with the current 
technology, it will on ly be possible in certain cases to 
assign archaeological res idues a source more specific 
than 'meat of an herbivore' or ' low fat-content plant'. 
Rarely will it be fcasible to infer such detenninations 
directly from the chcmical analysis alone. They usua lly 
require data from the analysis of the residucs of, 
preferably artificially aged, known foodstuffs combined 
with archaeological and historical information. A residue 
of camcl milk, for instance, need not be expected in 
vessels from North Amcrica, in pots from Pharaonic 
Egypt or even in the amphorae among which Eastern 
Desert Ware is usually found . That residue analysis can 
contribute to this assemblage of information is clear 

Lab. Technique Result 

no proteins detected 

G GCfMS 

H GC no activity 

from the overview of our interpretations in Table 4. This 
illustrates the necessity of combin ing the chemical data 
with archaeological and historical information. 
Laboratory C, for instance, speciali zed in thc study of 
North American hunter-gatherers who did not partake in 
dairying activities. In order to characterize their 
archaeological res idUes, using fatty acids, a collection 
was made of foodstuffs from that rcgion and known 
residues were prepared and subjected to oven storage to 
simulate the effects of long-tenn decomposit ion. As 
Laboratory C was under renovation from Spring 2004 to 
Spring 200S the preparation of new reference materials, 
relevant to the possiblc residue in the circulated sherd, 
was not possible. 

Interpretation 

proteins degraded after cooking? 

veal or egg 

J IRMS 

K 

I g;;~ ~ ; 9,~ ~~I. , - 223'" (101) 

I. .l ' ",3,C,;:;_ 

milk of an herbivore 

animal product 

Table 4: Overview of the interpretations after the analysis of the residue in out blind 'Round robin' . 

In our blind 'Round robin' comparisons between 
unknown residues and those of known foods tuffs were 
made in two manners that are different but not mutually 
cxclusive. Some residues preserve 'biomarkers', which 
are morc or less specific for certain elasses of foodstuffs. 
Such molecules can be alkaloids (such as caffeine), 
stcroids (such as cholesterol), terpenoids (a large diverse 
group of mostly polycyclic compounds synthesized by 
plants), but also fatt y flcids like C22:1 (erucic or 
docosenoic acid) and phytanic (3,7,1I.IS-tctramethyl
hexadecanoic) acid. Respectively, these compounds 
natura lly occur in coffec, animal products, certain 
families of plants (the terpenoids 8re well-studied and 
can be very specific, Connolly and Hill 2005; Hanson 
2001). mcmbers of the Brassicaceae (Cruciferae) fam ily 
(like mustard, nasturtium or rape seed) or fish and, 
finally, in the products of ruminants or fish (Hansel 
2004). As is ev idcnt from the last two e.~amplcs the same 
molecule is sometimes considered a biomarker for two 
apparently unrelated c lasses. 
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Some compounds can mark modem contamination of the 
sample. This is obvious in the case of man-made organic 
moleculcs like phthalates, in plastics to keep them 
nexiblc, but must also be considercd for Ilaturally 
occurring compounds like anthraquinoncs, commonly 
uscd as dye in textiles and paper, or 13-docosenamide 
(erucamide), coated on many plastics objects to prevent 
them sticking together. Proteins arc inherently more 
specific thun the relatively simple molecules mcntioned 
above, and would theoretically be beller biomarkcl1, but 
their isolation and identification from an archaeological 
context is still problcmatic in man)' cases. As some 
residues will not contain or preserve dctectable 
concentrations of any biomarker. protein or otherwise, 
this method does not always yie ld helpful results. 

The second way to match unknown with known residues 
is by comparing the ratios of the abundance of common 
fatty acids. Results can be sometimcs be obtained with a 
simple CI6:OIC 18:0 ratio (PIS rat io) and sometimcs after 
the two-dimensional plolting, on a double logarithmic 
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scale, of other ratios sueh as C 16: IIC 18: \ versus (C 15:0 
+ CI7:0)/CI8:0 (Eerkens 2005). Such ratios tend to 
bring the residues from the same class of foodstuffs 
together rather well, but often fail to fu lly separate the 
different classes. The fact that these ratios may 
furthermore change over time, as different fatty acids 
oxidize at differcnt rates, fu rther limits the application of 
this mcthod. One way to counter th is problem is to 
monitor such changes in known residues in sherds that 
arc stored in an oven to simulate the effects of long-term 
decomposition (Mala iney et at 1999a). The previously 
mentioned lipid biomarkers and fallY acids are usually 
found wi th the same analytical techniques, which 
enables the use of both methods on the same dataset. 
This approach would greatly benefi t from a database, 
preferably accessible through the Internet, in whieh the 
raw data on residues fro m known sourees is stored 
together with detailed informatio n on the methods used 
to obtain these data. 

The determination of food types by stable carbon and 
nit rogen isotope rat ios is hampered by the simi larities in 
isotopic composition of food types within a fe w broad 
classes such as C) or C. plant, or animal s feeding on 
these classes of plants. As with most methods, add itional 
archaeological and historical data on the studied material 
benefi ts the analysis. This technique requires specific 
instruments and combining it with those discussed abovc 
demands additional samples, time and funding. One way 
to cope with this would be cooperation and sharing of 
data, combined with the analysis of more known samples 
to evaluate cross-laboratory variation. Perhaps our most 
important conclusion is that such is not on ly necessary 
but also possible. 

Other issues in need of allention by those working in the 
fie ld include the formation processes related to organic 
residues. [t is always assumed that the encountered 
res idues arc related to the food that was once present in 
the vessel. It is unclear. however. if the res idue 
represents the fi rst food to come into contact with thc 
ceramics, after which the ava ilable binding si tcs arc 
saturated, or the last, if older residues arc continually 
rcplaced by new ones, or a combination of all food ever 
to have been inside the vesse l, if the molecules that make 
up the residue compete for the available binding places. 
[f the first is the case it must be taken into account that 
many unglazed vessels arc 'seasoned', treated with oil or 
milk to make them less porous, before being used. This 
means that the ceramic matrix can indeed be saturated, 
but also that the residues wi11 tell us more about the 
season ing agent than about the actual use of the vessel. If 
we assume, on the other hand, that residues are easily 
replaced, we must account for the fac t that vessels may 
end up on trash dumps or in graves where they can come 
into contact with organic materials that arc not related to 
their original usc. Finally, if there is competit ion for the 
available binding places it will be difficult to separate 
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these different sources, especially ifvessels have been in 
usc for a long lime fo r a varie ty of purposes. 

Organic rcsidues in potsherds may also originate from 
sources other than food but nevertheless related to the 
use of the vessel. Ceramics can have been employed for 
'industrial' purposes (such as the prcparation of organic 
dyes or glues) or as censers, smok ing pipes or coffins 
(especially for infants), or simply to store a multitude of 
things. On the other end of the spectrum are foodstuffs 
that never come inlo contact with ceramic vessels but arc 
eaten raw, roasted over a fi re or prepared and consumed 
in other ways that do not call for ceramics. 
Archaeological res idue analysis, as discussed here, can 
therefore never be more than complementary in the 
reconstruction of the diet of ancient peoples. For our 
laboratory techniques to reach their full potential as 
archaeological tools the study of more matcrial with 
experimental or ethno-archaeological origins will prove 
as indispensable as a further cooperation and sharing of 
data by those working in this field. 
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