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F O R E W O R D 

T h e A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1949 b y 
the A m e r i c a n C h e m i c a l Soc iety as an outlet for sympos ia a n d 
col lections o f data i n spec ia l areas of t op i ca l interest that c o u l d 
not b e a c c o m m o d a t e d i n the Society 's journals. It prov ides a 
m e d i u m for s y m p o s i a that w o u l d otherwise b e f ragmented 
because their papers w o u l d b e d i s t r ibuted a m o n g several 
journals or not p u b l i s h e d at a l l . Papers are r e v i e w e d cr i t i ca l ly 
a c c o r d i n g to A C S ed i tor ia l standards a n d rece ive the care fu l 
attention a n d process ing characteristic o f A C S publ i cat ions . 
Volumes i n the A D V A N C E S I N C H E M I S T R Y S E R I E S mainta in the 
integrity o f the s y m p o s i a o n w h i c h they are based ; h o w e v e r , 
v e r b a t i m reproduct ions o f prev ious ly p u b l i s h e d papers are 
not accepted . Papers m a y i n c l u d e reports o f research as w e l l 
as rev iews , because sympos ia m a y embrace b o t h types o f 
presentation. 
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P R E F A C E 

Most C H E M I S T S D O N O T H A V E T H E O P P O R T U N I T Y to experience quite 
the same sense of a w e a n d excitement as was exper ienced b y archaeol 
ogist H o w a r d C a r t e r w h e n he first o p e n e d the t o m b of the b o y k i n g 
Tutankamun. H o w e v e r , a g r o w i n g n u m b e r of chemists have shared in the 
exc i tement of d i s cover ing the past i n a m o r e subtle manner . T h e 
a p p l i c a t i o n o f c h e m i c a l techniques to the s tudy of a r c h a e o l o g i c a l 
materials has brought chemists , archaeologists , anthropologists , a n d 
historians together to enhance our k n o w l e d g e of the past. T h e same 
techniques that he lp chemists character ize materials i n their efforts to 
i m p r o v e the future have also h e l p e d us understand the earlier uses of 
materials f ound in nature. 

A r c h a e o l o g i c a l chemistry has not on ly a l l o w e d chemists to share i n 
the study of the past, but has strengthened archaeologists' understanding 
of procedures that can b e used to characterize archaeological materials . 
T h e chapters i n c l u d e d i n this v o l u m e show the interdisc ip l inary nature of 
archaeological chemistry . T h e s y m p o s i u m u p o n w h i c h this b o o k is based 
i n c l u d e d 1 d a y d e v o t e d to the g r o w i n g contr ibut ions that chemists a n d 
b iochemists have m a d e to the study of proteinaceous materials i n 
archaeo log ica l samples. A n o t h e r day was d e v o t e d to the i m p o r t a n t 
contributions that have been m a d e b y nuclear techniques. 

RALPH O. ALLEN 
D e p a r t m e n t of C h e m i s t r y 
U n i v e r s i t y of V i r g i n i a 
Charlottesvi l le , VA 22901 
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1 

The Role of Chemists in Archaeological 
Studies 

Ralph O. Allen 

Department of Chemistry, University of Virginia, Charlottesville, VA 22901 

This chapter is an overview of the wide variety of archaeological 
studies conducted by chemists. From the earliest stone artifacts to 
the artistic manuscripts and textiles of the more recent past, the 
studies presented in this volume show the wide range of materials 
that have been studied by chemical techniques. The field keeps ex
panding as chemists help provide information valuable in the inter
pretation of archaeological sites and artifacts. Besides helping to 
detect fraudulent artifacts and artistic objects in museum collections, 
chemists have studied the physicochemical deterioration processes 
that destroy the monuments and objects of the past. Thus, the role 
of chemists is more than just discovery of the past; it includes inves
tigation that may help preserve the artifacts for future generations 
to enjoy and study. 

HUMAN CULTURE CAN BE OBSERVED i n the physical artifacts of the past. 
E v e n without recorded histories, the partial record of materials that have 
survived the ravages of t ime provides us w i t h insight into ancient t imes. 
T h e oldest surviv ing materials are human bones and the s imple stone artifacts 
that are evidence of ancient workmanship . T h e stone (or lithic) tools can be 
used to describe early culture. W h e t h e r we study the rough chipped-stone 
implements of the Paleol i thic era or the finer microblade tools of the N e o 
l i th ic era, it is clear that early humans k n e w the mechanical properties of 
many natural materials. It was not unt i l m u c h later that the methods of 
chemical transformation were learned. 

E v o l u t i o n of culture can be traced in the gradual ref inement of the stone 
tools produced and the materials used by early humans. Eventua l ly , objects 

0065-2393/89/0220-0001$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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2 A R C H A E O L O G I C A L C H E M I S T R Y 

were made of native metals l i ke copper and gold. W i t h t ime, and presumably 
through experimentation, fire was used to alter the physical characteristics 
and even the composit ion of certain materials. Thus , artifacts l ike pottery, 
mortar, glass, and metal alloys have chemical compositions that reflect the 
chemistry of the raw natural materials used, as w e l l as the changes introduced 
by n e w and evolv ing technologies. 

Differences in chemical compositions usually provide new information 
about artifacts. B y differentiating between the sources of the raw materials 
used to produce objects, it is possible to infer cul tural contacts. F o r some 
artifacts, detai led studies of compositional differences can also help us u n 
derstand product ion methods. T h e remains of the humans themselves may 
also be analyzed to provide useful information. The contributions that c h e m 
ists have made i n the study of archaeological materials have gone far beyond 
the s imple chemical analysis of the materials. This vo lume gives but a smal l 
part of the great contributions that chemists have made toward the under 
standing of ancient materials and technologies. 

T h e use of careful chemical analysis to enhance the understanding of 
prehistoric technologies is not new. Archaeological chemistry was p ioneered 
by many of the earliest chemists, inc lud ing the seventh president (1882) of 
the A m e r i c a n C h e m i c a l Society, John W. Mal l e t . Mal let ' s doctoral disser
tation at the Univers i ty of Got t ingen was the first account of a chemical 
investigation of prehistoric C e l t i c objects, inc lud ing precious stones, glass 
beads, pigments, bronzes, and gold ornaments. A l though analysis of the 
objects was difficult b y today's standards, the results were accurate enough 
to provide new insights into these C e l t i c artifacts. F o r example, M a l l e t used 
the chemical compositions to define the sources of the raw materials. O n 
the basis of his geological and chemical knowledge, M a l l e t concluded that 
d u r i n g the early Chr i s t i an t imes, the Cel ts used only native gold (which they 
graded by color) and had not yet discovered the means of extracting si lver 
from ores. 

Since these early endeavors, the analytical techniques have improved , 
and the potential role of the chemist i n archaeological studies has increased. 
Greater sensitivity i n the analysis of atomic and molecular species has he lped 
scientists differentiate between artifacts. Improvements i n selectivity for the 
measurement of molecular species have generated more information about 
decorative objects and those organic materials that have survived. T h e abi l i ty 
to measure isotopic compositions accurately has prov ided some of the most 
valuable information for archaeological studies. F o r example, the analysis of 
carbon-14 has revolut ionized the dating of archaeological sites. W i t h the 
improvement of methods and the result ing increases i n detai led chemical 
studies of archaeological materials, the problems of data management and 
interpretation have increased. Fortunate ly , the increased availabil ity of c om
puters to manage data bases has enhanced the abil ity of the chemist and the 
archaeologist to deal w i t h a l l of the data that is produced. 
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1. A L L E N Chemists in Archaeological Studies 3 

O n e of the goals of this book is to i l lustrate how chemists use the ir 
knowledge and new techniques to provide further information on the artifacts 
of past cultures. Another goal is to acquaint archaeologists w i t h chemical 
techniques that may be useful to them i n their studies, and to he lp t h e m 
appreciate some of the problems i n the interpretation of chemical data. 
Archaeologists and chemists must, for example, understand the role of proper 
sampling i n apply ing chemical methods to archaeological problems. A r 
chaeologists must appreciate that, even though the chemist can measure 
very l ow concentrations w i t h great precis ion, the differences between sam
ples may not be significant. T h e chemist's knowledge of the materials t h e m 
selves must be used to he lp the archaeologist know w h i c h variations are 
significant. 

Archaeological chemistry is a marriage between two discipl ines and 
requires ongoing cooperation and interaction. As a result of this interact ion, 
our knowledge of the past and of materials (both natural and synthetic) 
increases. M a n y of the chapters i n Archaeological Chemistry IV show how 
chemists and archaeologists can work together and grow i n their understand
ing of each other's discipl ines. 

Trace Elements in Lithic Artifacts 

Glimpses of the past are revealed by the few artifacts that are found. Care 
is requ i red to obtain as m u c h information as possible from these artifacts. 
I n most cases, the context and even orientation i n w h i c h the object is found 
w i l l he lp i n the eventual interpretation of an archaeological site. However , 
chemical analysis of a l l artifacts is both impract ical and unwarranted. T h e 
decision on whether to study an artifact and what techniques to use should 
be based upon an understanding of the material from w h i c h the object is 
made. This decision can be i l lustrated by considering stone artifacts. A l 
though early people must have used many natural materials, those l ike the 
reeds and wood have decayed, whereas the l i th ic or stone objects have 
survived. M a n y of the extant objects were made from fine-grained hard 
stone l ike flint. Physical examination of these stone tools suggests that the 
styles and types of tools d i d not vary m u c h over long periods of t ime and 
over large geographical areas. T h e geological sources for high-qual i ty raw 
materials were wide ly d istr ibuted and probably d id not require a sophist i 
cated barter or exchange system. 

C h e m i c a l methods can sometimes be used to dist inguish between stone 
artifacts that are made w i t h very s imilar materials. L i t h i c raw materials were 
chosen because of properties, such as hardness, that depend upon crystal -
l in i ty and chemical composition. Geochemica l processes determine both the 
chemical composit ion and physical properties of the rock. In many cases, 
l i th ic artifacts do not require chemical analysis to show that they are made 
from different materials. A s imple visual examination is frequently sufficient. 
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4 A R C H A E O L O G I C A L C H E M I S T R Y 

In Chapter 2, Hancock, Pavl i sh , and Sheppard give an example of a case i n 
w h i c h visual examination of stone tools was not adequate to differentiate 
between l i th ic artifacts that were produced from rocks that were very dif
ferent i n their origins. D u r i n g the Meso l i th i c and early Neo l i th i c t imes, the 
inhabitants of what is now Portugal used a variety of materials. A l t h o u g h 
most of the stone tools were classified by the archaeologists as sedimentary 
cherts, Hancock concluded that many tools were made of volcanic rhyol i te . 

T h e basis for Hancock's differentiation between rocks of different geo
logical or ig in was the analysis of the impurit ies (trace elements) i n the si l ica-
r i ch rocks. T h e trace e lement concentrations i n a particular rock depend 
pr imar i l y upon the minerals that are present i n the rock. A l though there 
are many factors to consider, generally trace elements i n minerals are ionic 
species that substitute i n a silicate crystal lattice. The degree of substitution 
depends on how m u c h of the impur i ty is present and on how w e l l it is 
matched i n ionic size and charge to the major ions i n the minera l . T h e si l ica 
lattice (quartz) itself does not accommodate impuri t ies , as there are no major 
cation sites at w h i c h substitution can occur. Thus , trace e lement concentra
tions tend to be very low i n si l ica-r ich rocks l ike quartz and chert. Chapter 
2 describes a n u m b e r of si l ica (quartz)-rich rocks, but suggests that some 
that look l ike chert were of volcanic or ig in , and thus contained larger amounts 
of feldspar. Because feldspars are aluminosil icate, the presence of feldspar 
i n the rhyol ite is apparent from the higher concentration of A l (along w i t h 
associated N a , K , and Ca) i n those artifacts made of rhyol i te . 

Some of the most successful provenance studies have been for obsidian, 
the glass formed from the rap id solidification of volcanic lava. Obs id ian was 
available only i n l i m i t e d areas of volcanic activity, but because it was a natural 
glass, it proved to be an excellent material for making the sharp tools (e.g., 
knives) that are often found hundreds of miles away from known sources of 
obsidian. M a t c h i n g an artifact to a distant obsidian deposit was possible 
because the chemical compositions of these natural glasses are often quite 
different. The composit ion of volcanic lavas depends on how m u c h rock has 
already crystal l ized from the lava. Because the trace elements are removed 
from the lava by substituting for major elements i n a crystal lattice, the 
composit ion of the lava and the result ing glass also depends upon the degree 
of crystall ization (or l ikewise partial mel t ing of rocks). The glass from a single 
lava flow is fairly homogeneous; therefore, sampling is not as great a prob lem 
as it is i n the case of a rock that is a mixture of several different minerals . 

O f the many studies of obsidian, Blackman's study of obsidian artifacts 
i n Iran from the per iod of3500 to 1800 B . C . is typical (I). The results showed 
that obsidian from a single region var ied i n composit ion because volcanic 
glass was produced at several different times throughout geological history. 
Thus , the grouping of artifacts by using a hierarchical aggregative c lustering 
methodology d i d not necessarily identify distinct geographical sources. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
1

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



1. A L L E N Chemists in Archaeological Studies 5 

As useful as the chemical analysis of certain l i thic artifacts has been i n 
elucidating patterns of resource procurement , care must always be taken i n 
interpret ing the results. F o r example, i n the early work on soapstone (stea
tite) artifacts, it appeared that the rare earth elements ( R E E ) were part ic 
ularly useful as " f ingerpr ints" for the geological sources (2). Soapstone was 
a wide ly used soft rock, but it is a relatively rare geological material formed 
by local or regional metamorphism. Analysis of material from prehistoric 
quarries has shown the variabi l i ty i n the composit ion of the soapstone from 
a particular outcrop. I n many cases, the differences between source outcrops 
is greater than the variabi l i ty w i t h i n a geological body. In cases of regional 
metamorphism where the geological formation is very large, only small and 
gradual compositional differences were found i n outcrops that were hundreds 
of miles apart (3). T h e use of trace elements to determine patterns of resource 
use is not as helpful as w h e n distinct outcrops have been identi f ied. 

Analysis of Ceramic Pottery 

Pottery is produced by the conversion of sedimentary clay (produced by the 
weathering of rocks) into hard rockl ike objects. The clay minerals , w h i c h 
were formed by the chemical decomposition of certain rock- forming m i n 
erals, contain trace elements. The sediments i n w h i c h these clays are found, 
however, also contain fragments of the pr imary minerals from the parent 
rock ( including grains of sil ica sand). These detrital components, w h i c h result 
from the physical and chemical breakdown of minerals , are often accom
panied by authigenic minerals that are chemical ly precipitated from aqueous 
solutions. In some ceramics, additional components were added as temper 
dur ing product ion. 

I f a clay sediment containing a h igh concentration of authigenic calcite 
( C a C 0 3 ) was used, the pottery produced was generally more vitreous 
(glassy). W h e r e a sediment contained very low amounts of C a , there were 
technological advantages to adding C a as shell or calcite temper. I n Chapter 
3 by A l l e n , H a m r o u s h , and Hoffman, the importance of C a i n the product ion 
of Predynastic E g y p t i a n pottery is discussed. Chapter 3 also describes some 
of the difficulties i n characterizing the r iver sediments that were used for 
pottery product ion. Sediments tend to be variable i n composit ion and clay 
content because d u r i n g deposition from the r iver water there is sorting of 
grains according to size and density. 

E a r l y potters selected materials that were r i ch i n clay, but i n some 
cases, they separated coarser components from the sediments. I n other cases, 
they added temper. I n Chapter 4, Bishop and Neff discuss the effect of 
temper on the chemical analysis of pottery. They point out that the con
centration of an element measured i n a ceramic artifact can be represented 
mathematically. B ishop and Neff show that the analysis of pottery sherds 
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alone can give rise to groups w i t h different compositions, because of the 
temper used rather than the source of the clay. Precise instrumental neutron 
activation analysis ( INAA) data was used to show how variabi l i ty i n the 
chemical composit ion of ceramics can be accounted for by the addit ion of 
volcanic ash. I n this case, the c lustering routines of the statistical analysis 
d i d not show differences i n the sources of the clays, but differences i n the 
product ion methods. Unless there are some geological and compositional 
differences between the clay sediments used, the analysis of pottery w i l l not 
show different origins and could give mis leading results w h e n differences 
due to such things as temper occur. Chapter 4 shows clearly how the speed 
and versati l ity of various statistical or pattern-recognition approaches to data 
analysis can outstrip the logic of the analysis. 

In Chapter 5, O l i n and Blackman explain that differences i n the chemical 
compositions of pottery are caused by both the use of temper and by chemical 
and mineralogical differences i n the source of the clay. O l i n and Blackman 
report on the continuation of their studies of majolica (a common earthenware 
pottery) from the Spanish Co lon ia l per iod i n Mex ico . T h e y used I N A A as 
w e l l as microscopic examination of the minerals to show that majolica pro 
duced i n Spain cou ld be dist inguished from that produced i n Mex ico . V o l 
canic temper was present i n the ceramics produced i n Mex i co , and the 
chemical analysis of these local ceramics suggested different product ion cen 
ters i n Mex ico . T h e discovery of a chemical ly distinct group of sherds added 
to the typological classifications of this pottery. 

M a n y times it is impossible to identify and sample the sources of clay 
used by ancient artisans. I n these cases, ceramic studies must inc lude a large 
number of samples. I n Chapter 6, Hancock and F l e m i n g give an example 
of this k i n d of study. A large n u m b e r of samples of Neo l i th i c Iranian ceramic 
sherds (207 from three t ime periods) were analyzed as the first step i n 
de termin ing whether there were any real compositional differences i n the 
pottery. T h e normalization approach described i n this chapter has a geolog
ical basis because minerals l ike quartz (sand) can act a§ dilutants. N o r m a l i 
zation helps avoid misinterpretat ion of the analytical results for ceramics. 
These authors also address some of the analytical problems, inc lud ing con
tamination and leaching of the sherd w h e n it is bur ied . 

M a n y trace e lement studies of archaeological samples have used neutron 
activation analysis ( N A A ) . A l t h o u g h this technique is not useful for a l l e le 
ments, i t is very sensitive for many of those that have proved to be valuable 
indicators of geochemical processes (e.g., the rare earth elements). T h e 
precis ion of the actual measurements is usually h igh and easy to determine . 
Samples can be irradiated w i t h l i t t le or no sample preparation, so there are 
few chances of contamination dur ing the analysis. However , the l i m i t e d 
number of nuclear reactors severely l imits access to this type of analysis. 
W h e n samples are sent to a distant laboratory for analysis, the cr it ical i n 
teraction between archaeologist and analyst can be lost. 
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In Chapter 7, Foust , A m b l e r , and Turner report o n studies of from the 
southwestern U n i t e d States using atomic absorption (AA) and induct ive ly 
coupled plasma (ICP) emission spectroscopy as alternatives to the m u c h 
more expensive N A A . Disso lv ing l i th ic samples to prepare the solutions 
necessary for this type of analysis is a prob lem, but now the methodology 
is m u c h more readily available to archaeologists. I n this study, three clays 
could be dist inguished on the basis of the 8 elements they measured. A l 
though many of the samples could be assigned to a particular clay source, 
the analysis of the Anasazi pottery sherds gave results that were somewhat 
ambiguous. T h e mix ing of clays or the addit ion of temper is described as 
the reason that h igh levels of certain trace elements have been found i n 
some of the sherds. F o r ceramic studies where large numbers of samples 
must be analyzed, the less expensive A A procedure may make chemical 
analysis a more routine part of archaeological studies. 

O n e aspect of ancient ceramic technology was the addit ion of various 
tempers to the clays. In some cases, the addit ion of salts was used to affect 
the colors and texture of the pottery (see Chapter 3). I n Chapter 8, M i t c h e l l 
and H a r t discuss a somewhat different approach to the study of ceramic 
technology. T h e y looked at the mineralogical changes that clays undergo 
w h e n they are heated i n the presence of other minerals (especially those 
containing Ca). The mineralogy, as determined by using X - ray diffraction, 
var ied as a function of temperature. A l though such changes have the potential 
to be used to determine firing temperatures, it is often necessary to confirm 
these temperatures by other methods. Nevertheless , this research is an 
example of the basic studies i n ceramics and mineralogy that have he lped 
elucidate the earl ier technologies. 

Composition of Metal Artifacts and Art Objects 

The history of the use of various metals is preserved as a part of the ar
chaeological record. T h e age of a metal artifact can be determined either by 
carbon-14 analysis of organic remains associated w i t h the artifact or by its 
association w i t h ceramics of k n o w n age. In many cases, the technology used 
for work ing the metal or extracting it from ores can be obtained from careful 
chemical and microscopic analysis of the metal artifact itself. M o s t of the 
metals that were used by early people are not very abundant i n the earth's 
crust. F o r example, the average abundance of C u i n the crust is only about 
45 p p m . Fortunate ly , the processes of geochemical differentiation and 
mineral izat ion tended to concentrate specific metals i n local ized deposits. 
These deposits were often readily recognizable by their color and texture. 
Whereas color may have been important to the discovery of metals and ores, 
the thermodynamic stability of the metal compounds (the ease w i t h w h i c h 
the ores could be reduced to metals) determined the order i n w h i c h they 
were used. It is interest ing that only 8 of the 70 metal l ic elements (Fe, C u , 
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A s , Sn , A g , A u , P b , and Hg) were recognized and used before the 18th 
century. 

T h e analysis of metal artifacts has been used extensively to differentiate 
materials by sources. X - r a y fluorescence and neutron activation analysis have 
both proved valuable i n determining e lemental concentrations. Nat ive met
als, such as gold, contained impurit ies that could , i n some cases, be used 
to characterize the ir sources. However , the smelt ing of ores to recover the 
metals often changed the concentrations of impurit ies . Later , as alloys (e.g., 
bronze and brass) were produced , the compositions were intentionally a l 
tered and control led. I n some cases, the re-use of materials or the lack of 
qual ity control made the alloy composit ion quite variable (especially i n terms 
of the trace components). 

A promis ing approach to this prob lem has been the use of lead isotope 
ratios to characterize sources. Chapter 9 by Gale and Stos-Gale is an example 
of this type of study. The isotopic ratios of lead are variable because some 
of the isotopes are the daughters from the radioactive decay of uran ium and 
thor ium (4). E v e n though the amount of lead i n bronze artifacts is smal l , 
Gale has been able to dist inguish between sources of the ore on the basis 
of the ratios of the various lead isotopes. T h e sources of si lver, lead, and 
copper i n the Bronze Age Medi terranean are discussed. 

C h e m i c a l analysis, especially detai led examination of inclusions w i t h 
scanning electron microscopy ( S E M ) , has prov ided considerable insight into 
metal -working technology. Chapter 10, by M a n e a - K r i c h t e n , He idebrecht , 
and M i l l e r is one example of a technological study. T h e interpretation of 
early smelt ing practices is complicated by the contamination from the ce
ramic crucibles. This contamination is indeed a prob lem as some of the 
fragments (from the archaeological site at T e l D a n , Israel) that this group 
investigated were metal-fused to ceramic crucibles. A l though these results 
are pre l iminary , the study does indicate some of the problems in interpre 
tation that can result w h e n the samples are not chosen to answer a specific 
question. T h e chapter includes a discussion of the sources for the t i n used 
at this site. 

A l t h o u g h Chapter 10 describes a study a imed at e lucidat ing early tech
nological methods, the research presented i n Chapter 11 by Carter and R a z i 
shows how the analysis of coins can provide historical pol i t ical information. 
This chapter is the latest i n a series of chemical studies of Roman coins that 
have been inc luded i n the earl ier volumes of the Archaeological Chemistry 
series. These studies have shown how coins were produced and how early 
Roman mints functioned. Chapter 11 shows how the pol i t ical fortunes of the 
Roman E m p i r e affected the composit ion of the coins. Debasement of the 
coins reflected periods of po l i t i ca l turmo i l . 

Co ins were valuable as money, but they were also artistic endeavors. 
Metals have been used i n numerous ways i n art objects. T h e great value of 
certain art objects has increased the need for authentication, w h i c h is a 
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1. A L L E N Chemists in Archaeological Studies 9 

different aspect of archaeological chemistry. I n some cases, the process of 
authenticating art objects has prov ided chemists w i t h knowledge about the 
artists' materials and techniques. Chapter 12 by W i l l i a m s , H o p k e , and M a -
guire describes the X - r a y fluorescence analysis of medieval L imoges enamels. 
A l though this is a pre l iminary report on these g i lded copper ecclesiastical 
objects, the goal was to determine the metals used to create the different 
colored enamels. X - r a y fluorescence was used to analyze the different colored 
enamel regions. A l though one goal of this research was to understand how 
the colors were produced , c learly another aspect of this work was to provide 
a basis to discr iminate between different materials of s imilar appearance. 

Another type of study that looks at the decorative, artistic objects of 
the past is found i n Chapter 13 by Demort i e r , E a r l y gold j ewe lry was pro 
duced from physical ly work ing native metals. Intricate objects were fash
i o n e d b y b r a z i n g or s o l d e r i n g i n d i v i d u a l p ieces t oge ther . D e m o r t i e r 
describes attempts to determine how the braz ing alloy used i n ancient j ew
elry was produced. D e m o r t i e r used X-rays excited w i t h a beam of h i g h -
energy protons ( P I X I E ) to analyze microscopic portions of j ewe lry thought 
to be over 2000 years o ld . This detai led analysis revealed four different kinds 
of braz ing or soldering. A l though several sources for this solder have been 
suggested by later descriptions i n the historical l i terature, Demort ier ' s anal 
ysis suggests that C d was used. T h e possibi l i ty of having a Cd-based solder 
i n antiquities from Iran and Syr ia is discussed because it has been argued 
that C d solders indicate modern forgeries. 

Another example of detai led microchemical analysis is g iven i n Chapter 
14. O r n a , K a t o n , L a n g , Mathews , and Ne l son examined the colored portions 
of several medieval manuscripts by using infrared microspectroscopy. I n one 
example, a forgery was detected on the basis o f a b lue ink containing ferric 
ferrocyanide that was not used u n t i l 500 years after the manuscript was 
supposed to have been produced. I n many cases, this type of examination 
can he lp authenticate a particular object and can aid i n the development of 
greater understanding of the techniques used b y the artists. I n some i n 
stances, inorganic salts were used to produce colored inks. These inks were 
analyzed by us ing X - r a y diffraction. F o r t iny samples of organic inks, a 
microscopic attachment to a F o u r i e r transform infrared spectrometer (FTIR) 
was valuable. Besides showing w h i c h materials were used for s iz ing and 
tanning the parchments, F T I R he lped O r n a et al . identify the source of the 
r e d ink as some species of insect. 

T h e importance of preserving archaeological monuments is discussed 
by Burns and M a t s u i i n Chapter 15. C h e m i c a l information not only helps 
our understanding of early technologies, but can help answer questions about 
how best to preserve an object. Burns and M a t s u i describe the ir studies of 
very large art objects: the r i ch ly decorated tombs of the E g y p t i a n pharaohs. 
Deter iorat ion of these monuments has resulted from physicochemical proc
esses that are site-specific. Deter iorat ion often depends on such things as 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
1

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



10 A R C H A E O L O G I C A L C H E M I S T R Y 

the composit ion of the plaster or the rock from w h i c h statues are carved. 
Chapter 15 describes experiments using X - r a y photoelectron spectroscopy 
and electron microprobe analysis to determine w h y the painted murals on 
the walls of tombs have deteriorated so rapidly . The goal of understanding 
the complex mechanism of deterioration (which involves the plaster, the 
p igment , and the atmosphere) is to devise conservation measures to protect 
and restoration practices to revitalize these ancient works of art. 

Proteinaceous and Organic Artifacts 

Besides the stone or l i th ic tools, bones represent another large class of 
artifacts that have survived because of the ir mineralogical nature. T h e phys 
ical characteristics of these bones have prov ided m u c h information about 
human evolution. There have been extensive studies using l ight and electron 
microscopes to elucidate the structures of fossil shells, bones, and teeth. I n 
some of these studies, various fossil components seen w i t h the scanning 
electron microscope were analyzed chemical ly to ascertain whether the struc
tures were composit ionally related to their modern counterparts. These 
experiments revealed detai led microscopic and compositional similarit ies . 
W i t h the advent of i m p r o v e d methodologies, it became clear that bones and 
similar minera l i zed portions of l i v i n g organisms could preserve some o f the 
proteinaceous material of the organism. 

A l though proteinaceous material d i d survive, it was altered over t ime. 
Some studies have concentrated on the assignment of t ime scales to the 
archaeological record on the basis of the changes i n the prote in composit ion 
of bone and teeth over t ime. O t h e r studies have attempted to discern p a -
leopathological data and dietary information from the analysis of the calcif ied 
tissue. However , i n a l l cases, relatively l i t t le is k n o w n concerning the basic 
biological processes of postburial change i n these proteinaceous materials. 
Thus , the study of proteins i n archaeological materials continues to focus on 
understanding how the postburial env ironment affects chemical and physical 
changes i n the proteins themselves, as w e l l as attempting to answer specific 
archaeological questions relat ing to diet, age, etc. A t the 8th Sympos ium on 
Archaeological C h e m i s t r y i n D e n v e r , a n u m b e r of papers dealt w i t h the 
important research on proteinaceous matter i n archaeological materials. 
These papers are be ing pub l i shed elsewhere, but some of the research i n 
the field must be summarized for the sake of completeness. 

In the p ioneer ing work on the occurrence and stability of proteins and 
amino acids i n fossils, Abe lson determined that thermal ly unstable amino 
acids such as threonine and serine were either m u c h reduced or absent i n 
fossils, whereas more stable amino acids, such as glycine and alanine, were 
st i l l present (see ref. 5). T h e total concentration of amino acids decreases 
dramatically w i t h t ime, von E n d t and E r h a r d t reported their results con
cerning the differential chemical disintegration of amino acids i n compact 
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1. A L L E N Chemists in Archaeological Studies 11 

faunal bones from three archaeological sites (6). T h e y also reported on the 
composit ion and state of preservation of proteinaceous material i n the ca l 
culus from prehistoric h u m a n teeth. The results of amino acid analysis of 
s imilar bones from each site indicated that there was significant within-s i te 
variabi l i ty , and that the most chemical ly reactive amino acids var ied the 
most. T h e stability of bone decreases i n proport ion to depth of bur ia l and 
i n relation to the severity of the soil environment . T h e amino acid content 
of dental calculus differs greatly from that of bone. A m i n o ac id analysis of 
calculus from three distinct A m e r i c a n Indian populations differed b y more 
than 10% between groups. 

Isomeric forms of amino acids result from different arrangements of the 
different atoms or groups of atoms around an asymmetric carbon atom or 
chira l center. A l though laboratory-produced amino acids are usually a m i x 
ture of the L and the enantiomeric D isomers, those produced i n biological 
systems are v ir tual ly a l l present i n the L configuration. Isoleucine has two 
chira l centers and can thus exist as the D,L-isoleucine pair , or as the closely 
related D,L-alloisoleucine pair . Rearrangement of atoms on the chiral carbons 
of the naturally occurr ing prote in amino acid L-isoleucine results i n the 
formation of the nonprote in amino acid D-alloisoleucine. This rearrangement 
process, cal led epimerizat ion , must occur i n the proteinaceous material of 
fossils because alloisoleucine is observed (see ref. 7). Indeed, i n o lder fossils 
the amount of isoleucine decreases and the amount of alloisoleucine i n 
creases. 

A m i n o acids such as alanine, aspartic ac id , and isoleucine may change 
from L to D configurations over t ime by the process of racemization. These 
changes found i n fossils l ed H a r e and Abelson to suggest that epimerizat ion 
and racemization might be used i n techniques for dating shel l and other 
proteinaceous material (8). H o w e v e r promis ing these results appeared, it 
soon became apparent that there were complications i n apply ing this theory 
of amino acid dating. F o r example, the half-life for the epimerizat ion of 
isoleucine i n cow bone was calculated to be 110,000 years i n bone at 20 °C 
and 290,000 years at 15 °C. This finding shows how sensitive the reaction 
is to temperature, a factor that is often not k n o w n for archaeological speci 
mens (9). Some problems can be overcome i f radiocarbon dating of bone 
from the same site can be used to "cal ibrate" the racemization rates of amino 
acids. 

Problems remain , and differing lines of evidence suggest that racemi 
zation dating of bone is, at best, tentative, and that many of the " ear ly " 
dates for h u m a n skeletons are wrong . F o r instance, the Sunnyvale skeleton 
(racemization dated at 70,000 years B.P.) is morphological ly indist inguishable 
for skeletons dated between 400 and 1600 years B . P . (10). Another important 
and controversial skeleton was described i n D e n v e r . Bada and Masters p r e 
sented the results of a detai led study of the general composit ion and extent 
of racemization of amino acids isolated from the D e l M a r M a n skeleton (11). 
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These remains were found eroding from the face of a coastal bluff i n D e l 
M a r , C A , i n 1929. A variety of dates have been obtained for these remains, 
depending upon w h i c h materials were analyzed and w h i c h dating method 
was used. Bada and Masters reported on n e w dates based upon the n e w 
and more sensitive C-14 dating technique. T h e results, obtained on amino 
acids isolated from the bone, indicated that the skeleton was 5400 years o ld . 
These results were made possible by the more recent important advances 
i n carbon dating that are descr ibed i n Chapter 16. 

I n Chapter 16, Harbott le and H e i n o address the particular application 
of carbon isotopic dating to textile fibers. T h e discussion of the accelerator 
mass spectrometric ( A M S ) technique, w h i c h allows the accurate measure
ments of isotopic ratios i n very small amounts of carbon, shows w h y this 
technique has had such an important impact on the field. Chapter 16 s u m 
marizes the progress i n this very important methodology that remains the 
most accurate absolute measure of the ages of artifacts. 

O t h e r isotopic measurements may also be useful i n prov id ing infor
mation on proteinaceous material . Because amino acids contain nitrogen, an 
analysis of the nitrogen remain ing i n prehistoric bones may provide an ap
proximate indicat ion of the quantity of prote in remaining i n the bone. P e r 
haps of greater importance, the nitrogen that remains may also provide 
insight into diet . I n the papers presented i n D e n v e r by H a r e , Foge l , Stafford, 
and H o e r i n g (12), as w e l l as i n the paper by Bada and Masters (II) , the 
isotopic analysis of carbon and nitrogen were described. H a r e noted that 
most of the amino acids i n collagen from bones of animals that had been 
reared on control led diets were enr iched i n C-13 and N-15 as compared to 
the corresponding amino acids i n their food. Threonine was an exception 
and was depleted i n N-15 relative to that i n the food source. U n l i k e most 
amino acids, threonine does not derive its nitrogen v ia transamination from 
the cel lular nitrogen pool , but rather inherits it from the threonine that is 
consumed. The isotopic fractionation of N-15 i n threonine has been sug
gested as a means to dist inguish between herbivores and carnivores at dif
ferent levels i n food chains. T h e patterns of stable isotope content i n amino 
acids from bones of fossil herbivores and carnivores were reported to be 
wel l -preserved. 

There can be l i t t le question about the the value of absolute techniques 
for de termin ing the ages of artifacts. As the abi l i ty to measure isotopic ratios 
has improved , not only has the impact of carbon dating improved , but a n e w 
technique has been proposed. In Chapter 17, Taylor, Slota, H e n n i n g , K u t -
shiera, and P a u l discuss the feasibility of using a long- l ived isotope of ca lc ium 
(Ca-41) as a means of de termin ing the absolute age of a bone. T h e isotopic 
abundances are low so the accelerator mass spectrometric approach ( A M S ) 
has been used to make the measurements of Ca-41 . W h e r e the application 
of carbon dating to the determination of the age of bone requires the survival 
of some of the proteinaceous matter (e.g. collagen), the inorganic port ion of 
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1. A L L E N Chemists in Archaeological Studies 13 

the bone, w h i c h contains the ca lc ium, survives more readily. Contaminat ion 
of the amino acid fraction i n bone samples is another prob lem w i t h carbon 
dating w h i c h , it was reasoned, should not be as great a prob lem w h e n the 
inorganic minera l phase is used to determine the age. F i n a l l y , one of the 
reasons that radiocalc ium dating can complement carbon dating is that the 
hal f life of Ca-41 is longer (fy2 of about 1 0 5 years compared to C-14 £y2 of 5 7 3 0 
years). Taylor et a l . discuss the current status of the radiocalcium dating 
method i n terms of the potential problems inc lud ing environmental and 
diagenetic effects. 

Some of the potential problems w i t h us ing the inorganic port ion of bones 
for age determinat ion and for the discovery of the constituents of ancient 
diets are discussed i n Chapter 18. This chapter by E l - K a m m a r , A l l e n , and 
Hancock shows some of the changes that occur w h e n bones are bur ied . T h e 
scanning electron microscope ( S E M ) and X - ray diffractometer were used to 
show how new minera l phases, inc lud ing some that contain ca lc ium, can fill 
the voids left i n bone as the organic fraction decomposes. Contact between 
the bone and soi l not only affects the major elements l ike ca lc ium, but the 
trace elements as w e l l . Comparisons between bones b u r i e d i n the N i l e delta 
and bones of m u m m i e s that were protected from direct contact w i t h the soil 
show very clearly that diagenesis and contamination are problems w h e n the 
inorganic port ion of the bone is analyzed. T h e photomicrographs show clearly 
that even the inter ior regions of a bone can be affected i f ground water is 
present. 

Part of the prob l em w i t h using the more developed radiocarbon dating 
techniques w i t h bone samples is that, i n many cases, the bones be ing studied 
are too o ld . T h e longer half-life for the Ca-41 w i l l make it more valuable for 
de termin ing the age of the paleol ithic bones that are of great interest to 
anthropologists. I n Chapter 19, Robins , Sales, and Oduwo le describe another 
technique that appears to be valuable for extending the dates of bone samples 
to materials o lder than can be obtained w i t h the radiocarbon method . This 
is not, however, an absolute technique based upon changes i n the isotopic 
ratios, but a technique based upon changes i n the electron spin resonance 
(ESR) signal. T h e chapter describes some of the problems w i t h us ing this 
technique, in c lud ing the effects of temperatures on the change i n the E S R 
spectrum. 

Organic Residues and Fibers 

I n a n u m b e r of instances, organic materials other than those i n bones, shells, 
and teeth survive the ravages of t ime. O n e of the more interest ing examples 
is the nearly rockl ike organic res in called amber. L o n g noted for its attractive 
color, this material had great value. Because amber is a resin from certain 
plants, differences i n its composit ion reflect the original plants. In Chapter 
2 0 , L a m b e r t , L e e , W e l c h , and F r y e report on their cont inuing investigation 
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that is a imed at " f ingerpr int ing" amber from different sources. This chapter 
describes the use of C-13 nuclear magnetic resonance ( N M R ) spectroscopy 
for the characterization of amber. Chapter 20 reports that amber from two 
M e x i c a n sites are s imilar to each other. These results differ from results 
obtained for Balt ic and D o m i n i c a n amber. 

T h e focus of most archaeological ceramic studies has been on provenance 
or technology. There is also a growing body of specific evidence on how the 
pottery was used. Chapter 21 by Beck, Smart, and Ossenkop describe the 
organic tars used to l ine ancient Medi terranean amphoras. Chapter 21 i n 
cludes a descript ion of how the residues from amphora contents can be 
analyzed. As i n most cases where unknown organic materials are encoun
tered, the most powerful analytical technique is gas chromatography w i t h 
mass spectrometric detection ( G C - M S ) . This technique is expensive for the 
analysis of large numbers of samples. 

Beck et a l . show the advantages of using s impler , less expensive methods 
l ike F T I R and th in layer chromatography ( T L C ) . These techniques provide 
speed and ease of analysis. W h e n used to investigate complex mixtures l ike 
the natural products examined by Beck et a l . , more extensive methods may 
be requ i red to validate the findings. 

O n e of the most excit ing new techniques i n analytical chemistry has 
been the development of sensitive methods based on immunologica l re 
sponses. O n e of the main advantages of immunologica l techniques is their 
h igh selectivity, even i n complex matrices. This approach has made a dra 
matic impact on c l in ica l chemistry. As new probes are developed, they w i l l 
probably be appl ied to ancient proteinaceous materials. 

Radioimmunoassay techniques are capable of measuring as l i t t le as 10~ 1 2 

g of prote in i n fossils. Because bone collagen is somewhat species-specific 
by v ir tue of its nonhel ical ends, the system has potential for clarifying the 
phylogeny of humans. Lowenste in has developed antisera i n rabbits capable 
of establishing the immunolog ica l distance (I .D.) between humans, pygmy 
and common c h i m p , rhesus monkey, guinea p ig , dog, cat, calf, and mouse 
(13). B y using the collagen I . D . Lowenste in suggested that humans and 
chimps are close to each other, as are rats, mice and guinea pigs. These 
techniques were then used to test ant ihuman and ant ichimp sera against a 
series of six h o m i n i d fossils ranging i n age from 1000 (Hungary) to 1,900,000 
(Omo) years o ld . It was discovered that immunologica l activity decreased 
w i t h t ime and changed from be ing humanl ike to be ing ch impl ike i n the t ime 
per iod between C r o - M a g n o n and Neanderthal . These experiments d e m 
onstrated that immunologica l ly reactive collagen fragments persist i n 2 - m i l -
l ion-year-old fossils and exhibit species-specific antibody b ind ing . 

Radioimmunoassay techniques may a id i n clarifying genetic re lat ion
ships i f sufficient immunolog ica l activity is maintained i n archaeological 
bones. I n Chapter 22, H e r r , Ben jamin , and Woodward discuss some new 
immunolog ica l tests that can dist inguish between blood and tissue of h u m a n 
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1. A L L E N Chemists in Archaeological Studies 1 5 

and animal or ig in . A l though the probe described by H e r r has not been used 
to examine any archaeological samples, it is inc luded i n this vo lume because 
it provides a valuable overview of the field. T h e rev iew of this rapid ly 
developing field w i l l be valuable to archaeologists as new probes are de 
ve loped that cou ld provide new insight into archaeological problems. This 
technique may soon provide more specific genetic information, even w i t h 
small amounts of preserved D N A i n hair and i n other proteinaceous material 
that survives as part of the archaeological record. 

I n Chapter 22, H e r r et a l . describe a monoclonal antibody used to test 
for h u m a n a lbumin i n body fluids. The development of this monoclonal 
antibody was a imed at forensic evidence, but i f (and it must be tested) 
degradation processes do not destroy the antigenic site that this antibody 
recognizes, it could be used for archaeological samples. Cer ta in ly as these 
techniques are developed they w i l l prove valuable i n the studies of objects 
that are suspected of containing blood. F o r example, these newer methods 
could he lp further define an artifact l ike the Shroud of T u r i n , w h i c h is 
described i n Chapter 23. 

In Chapter 23, Dinegar , A d l e r , and Jumper present a summary of the 
known history and the earl ier scientific examination of the famous religious 
artifact known as the Shroud of T u r i n . O n the basis of the previous inter 
pretations of the changes i n the cellulose fibers and the b lood stains, a p lan 
is presented for more specific testing using improved techniques. T h e a u 
thors propose that other tests be made at the same t ime that samples of the 
Shroud are be ing analyzed. A l though these other tests may he lp clarify the 
changes i n the fibers of this historical textile, the real test of its antiquity 
w i l l be the radiocarbon analysis. Nevertheless , the cont inued progress on 
the analysis of natural fibers w i l l provide more detai l on the changes that 
account for the body images and stains on the Shroud. (The image is inter 
preted as having been the result of an ox idat ion-dehydrat ion reaction.) I n 
addit ion, study of the Shroud may aid conservationists as they attempt to 
better understand natural aging processes and find ways to preserve these 
more fragile artifacts. 

Ba l lard , Koest ler , B la i r , and Indictor discuss some of the problems w i t h 
the preservation of si lk i n Chapter 24. T h e i r work was a imed at understanding 
how various components added to the silk d u r i n g the manufacturing of a 
n u m b e r of historical flags affected the embri t t lement and decomposit ion of 
the material . They found that colorants and chemicals added to weight the 
natural silk fibers cou ld be detected by using X - ray fluorescence. T h e y 
correlated the inorganic additives to the deterioration of the flags. 

O n the other hand , organic silk itself is the subject of Chapter 25 by 
H e r s h , Tucker , and Becker . A n u m b e r of historical silk fibers were examined 
i n order to understand the chemistry of the degradation process. The roles 
of photochemical processes as w e l l as heat are discussed. T h e chemical 
processes of aging are complex and slow. E i t h e r historical samples must be 
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1 6 A R C H A E O L O G I C A L C H E M I S T R Y 

studied, or methods must be found to rel iably accelerate the aging process 
i n the laboratory. T h e eventual object of the studies presented i n Chapters 
24 and 25 is to provide better ways to preserve the silk artifacts. 

I n Chapter 26, Jakes and A n g e l show that the analysis of e lemental 
concentrations can also aid i n the study of ancient textiles. I n this chapter, 
the inorganic components and their distributions i n the fibers were the basis 
of a method to identify the fibers. Jakes and A n g e l used a scanning electron 
microscope to image the fibers morphology, and energy dispersive X - r a y 
spectrometry to determine e lemental distributions. This approach is suitable 
for the very small samples often encountered as archaeological fibers. 

In earl ier work, Jakes and coworkers have shown that it is not always 
necessary for the organic fibers to survive i n order to obtain information on 
the textile. Chapter 27 by Jakes, Sibley, Kuttruff, W i m b e r l e y , M a l e c , and 
Bajamonde discusses the imprints or pseudomorphs of fabrics that are made 
w h e n metal salts replace the decomposing organic matrix. I n this research 
the metal pseudomorphs were from bronze weapons that are over 3000 years 
o ld . Jakes et a l . used photomicrographs to observe the manner i n w h i c h the 
yarn was woven to produce the original fabric. The statistical methods that 
were used to identify and correlate the patterns i n these textile pseudo
morphs are very s imilar to those originally used i n provenance studies of 
the less fragile stone and pottery artifacts. This study shows the importance 
that computers and statistical methods have attained i n a iding in the or
ganization of the extensive data sets generated as a part o f archaeological 
studies. 

Conclusions 

These examples of how chemists contribute to archaeology are not intended 
to provide a complete rev iew of the field. T h e purpose of this chapter was 
to indicate how the field has matured. In some of the earl ier work, the 
analysis of inorganic artifacts took more of a " shotgun" approach. It was 
thought that the probabi l i ty of differentiating between materials was e n 
hanced by analyzing for a large n u m b e r of elements. F o r this reason, m u l 
t ie lement techniques w i t h proven accuracy l ike neutron activation analysis 
were favored. G r o u p i n g artifacts on the basis of chemical similarities l e d to 
increased use of various statistical protocols (computer programs). H o w e v e r , 
as different types of artifacts were studied (by chemical means), i t became 
increasingly clear that a more detai led understanding of the materials t h e m 
selves made i t more l ike ly that useful archaeological information could be 
obtained. 

M o r e detai led studies, us ing an ever w ider array of analytical tech
niques, have increased our understanding of many natural materials and of 
the early technologies. This greater understanding of the materials provides 
a better rationale for the choice of samples and techniques to be used. T h e 
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1. A L L E N Chemists in Archaeological Studies 17 

chapters i n this vo lume reflect the diversity of materials be ing studied. I n 
each chapter, there has been an attempt to understand the material itself 
as w e l l as to increase our knowledge of the past. 
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Lithic Material from the Mesolithic and 
Early Neolithic Periods of Portugal 

Instrumental Neutron Activation Analysis 

R. G. V. Hancock1, L. A. Pavlish2, and P. J. Sheppard3 

1SLOWPOKE Reactor Facility and the Department of Chemical Engineering 
and Applied Chemistry, University of Toronto, Toronto, Ontario, Canada 
M5S 1A4 

2Archaeometry Laboratory, Department of Physics, and Department of 
Anthropology, McLennan Physical Laboratories, 60 St. George St., Toronto, 
Ontario, Canada M5S 1A7 

3Department of Anthropology, University of Auckland, Auckland, New Zealand 

Lithic artifacts from Portugal were analyzed by rapid instrumental 
neutron activation analysis (INAA). Concentrations of 15 short-lived 
isotope-producing elements were determined in both archaeological 
and geological samples. The archaeochemical objectives were the 
identification and source determination of materials used in prehis
toric stone tool production. Elements measured in the materials were 
present in low concentrations, and many were attributable to con
tamination and diagenesis. INAA results demonstrate the heretofore 
unknown use of rhyolitelike rock in the Portuguese coastal Mesolithic 
period and suggest as its source a volcanic zone 20 km inland. 

ISfli EMBERS OF THE CANADIAN-PORTUGUESE ARCHAEOLOGICAL PROJECT 
are engaged i n a program of archaeological research on the Holocene 
prehistory of southern Portugal . T h e ult imate goal of this project is the 
identification of the causes and effects of the transition from a h u n t i n g -
and-gathering economy to a more settled Neo l i th i c way of life (i.e., hunt 
ing -ga ther ing , pastoralism, and agriculture). T h e project focuses on the 
effects of this change on diet, health, and demography. These factors may 

0065-2393/89/0220-0021$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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22 A R C H A E O L O G I C A L C H E M I S T R Y 

be part icularly useful i n evaluating theories concerned w i t h the relationship 
between developing terr i tor ial ism and the advent of megalithic structures 
along the At lant i c coast (I). 

O n e aspect of this project is the analysis of the stone tools and m a n u 
facturing debris recovered from excavated sites. I n addit ion to standard 
typological and attribute analysis, a program of identif ication and source 
determinat ion for l i th ic materials using instrumental neutron activation anal
ysis ( INAA) and petrography was carried out. The purpose of this research 
program was to provide insights into questions about ancient h u m a n be
havior: W h e r e , w h e n , why , and how d i d prehistoric peoples use the natural 
resources i n the ir environs (2)? 

Archaeological Background 

L i t h i c artifacts were col lected from three sites south of the industr ia l town 
of Sines along the western coast of the southern Portuguese Alente jo province 
(see M a p I). Two of these sites, Samouqueira and Palheiroes do A legra , are 
30 k m apart on cliffs above the modern sea shore; the t h i r d site, F ia i s , is 12 

Map I. Map of the region of southern Portugal from which the archaeological 
and geological samples were taken. 
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2. H A N C O C K E T A L . Lithic Material from Portugal 23 

k m in land from Palheiroes do A l e g r a near the town of O e d m i r a . The site of 
Samouqueira, w h i c h is dated at 6370 ± 70 B . P . (TO-130)*, y i e lded the 
remains of people who used both local marine (limpets, mussels, and fish) 
and terrestrial (red deer, w i l d boar, and rabbit) resources. A comparison of 
stable carbon isotope data on h u m a n bone from Samouqueira w i t h s imilar 
data from older Meso l i th i c and younger Neo l i th i c sites indicated that the 
individuals from Samouqueira had a var ied " M e s o l i t h i c " diet w i t h food ob
tained from hunt ing and gathering (I). 

F ia is and Palheiroes do A legra have been tentatively dated on typo
logical grounds. Fiais is assigned to the E a r l y Aceramic Neo l i th i c per iod 
(Stage I B , ca. 6000-5000 B .P . ) , and Palheiroes do A legra is assigned to the 
E a r l y Meso l i th i c per iod . Data on fauna (predominantly red deer) and the 
lack of any permanent structures at Fiais suggest that it represents a large 
hunt ing camp. Palheiroes do A l e g r a is a d isturbed site i n a w ind -b l own 
erosional depression w i t h m i n i m a l preservation of faunal material . H o w e v e r , 
its location and tool assemblage suggest the inhabitants may have had an 
economy and way of life s imilar to that indicated for Samouqueira. N o e v i 
dence was found at these sites of a sedentary life based on domesticated 
plants and animals (3, 4). 

Raw Material Collection and Classification 

O v e r 3000 artifacts from the three sites have been visually sorted and ana
lyzed into categories according to color, texture, and inferred general rock 
type. Table I shows the rock types that were used to make stone tools. These 
types inc lude a wide variety of very fine-grained rocks w i t h conchoidal frac
ture, w h i c h were classified as chert, as w e l l as quartzite, graywacke, massive 
m i l k y quartz, rock crystal quartz, mudstone, and miscellaneous coarse
grained igneous rock. These rock types are mostly S i 0 2 and have l ow 
concentrations of e lemental impuri t ies that permi t differentiation. 

A t the coastal sites, graywacke and quartzite cobbles were used exten
sively i n the product ion of large crude chopping tools, whereas the fine
grained materials, inc lud ing rock crystal quartz, were used to produce 
micro l i th ic assemblages. These small tools are generally assumed to have 
been hafted as barbs or projecti le points. 

T h e graywacke and quartzite cobbles used for tool making were probably 
obtained locally from the storm beaches immediate ly below the coastal sites. 
Converse ly , chert or quartz crystals have not been found on coastal beaches 
or adjacent regions, despite intensive survey. A l though potential chert-bear
ing calcareous sediments are located in land , no source is k n o w n to exist i n 
this region of southern Portugal (5). 

* TO-130 is a radiocarbon data log number that permits any interested party to contact 
the Toronto ISOTRACE Lab and request data on date 130. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
2

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



2 4 A R C H A E O L O G I C A L C H E M I S T R Y 

Table I. Visual Fie ld Classification of Lithic Materials by Rock Type and Site 
Samouqueira Pal, do Alegra Fiais 

Rock Type % x° % X % X 
Fine-grained chert 4 4 . 8 % 4 3 5 8 . 1 % 2 2 7 8 . 1 % 3 1 
Quartzite 1 9 . 2 9 5 .0 1 3 .6 1 
Graywacke 3 4 . 0 6 2 6 . 4 8 1.7 — 
Milky quart — — 7.4 1 6 . 5 1 
Rock crystal quartz 2 . 0 1 0 . 3 — 9 .3 1 
Misc. — —. 2 . 8 — 0 . 8 — 
Number of samples 1 3 4 0 5 9 9 9 4 3 2 1 0 2 5 3 4 

"Number of INAA samples taken. 

A t the in land site of F ia i s , the absence of a local source of r iver or beach 
cobbles probably accounts for the l i m i t e d importance of quartzite and gray
wacke at the site. Large cobble chopping tools made of these materials are 
absent from the site. F l a k e d rock crystal quartz is common at F ia i s , a fact 
suggesting that these crystals may occur naturally i n the area (6). 

Procedure 

Samples (156) were taken from 54 reference l i thic pieces that represented 
five rock types. These samples were analyzed at the S L O W P O K E Reactor 
Fac i l i ty of the Univers i ty of Toronto. They were irradiated for 1 m i n at 2 

k W , or for 1 or 2 m i n at 5 k W (depending on their radioactivity l eve l i n 
pre l iminary tests). U p o n removal from the reactor, the samples, w h i c h 
we ighed between 0.1 and 0.3 g, were left to decay for 18 m i n and were 
counted for 5 m i n w i t h a Ge (L i ) 7 - ray detector coupled to a mul t i channel 
analyzer. Trace e lement concentrations were calculated w i t h the comparator 
method (7). T h e 15 elements examined were bar ium, t i tanium, sodium, 
a l u m i n u m , potassium, manganese, ca lc ium, uran ium, dyspros ium, stron
t i u m , bromine , vanadium, chlor ine , magnesium, and si l icon. The first seven 
of these elements were the most useful i n the differentiation of major rock 
types. 

Analytical Results 

R h y o l i t e s . F i g u r e 1 is a ternary diagram showing standardized, 
scaled e lemental abundances from I N A A for potassium, sodium, a l u m i n u m , 
and t i tanium obtained from the samples. T h e diagram shows the separations 
of the various rock types. F i g u r e 2 indicates feldspar-rich compositions by 
showing the relationship between the a l u m i n u m concentration and the po
tassium and sodium concentrations. These materials, therefore, were most 
probably associated w i t h the formation of e ither small , igneous, quick-cool ing 
extrusive lava flows or near-surface, intrusive , dikes or sills. F igures 1 and 
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Figure 2. Plot of the relationship between Al and K or Na in the feldspar 
samples. The graywacke, chert, and quartzite also have unique AllNa values. 

2 show that the relative abundance of various elements is inversely related 
to the degree of S i 0 2 pur i ty i n the rock specimens. 

Subsequent examination of petrographic th in sections conf irmed that 
the rock was igneous w i t h a rhyol i te l ike composit ion made of a fine-grained 
quartz crystal matrix w i t h feldspar inclusions. This material formed a large 
percentage of the fine-grained material from both coastal sites. This material 
constituted, however , only a very small percentage of the material from the 
in land site of F ia is (Table II). 

The I N A A data showed that 42 .4% of the samples visually identi f ied as 
chert i n the field were r i ch i n feldspar minerals (see Table II), and conf irmed 
that the reference col lection was made of quartzite, ( K - f e l d s p a r - r i c h rock 
and N a - f e l d s p a r - r i c h rock), graywacke, and chert (8). 

A series of Portuguese geological rhyol i te samples were col lected from 
the area around San L u i s (see M a p I) for comparison to the archaeological 
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2. H A N C O C K E T A L . Lithic Material from Portugal 2 7 

samples. These geological samples are visually s imilar to some rhyol i te l ike 
rocks from archaeological sites. T h e I N A A data indicate that although there 
are general similarit ies between the geological and archaeological materials, 
the two materials are not identical (Table III). 

C h e r t s . O u r analyses of siliceous materials from the three sites 
clearly separate cherts and quartzite from the rhyol i te l ike rocks (Figure 2). 
Unweathered and relatively pure cherts and quartzites have A l concentra
tions i n the range of 0 .15% to 0.30%. [Although a l u m i n u m concentrations 
may increase because of weathering, the a l u m i n u m "base va lue" is generated 
by the n e u t r o n - p r o t o n reaction on 2 8 S i and provides a standard check for 
S i 0 2 pur i ty (cf. F i g u r e 2).] O t h e r elements (Ti , C a , N a , K) were also present 
i n smal l concentrations. Table I V shows analytical results for A l , N a , K , C a , 
T i , and M n from cherts. O n the basis of their impur i ty levels , the cherts 
were categorized as very c lean, clean, or d ir ty . T h e impurit ies were , for the 
most part, caused by the presence of minera l phases other than quartz (9, 
10). 

Table II. The Reclassification of Fine-Grained Chert into Chert and Rhyolitelike 
Rock on the Basis of I N A A Results 

Rock Type Samouqueira Pal do Alegra Fiais 
Chert 42 A 6 9 . 0 9 9 . 7 
Rhyolitelike 5 7 . 6 31.0 0 . 3 
Number of samples 6 0 0 5 7 8 8 0 1 

NOTE: Results for chert and rhyolitelike rock are given in percents. 

Table H I . Representative I N A A Data from Samples of Geological and 
Archaeological Rhyolitelike Rock 

Al Na K Ba Ti Mn Number of 
Rocks (%) (%) (%) (ppm) (ppm) (ppm) Samples 

Geological 
N . San Luis 6.0 0.10 8.0 5000 100 0-7 16 
S. San Luis 4.0 0.10 6.0 400 400 3 -8 15 

Archaeological 
Samouqueira 5.0 3.0 1.5 500 500 0-25 25 
Rd. Alegra 9.0 7.5 0.0 0.0 4000 0-100 9 

Table I V . Representative I N A A Data for Different Chert Qualities 
Element Very Clean Clean Dirty 
Al(%) 0 . 2 5 ± 0 . 0 5 0 . 3 0 ± 0 . 0 5 0 . 4 5 ± 0 . 0 5 
Na (%) 0 . 0 1 - 0 . 0 2 0 . 0 2 - 0 . 0 3 > 0 . 0 3 
K ( % ) < 0 . 0 0 5 < 0 . 0 2 > 0 . 0 2 
Ca (%) 0 . 0 - 0 . 1 5 0 . 0 - 0 . 5 0 0 . 0 - 1 . 0 
T i (ppm) < 2 0 . 0 2 0 . 0 - 6 5 . 0 6 5 . 0 - 2 5 0 
M n (ppm) 0 . 0 - 2 0 . 0 0 . 0 - 1 5 0 0 . 0 - 2 0 0 
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Before provenance work can be carr ied out, it is necessary to establish 
the actual degree of weather ing and potential diagenetic alteration that the 
chert materials have undergone. T h e majority of chert types from Palheiroes 
do A legra and Fiais may be susceptible to weathering because they contain 
C a . Samouqueiras major chert types appear to be genetically related to 
volcanic deposits (meta-volcanics) w i t h low impur i ty levels and less suscep
t ib i l i ty to weathering. 

F i g u r e 3 shows that, on the basis of N a and C l concentrations alone, a 
clear dist inct ion can be made between the coastal site of Palheiroes do A l e g r a 
and the in land site of F ia is . I f one or the other of these elements had not 
been analyzed, the data may have been improper ly interpreted. The N a C l 
appears to be a diagenetic factor i n the coastal materials. The cherts from 
coastal Palheiroes do A legra were deposited i n sand dunes and seem to have 
been weathered by C a leaching. T h e presence of C a indicates that the chert 
is probably of geologically calcareous or ig in . T h e salt from the ocean sub
sequently percolated through the relatively clean sand and some was de 
posited i n the chert. 

Figure 3. The Na and Cl results obtained from samples at both coastal and 
interior sites. The average values and standard deviations are plotted for the 

samples. Salt removal is demonstrated for two samples. 
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2. H A N C O C K E T A L . Lithic Material from Portugal 2 9 

To check this hypothesis, two samples were soaked i n dist i l led water 
for 24 h , Sample N o . 106 (resampled 66) was crushed, and sample N o . 105 
(resampled 79) was not. After reanalysis, the only significant changes were 
i n the N a and C l concentrations (see F i g u r e 3). These two elements w i l l be 
of l i t t le use i n provenance work but can provide an indication of weathering. 

T h e majority of cherts from the in land site of Fia is were also from 
calcareous deposits. F i g u r e 4 shows that A l and T i increase at the inter ior 
site, w h i c h is b u r i e d i n a c lay-r ich soil . It is admittedly difficult to determine 
whether the increases i n such elemental concentrations are caused by d i 
agenetic factors or by inhomogeneity of the materials. These changes stand 
out i n sharp contrast to the majority of cherts from Samouqueira, w h i c h on 
the basis of thin-section analyses, are of a meta-volcanic or igin. These cherts 
are less susceptible to weathering and appear to have experienced l i tt le 
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Figure 4. Classification of chert into very clean, clean, and dirty on the basis 
of relative amounts of Al and Ti. 
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30 A R C H A E O L O G I C A L C H E M I S T R Y 

weathering or diagenetic interference. Cherts from a volcanic setting may 
provide a greater opportunity for source determination than those from a 
sedimentary environment . 

Conclusions 

I N A A results indicate that rock types can be efficiently separated w h e n 
m a c r o - v i s u a l characteristics are ambiguous. T h e provenance of both volcanic 
and chert materials is made difficult w h e n weathering, diagenesis, and the 
qual i ty of the material are considered. W e have demonstrated that s imilar 
materials weather differently i n varying archaeological contexts. It is l ike ly 
that parent materials weathered i n situ also w i l l have unique diagenetic 
constraints. Therefore, neither geologically weathered nor unweathered m a 
terials can be assumed to be comparable to " s i m i l a r " materials recovered 
from archaeological sites. As a consequence, clean cherts from both a geo
logical and archaeological context w i l l probably provide the most rel iable 
source material for provenance-oriented analytical programs. 
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Archaeological Implications 
of Differences in the Composition 
of Nile Sediments 

Ralph O. Allen1, Hany Hamroush1,3, and Michael A. Hoffman2 

1Department of Chemistry, University of Virginia, Charlottesville, VA 22901 
2Earth Sciences and Resource Institute, University of South Carolina, 
Columbia, SC 29208 

The ability to distinguish Nile sediments from different time periods 
and different sources allows identification of sediments at different 
archaeological sites. Nile river sediments representing a range of 
geological ages from Predynastic sites at Hierakonpolis were analyzed 
by instrumental neutron activation analysis. Some Nile sediments and 
the Egyptian pottery produced from them can be distinguished on 
the basis of the relative distributions of the lanthanides. Other groups 
of sediments are chemically similar but have differences due to "di
lution" by sand (mostly quartz). Fractions of Nile sediments separated 
on the basis of size showed that most of the trace elements were in 
the fine-grained fraction, but the trace elements in the sand-size 
fraction seemed to reflect the relative contributions of the different 
Nile tributaries and the geology of the drainage basins. 

THE USE OF FIRE TO TRANSFORM CLAY PASTE into sol id ceramic vessels 
may have been one of the earliest efforts at chemistry. Since the earliest 
t imes, pottery has been made by using clays formed by the weather ing of 
rocks. Sedimentary deposits containing clay minerals also contain fragments 
of other minerals that are broken from the source rocks as they weather. 
The chemical composit ion of the sediments used as a clay source determined 
some of the characteristics of the pottery that was produced. 

3Present address: Geology Department, Faculty of Science, Cairo University, 
Giza , Egypt 

0065-2393/89/0220-0033$06.00/0 
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34 A R C H A E O L O G I C A L C H E M I S T R Y 

W i t h high-calc ium (calcareous or marl) sediments found north of the 
D e a d Sea, potters produced h ighly vitr i f ied (glassy) wares (J). A t the same 
t ime (ca. 3500 B . C . ) , potters along the N i l e R i v e r used firing conditions 
s imilar to those used for h igh-calc ium sediments, but because the sediments 
generally contained less than 3% C a O , the pottery was far less v i tr i f ied than 
that produced from m a r l sediments. Pottery from these two locations differed 
i n color as w e l l as i n the degree of vitri f ication. The relatively i ron - r i ch N i l e 
sediments were used to produce a range of r ed , buff, b rown , orange, and 
even black pottery, i n contrast to the whi te , gray, and black wares produced 
from low- iron calcareous sediments. 

Minera log i ca l composit ion was also important. Sediments containing 
too m u c h coarse-grained material (e.g., quartz or other minerals) made poor 
pottery unless the coarser grains were removed to enr ich the clay content 
of the sediment. F ine -gra ined clay sediments needed coarser grained sand 
or other temper added to a id i n work ing the paste and firing the pottery. 
I n some cases, the minera l fragments that occurred naturally w i t h the clay 
minerals served as a natural temper , and as such, may provide a basis for 
dist inguishing the source of the sediment. T h e identif ication of clay sources 
and the observation that addit ional components were added to produce a 
particular type of pottery helps enhance our understanding of the techno
logical practices of the ancient potters. 

I n a geochemical sense, sediments tend to represent an average of the 
geological terrain from w h i c h they are der ived . The clay minerals are formed 
by the chemical weathering of rock-forming minerals l ike feldspars and fer-
romagnesian silicates. O t h e r minerals , l ike quartz, remain unaltered but are 
gradually broken into small fragments that mix w i t h the clays. Thus , a r iver 
sediment is a mixture of weathered minerals (clays) and rel ic minerals der ived 
from the surface rocks i n the drainage basin. 

T h e chemical composit ion of a r iver sediment is a reflection of the 
average chemical composit ion of rocks i n the drainage basin. Sediments from 
different rivers might differ i n chemical and mineralogical composit ion, 
whereas sediments from a single r iver should be fairly uni form i n chemical 
composit ion i f s imi lar grain-sized fractions are compared. Sediments depos
i ted at different locations along the same r iver can differ i n mineralogical and 
chemical composit ion. These differences result from the differential sedi 
mentation or deposit ion of ind iv idua l minera l grains from the runn ing water 
that transports the grains downstream. T h e patterns of deposit ion depend 
upon the grain size (which is related to the mineral 's hardness), the density 
of the particles, and the water's flow rate. 

The N i l e R i v e r provides a good example of the similarities and differ
ences between sediments from the same r iver . The common or ig in of these 
N i l e sediments is conf irmed by the h igh degree of correlation i n the e le 
menta l compositions between different E g y p t i a n N i l e sediment samples (2). 
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3. A L L E N E T A L . Nile Sediments 35 

These samples are s imilar i n composit ion, but they have subtle chemical 
differences. 

To understand the sediments deposited along the N i l e , i t is he lp fu l to 
realize that as the r iver flows through E g y p t , i t is flowing through a very 
large delta. Sediments from two distinct drainage basins are carr ied by the 
B l u e N i l e and the W h i t e N i l e u n t i l they merge and form the N i l e . Before 
the construction of the Aswan H i g h D a m , mi l l ions of tons of suspended 
matter was carr ied b y the N i l e as it empt ied out onto this delta and deposited 
as sediments along the banks of the r iver . I n the geological past, these 
sediments were deposited on top of the earl ier sedimentary deposits that 
reflected earlier environments such as smaller deltas, a l luvia l fans, flood 
plains, and even ocean floors. T h e result ing complex sequence of sed imen
tary deposits is often difficult to interpret . 

Part of the work descr ibed i n this chapter was a imed at studying the 
N i l e sediments i n one locality to determine whether the complex deposits 
could be differentiated by chemical means. 

Identi fying the sources of sediments chemical ly w o u l d be valuable i n 
answering a n u m b e r of archaeological questions. F o r example, the s imilar i ty 
i n the compositions of the modern N i l e sediments suggested that the c om
positions of early E g y p t i a n pottery made from N i l e clays w o u l d be s imilar 
and of l i t t le use for provenance studies (see ref. 3); therefore, i t was somewhat 
unexpected w h e n earl ier (4-5) studies of Predynastic E g y p t i a n pottery sug
gested that there were some geochemically significant differences between 
ancient N i l e sediments, deposited some 40,000 years ago, and those de
posited more recently. 

As a part of ongoing studies at the important Predynastic E g y p t i a n sites 
at Hierakonpol i s , we have attempted to understand how the sediments de
posited i n this area have var ied spatially and over t ime. T h e results of these 
geochemical studies, summarized i n this chapter, indicate how a detai led 
understanding of the sediments can enhance our knowledge of the env i ron 
mental evolution of the local landscape, he lp to relate separate archaeological 
sites i n an area, and provide a basis for comparisons of the pottery produced 
i n the area. 

Archaeological Significance of Hierakonpolis 

Since the t ime of the G r e e k historian Herodotus (484-425 B . C . ) , scholars 
have speculated on the role of the N i l e i n the or ig in and development of 
E g y p t i a n c iv i l izat ion. O n e of the most important sites at w h i c h this role can 
be investigated is Hierakonpol is , where both ancient legends and archaeo
logical evidence suggest the first leaders of uni f ied E g y p t i a n state emerged 
i n the fourth m i l l e n n i u m B . C . (6). 
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The name Hierakonpol is (Greek for C i t y of the Hawk) was originally 
used i n a more restricted sense to refer to the A r c h a i c - O l d K i n g d o m (ca. 
3100-2230 B . C . ) wa l led town of " N e k h e n , " w h i c h is located i n the modern 
N i l e flood p la in along the west bank of the N i l e r iver about 650 k m south 
of Ca i ro . I n this chapter, the name Hierakonpol is w i l l be used to embrace 
a larger archaeological and geographical region surrounding the town of 
N e k h e n , in c lud ing archaeological sites ranging i n age from L o w e r Paleol i thic 
to G r e c o - R o m a n (ca. 250,000-31 B . C . ) . 

T h e best -known and most important aspects of this area are the extensive 
Predynastic (ca. 4000-3100 B . C . ) settlement and cemetery complexes. L o n g 
before and d u r i n g the unification of the Egypt ian state (ca. 3100 B . C . ) , 
Hierakonpol is was a town of religious and pol i t ical dist inct ion and may have 
served as the Predynastic capital of U p p e r E g y p t . Whereas l i tt le was k n o w n 
about the nature and distr ibut ion of sites i n the N i l e flood p la in , the large 
areas of Predynastic occupation (stretching for about 1.5 k m along the l ow 
desert on the edge of the modern cult ivation zone) have been the subject 
of considerable investigation (e.g., refs. 6-8). T h e Predynastic settlements 
and cemetery complexes also extend about 3.5 k m west of N e k h e n into the 
western desert along an ancient drainage course known as the Great W a d i 
or W a d i A b u l Suffian. 

T h e " r o y a l " cemetery complex (Tombs 1 and 2), where a considerable 
amount of fine P l u m R e d Ware (PRW) was found, was located i n the Great 
W a d i . T h e P l u m R e d Ware pottery appeared to have been fired at sites 
along the northern side of the Great W a d i (localities 39 and 59) on the upper 
beds of ancient (Cretaceous) sediments (variegated shales and sandstone) 
that are a part of the N u b i a n formation. 

The N u b i a n sedimentary formation has a different or ig in than the N i l e 
sediments, and the two types of sediments can be easily dist inguished on 
the basis of trace e lement contents (4). As F igure 1 shows, these ancient 
variegated shales and ferrugineous sandstone beds are exposed i n parts of 
the l ow desert surface west of the cult ivation zone, as w e l l as i n the h igh 
desert areas that border the Great W a d i . 

In most areas of the wadi floor and the low desert area, the N u b i a n 
formation is covered by an average of 5 - 7 m of Pleistocene N i l e silts (9). 
These older N i l e sediments represent different episodes i n the evolution of 
the N i l e R i v e r (10-13). T h e oldest N i l e sediments (called Protonile) i n the 
area, exposed at h i g h (about 125 m above sea level) Pleistocene terraces, 
were deposited d u r i n g the L o w e r to M i d d l e Paleol ithic per iod (JO). 

T h e more recent (Neonile) sediments i n the area inc lude the Masmas 
formation (clay and sandy silts deposited some 40,000 years ago). Neon i l e 
sediments called the Sahaba formation are younger (ca. 20,000 B . C . ) , and, 
as seen i n F i g u r e 1, these sediments cover m u c h of the area border ing the 
modern flood p la in on w h i c h most of the Predynastic sites are located. Some 
chemical differences are seen between these two Neoni le sedimentary units 
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3. A L L E N E T A L . Nile Sediments 37 

Figure 1. Map of Hierakonpolis. Some of the important archaeological sites 
are shown along with the sedimentary formations exposed in the area. Tombs 

1 and 2 mark the Predynastic "royal" cemetery. 

(4-5). A final Neon i l e sediment is the younger (ca. 9000 B . C . ) E l - K a b l i t h -
ozone that is exposed i n only one area near locality 24 (14, 15). It was 
anticipated that most of the E l - K a b formation sediments were covered by 
the modern N i l e sediments on the flood p la in and w o u l d be found direct ly 
under these cult ivated soils. 

Experimental Details 

S a m p l e s . T h e A r c h a i c - O l d K i n g d o m wal led town of N e k h e n was i n 
the modern flood p la in . This region (known locally as K o m e l A h m r ) , first 
dug by the E n g l i s h m e n J . E . Q u i b e l l and F. W. G r e e n i n the late 1890s, 
was investigated by an interdisc ipl inary team i n 1984. Several trenches were 
excavated along a small canal between the site and the edge of the nearby 
desert. A manual auger was used to sample the sediments i n the 16 locations 
shown i n F igure 2. V i sua l examination of the sediments and the artifacts 
(pottery) found at each leve l showed that the area around N e k h e n was more 
stratigraphically complex than anticipated. 
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B e l o w the sediments d isrupted by cult ivat ion, a unit (Uni t A) was found 
that was about 120 c m thick and that contained a disorderly mixture (almost 
an inverse t ime sequence) of Roman, Pharaonic, and Predynastic sherds. 
The next 15 c m or so was a c lay-r ich N i l e silt (Unit B) i n w h i c h there was 
a normal ceramic sequence w i t h sherds dating from about 300 B . C . to about 
2500 B . C . Table I describes the typical core sample. The layers of sediments 
were compacted and, i n some cases, partial ly hardened b y a calcareous 
cement, but i n al l cases, the samples could be easily c rumbled . 

Be low U n i t B a silty sand layer (Unit C) was encountered i n the cores 
taken between the mouth of the Great W a d i and the center of the K o m e l 
A h m r . U n i t C contained a sequence of O l d K i n g d o m to late Predynastic 
artifacts dating from about 2500 B . C . to 3200 B . C . B e l o w U n i t C , a very 
compact, wel l -sorted thick layer of N i l e clay and sand was encountered (Uni t 
N) . N o cores or trenches reached below this sedimentary deposit. U n i t N 
contained occasional Predynastic ceramic and flint artifacts. Samples were 
col lected from each 10-15-em auger cut w i t h i n each sedimentary unit i n 
each core or trench. I n addit ion, numerous samples of the Neon i l e deposits 
and other sediments from the nearby low desert and Great W a d i were taken 
for analysis. 

N i l o t i c sediments were sampled across the r iver from Hierakonpol is 
from the N e k h e b formation at E l - K a b (78.5-80 m above sea level), w h i c h 
was thought to have been deposited beginning about 11,000 years ago (15). 
In addit ion , a series of 27 N i l o t i c sediments were col lected from along a 
350-km stretch of the N i l e Val ley i n U p p e r E g y p t . Because the N i l e sedi -

Table I. Definition of Sedimentary Units from a Typical Core Sample from 
Vicinity Between Kom el Ahmr and the Edge of the Cultivation Zone 

Appropriate 
Thickness Approximate Approximate Cultural 

Unit (cm) Dates Period Sediment 
Overburden -100 1968-present Modern Cultivation Zone 
A 120 Ca 220-320 B.C. Ptolmaic Anthropic Nile" 
B 15 to 2500 B.C. New Kingdom Nile 
Sharp contact 

New Kingdom 

C -100 2500-3100 B.C. Archaic Wadi Deposits 
(Dynasty 1-2) 

-50 3100-3200 B.C. Protodynastic 
Gradual contact 
N -75 3200-3400 B.C. Gerzean Nile 

-75 3400-3700 B.C. Amratian Nile 
at least 150 3700 - ?b Badarian Nile 

NOTE : Units are in order of depth from surface (at 82.23 m above sea level) to the bottom of 
the core (about 5 m below the surface). 
This layer appears to be the result of leveling the site for agricultural purposes (ca. 320-220 
B.C.) as described in ancient writings. 
6On the basis of earlier conclusions (14) drawn from site at El-Kab across the Nile from Nekhen, 
the deposition of this series of Nile sediments, which is called the Nekheb lithozone, probably 
began about 9000 B.C. 
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merits originate from different geological terrains in Afr ica , samples of fine 
silts were obtained from the W h i t e N i l e , the B l u e N i l e , and the region of 
K h a r t o u m where these major rivers j o in to form the N i l e before it flows 
north through E g y p t (16). 

A n a l y t i c a l M e t h o d s . Bulk samples of the Nile sediments (200-500 mg) 
were analyzed with instrumental neutron activation analysis (INAA). The basic pro
cedure has been described elsewhere (4, 17). Samples and appropriate geological 
reference standards were irradiated for 1 h in the University of Virginia research 
reactor at a flux of 1.2 X 10 1 3 neutrons cm 2 s 1 . The samples were counted with a 
relatively thin Ge(Li) detector that provided high efficiency and resolution for low 
energies (0.86 keV full width at half maximum ( F W H M ) for a 122-keV Co-57 peak), 
but was sufficiently efficient for counting high-energy 7-rays (1.1% efficiency for 1.332-
M e V Co-60 7-ray relative to 3- X 3-in. N a l crystal). A l l samples were counted 4-7 
days after irradiation and again 30-40 days after irradiation. 

As wil l be discussed later, the initial analysis suggested that the bulk samples 
were very similar in composition. Thus, to understand the differences that were 
observed in the Neonile sediments, a more detailed investigation of the different 
units from the region around Kom el Ahmr was begun. Dried bulk samples were 
examined under a binocular microscope to detect organic matter and to determine 
the grain size distribution. This examination was supplemented with scanning elec
tron microscopy (SEM) to determine the lithology. 

Depending upon the relative proportions of sand and clay, representative sam
ples of between 10 and 50 g were stirred with deionized distilled water for 10 min 
to remove any water-soluble salts (e.g., NaCl). After allowing the sediment to settle 
for 5-6 h, the water was decanted and the water wash cycle was repeated five more 
times. Following the final wash with water, the carbonate salts, which cemented 
some of the grains together, were removed by slowly adding a 5% HC1 solution until 
there was no effervescence. It was anticipated that this acid would also remove iron 
oxide coating from the mineral grains. After rinsing six times with distilled water, a 
sample ( about 1 g) was taken for analysis. 

The remaining material was warmed in a 10% H 2 0 2 solution and allowed to 
stand overnight to remove all organic matter. After washing with distilled water, the 
sediment was suspended in 425 m L of a solution that contained 2.35 g of sodium 
hexametaphosphate (Calgon) and stirred overnight. Within 30 s after stirring was 
stopped, the sample was filtered through a 63-jxm (4-phi mesh) screen to separate 
the sand-sized grains (0.063-2 mm) from the finer particles. Although this fraction 
is described in this chapter as mud, it is a mixture of what sedimentologists would 
call the silt and clay fractions. After washing with distilled water five or six times, 
separate grain size fractions were dried (at 50 °C for 6 h) and sampled for analysis. 

A portion of the sand-sized fraction was mixed with 1,2-tetrabromoethane 
(specific gravity of 2.9). The less dense grains of quartz and feldspar floated on the 
surface and were separated from the more dense (heavy) minerals (mostly pyroxenes, 
amphiboles, opaque minerals, and epidotes). Both fractions were washed with ace
tone 20-25 times, washed with distilled water five or six times, and finally dried 
overnight at 80 °C. For each sediment, both fractions of the sand-sized material were 
then examined with binocular and polarizing light microscopes to determine the 
efficiency of the separations. The less dense fraction was white or clear and composed 
of fragments of quartz and feldspar. This fraction showed very little contamination 
of the grains by the darker mineral fragments that were found in the heavier fraction. 

The separation of specific minerals was not the goal of this study, so there was 
no effort to remove the small number of white quartz fragments from the dark heavy 
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3. A L L E N E T A L . Nile Sediments 41 

minerals. By making these separations, it was possible to analyze the relic minerals 
free from the clay minerals that carry most of the trace elements in these river 
sediments. During the analysis of these fractions, the concentration of Br was used 
to detect contamination of the grains. The results indicated that the extensive washing 
was sufficient to remove the tetrabromomethane. 

Results and Discussion 

N i l e S e d i m e n t s . Throughout the mil l ions of years of its history, the 
N i l e has carr ied sediments to and through Egypt . O n its nearly 7000-km 
course from central and eastern Afr ica to the Egypt ian D e l t a , suspended 
matter is carried by the N i l e R iver . Table II contains a summary of data that 
suggests that the compositions of the sediments that are deposited by the 
N i l e along its banks are very similar. W h e n the 27 samples of modern 
sediment from along a 350-km stretch of the N i l e i n U p p e r E g y p t were 
analyzed by I N A A , there were differences of as m u c h as 3 0 % i n the con
centrations of the 17 elements measured (nine of the rare earth elements, 
T h , U , and the elements i n Table II). The ratios of the various trace elements, 
however, were very similar for each sample, a fact suggesting that the major 
differences were due to variable amounts of quartz sand i n the sediments. 

Quartz typical ly yields low concentrations of the elements w h e n meas
ured by this procedure, and therefore does not contribute significantly to 
the overal l trace e lement composit ion of the bu lk sediment samples. Thus , 
the presence of quartz i n sediments acts as a di lutant to their overall trace 
e lement content. Unfortunately , S i cannot be measured by this I N A A pro -

Table II. Average Concentrations (by Weight) of Some Elements in Bulk 
Sediment Samples from Hierakonpolis 

Sediment 
Formation* 

Fe203 

(%) 
Na20 

(%) 
Co 

(ppm) 
Sc 

(ppm) 
C r 

(ppm) 
Hf 

(ppm) 
La 

(ppm) 
Nile River Sediment 

Composite (27)b 8.5 1.5 28 19 132 6 36 
S.D. ±1.6 ±0.2 ± 6 ± 2 ±17 ± 1 ± 4 

E l Kab (3) 10.8 2.0 33 21 122 8 43 
Sahaba (5) 9.3 2.8 29 21 244 6 33 
Masmas (5) 9.3 1.6 32 18 148 6 33 
Protonile (5) 5.0 1.0 13 7 62 6 23 
Wadi (4)c 5.0 1.0 15 10 78 5.5 23 
Nubian 

Sandstone (4) 0.6 0.05 6 1 n.a. 3.2 6 
NOTE: All samples were measured by INAA. The elemental concentrations of Fe and Na were 
measured but have been calculated as the weight percent oxide, although this calculation 
probably does not represent the exact chemical nature of these species. 
"The number of separate samples of each type shown in parentheses. 
^The average for 27 modern sediment samples from along a 350-km length of the Nile in Upper 
Egypt. The standard deviation for the NRSC samples is typical of that observed for all the 
other groups. 
cMixture or materials (Old Nile and Nubian Formation) washed from the Great Wadi. 
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cedure. A n inverse correlation between S i and the trace elements w o u l d 
prove that d i lut ion by sand was the source of the observed variations i n 
these N i l e sediments. 

Averages for the 27 bu lk samples are given i n Table II for some of the 
elements measured. These averages, cal led N i l e R i v e r Sediment Compos i te 
( N R S C ) , are very s imilar to the averages for modern N i l e sediments compi l ed 
by Tob ia and Sayer (2). This s imilarity c learly confirms that, other than the 
variations due to grain size (sand content), the modern N i l e silts are quite 
uni form i n composit ion. 

Recognit ion of the mechanisms by w h i c h trace elements are part i t ioned 
into minerals suggests the importance of looking at the relative distributions 
of groups of elements that have similar chemical behavior. The rare earth 
elements ( R E E ) , or lanthanides, have been particularly useful because they 
usually occur as tr ivalent cations that differ from each other only i n ionic 
size. E a c h minera l , as i t is formed, partitions the R E E and other trace 
elements into its crystal lattice on the basis of ionic size and charge. T h e 
R E E are d is tr ibuted i n minerals on the basis of size, and the total concen
tration i n a rock depends upon the minerals that are present. In some cases, 
there is an "anomaly" i n the behavior of E u , w h i c h can be separated from 
the others w h e n it is reduced partially to the 2 + oxidation state. 

T h e relative distributions of R E E i n geological materials are often rep 
resented by p lot t ing the normal i zed* R E E concentration (concentration of 
e lement i n the rock d i v i d e d by the average concentration of that e lement 
i n chondrit ic meteorites) as a function of atomic n u m b e r (which is inversely 
proport ional to the radius of the 3 + ion) as shown i n F i g u r e 3. 

In F i g u r e 3 the R E E concentrations i n the N i l e sediments are al l s imi lar , 
so the R E E patterns A , B , and C are offset from each other. These are 
semilog plots. Pattern D is the N R S C , an average of 27 modern N i l e sedi 
ments from U p p e r E g y p t . Pattern A is the average of five samples from the 
Masmas formation (the oldest of the Neon i l e sediments). Pattern C is the 
average of five samples from the Sahaba formation, and Pattern B is the 
average of three samples from the E l K a b formation a l l f rom Hierakonpol is . 
Pattern E is the average of five samples of the m u c h older Protoni le sedi 
ments, and Pattern F is the average of four samples of the even older (non-
Ni le ) N u b i a n formation sandstone. The typical modern N i l e sediment (shown 
as the N R S C ) shows an enr ichment of L a relative to L u and the negative 
E u anomaly (concentration relative to S m and Gd) that is typical of the 
earth's crust. 

T h e results for the average N i l e sediment of U p p e r E g y p t ( N R S C ) 
compare quite w e l l w i t h the averages for the older N i l e sediments ( E l - K a b 
and Sahaba) found at Hierakonpol is (Table II), a result suggesting that there 

* This normalization process helps highlight the effects of geochemical processes on the 
separation of this group of very similar elements (12, 19). 
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Figure 3. Average rare earth element (REE) distributions in sediments from 
Hierakonpolis. 
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has been l i tt le change over the last 20,000 years. H o w e v e r , i f the relative 
concentrations are examined, there appear to be some differences i n the 
R E E distr ibut ion patterns (Figure 3) for the older Masmas formation. A l 
though the concentrations of L a , L u , and E u are very s imilar i n the Masmas 
sediment, the E u is not anomalous but has a concentration that w o u l d be 
expected i n minerals where it was mostly present i n the + 3 oxidation state. 
I n the older Protoni le sediments at Hierakonpol is , the R E E patterns are 
also different and have a pronounced negative E u anomaly and a lower L a / 
L u ratio than the Masmas formation (Figure 3). The differences between 
Protoni le and the younger N i l e sediments are also clear from the other 
elements i n Table I I , and correlation diagrams l ike that i n F i g u r e 4 for C o 
and Sc i n the bu lk samples. 

The results from the N u b i a n sandstone are also shown i n Table II and 
F i g u r e 3 for comparison to the various N i l e sediments at Hierakonpol is . 
These ancient N u b i a n formation sediments, w h i c h contain large amounts of 
quartz, are clearly distinguishable. M a t e r i a l washed from the Great W a d i is 
a mixture containing N u b i a n formation sediments (mainly gravel-sized) and 
the o lder N i l e sediments (mainly m u d and sand-sized) that had been de 
posited on the ancient wadi floor. The s imilarity between the average w a d i 
sediment and the Protoni le sediments (Table II) suggests that the contr i 
butions to the finer sand and mud-s ized material (older N i l e sediments) by 

10 15 20 
Scandium 

Figure 4. Concentrations of Co and Sc in bulk samples of sediments found at 
Hierakonpolis. The Nubian sandstone (•) and the Protonile sediments contain 
far less Co and Sc than the Neonile (Masmas, Sahaba, and El Kab) sediments 
( + ). For comparison the average concentrations for Units B (•), N (x), C (*), 
and the NRSC (A) are shown. Although sediments from Units B and N are 
Neonile, the low concentrations suggest higher proportions of sand (dilutant) 

than in the older Neonile sediments from the low desert area. 
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the N u b i a n sandstone is small . The R E E distr ibut ion patterns suggest that 
the wad i deposits contain some Masmas formation material . 

Cons ider ing the great similarities i n recent N i l e sediments, i t was not 
surpris ing that the average concentrations of trace elements from the various 
levels i n the K o m e l A h m r (Nekhen) area were very similar. A l though U n i t s 
B , C , and N appear to be s imilar to each other (Table III), especially i n the 
relative distributions of the R E E (Figure 5), there are some differences 
between these and the typical N i l e silt ( N R S C ) for some elements. I f U n i t 
B is compared w i t h N R S C and the E l - K a b average, most of the differences 
can be accounted for on the basis of the d i lut ion by sand. 

T h e d i lut ion effect of the coarser grained material (sand-sized fraction) 
can best be seen i n Table I I I , as the m u d (made up mostly of clay minerals) 
fraction (<63 |xm) contains m u c h higher trace e lement concentrations. T h e 
mud-s ized fractions are very s imilar for Uni ts B and N , but the concentrations 
i n the m u d from U n i t C are significantly lower. This dist inct ion of U n i t C 
is even more pronounced w h e n the R E E distributions are compared (Figure 
6). A l though the bu lk samples of a l l three units show characteristic negative 
E u anomalies (Figure 5) i n the m u d fraction (Figure 6), only U n i t C shows 
this E u anomaly. T h e negative E u anomalies i n the bu lk samples of U n i t s 

Table III. Average Concentrations of Some Elements in Sediments from the 
Kom el Ahmr (Nekhen) Area 

Fe203 NazO Co Sc C r Hf La 
Fraction11 (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) 
Sediment Level B 

Bulk (3) 5.6 1.3 18 13.5 137 8.4 32 
Acid Washed (2) 4.0 1.0 13 10.0 81 7.7 8 
M u d (3)* 
Sand (7)b 

13 — 32 29.5 255 9.6 32 M u d (3)* 
Sand (7)b 1.5 — 5 2.8 11 3.3 7 
Heavy (3)b 

Light (4)b 

29 — 67 72.6 674 72.6 56 Heavy (3)b 

Light (4)b 1.1 — 4 1.8 9.2 1.3 6 
Sediment Level N 

Bulk (3) 5.0 1.0 17 11.0 106 6.0 29 
Acid Washed (3) 5.2 1.0 13 10.0 64 6.6 13 
M u d (3) 11.1 — 26 24.5 197 8.1 26 
Sand (9) 2.1 — 11 3.3 32 3.3 8 
Heavy (3) 36 — 75 59 802 56 91 
Light (3) 0.9 — 7.6 1.4 5.9 1.1 7 

Sediment Level C 
Bulk (3) 4.0 0.7 12 7.5 72 8.1 36 
Acid Washed (4) 3.0 0.6 11 6.4 45 7.6 21 
M u d (3) 5.8 — 15 13 100 7.0 31 
Sand (3) 0.3 — 3.7 0.5 6 0.6 8 
Heavy (3) 36 — 69 81 811 115 121 
Light (2) 0.5 — 1.3 0.8 3.3 1.0 5 

flThe number of separate samples analyzed is indicated in parentheses. 
&Heavy- and light-density fractions of sand (2 mm-63 jxm) separated with 1,2-tetra-
bromoethane. Mud-sized fraction is <63 jxrrh 
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REE CONC. / REE CONC.IN METEORITES 
1000-
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Figure 5. Average REE distributions in sedimentary layers below the culti
vation zone in the Kom el Ahmr region. Unit B ( X ) and Unit N (o) were 
deposited directly by the Nile flooding. Unit C (•) sediments were washed from 

the Great Wadi. 

B and N are the result of the large amounts of the coarser minerals that 
have a negative E u anomaly. 

T h e bu lk samples from N e k h e n (Units B , C , and N) contain less F e 
than the other N i l e sediments i n the area. M a n y of these sediments were 
examined by using X - r a y powder diffraction i n an attempt to determine w h i c h 
phases contained i ron and how the oxidation state and mineralogy changed 
d u r i n g the product ion of pottery. There was no clearly def ined crystall ine 
i ron oxide phase present. A l t h o u g h F e may be present as an i m p u r i t y i n 
many of the minerals , i t appears that, i n these sediments, the F e occurs as 
amorphous or fine-grained minera l phases (e.g., geothite, coating the surface 
of other grains). As shown i n Table III , even though the F e is dispersed, it 
is not readily soluble i n di lute acid. 

W i t h the possible exception of C r , the acid wash removes only relatively 
small amounts of these trace elements. A l though it was not measured i n a l l 
samples, the C a content was l ow (1 .5 -3% CaO) and m u c h was easily removed 
i n the acid wash. There are, however, layers of crystalline whi te salt i n the 
older N u b i a n sediments (such as the E s n a or variegated shales) along the 
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100 

100 

100 

10 

1.0 

Figure 6. Average REE distributions in mud sized (<63 \im) fractions from 
Units N (designated as A ) , B, and C in the region of Kom el Ahmr. Number 
of samples analyzed is given in Table III. Note that patterns for Unit N(A) and 

B are offset for clarity. 

sides of the Great W a d i . X - ray diffraction showed these salts to be C a C 0 3 

and C a S 0 4 , w h i c h could be mob i l i zed by water. 
T h e presence o f soluble C a salts i n the sediments of U n i t C was par

t icularly obvious i n our observations using an energy-dispersive X - r a y de
tector w i t h the S E M to compare the intensities of characteristic X-rays . T h e 
results i n Table I V were obtained for the bu lk samples. T h e loss of C a from 
U n i t C sediments (probably as C a C 0 3 ) upon washing w i t h di lute H C l is 

American Chemical Society 
Library 

1155 16th St, N.W. 
Washington. D.C. 20038 
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Table IV. Average X-ray Intensity Ratios of C a / A l and 
C a / S i 

Fraction Ca/Al Ca/Si % CaOa 

Bulk of Unit C 0.43 0.18 3.9 
Unit C sample after 

washing with acid f e 0.37 0.04 n.a. c 

Bulk of Unit N 0.40 0.25 2.0 
Unit N sample after 

washing with acid 6 0.56 0.23 n.a. 
Sahaba Formation 0.36 0.13 3.9 
Straw Tempered Ware 0.36 0.13 2.3 
Plum Red Ware 0.48 0.17 3.4 
Hard Orange Ware 1.40 0.53 11.7 
NOTE : These values are not elemental concentrations. 
"Measured with I N A A with a 10-min irradiation procedure. 
HVashed with 5% H C L 
cn.a. means not available. 

shown by the substantial decrease i n the C a / S i ratio. T h e same pattern was 
found for w a d i sediments, w h i c h , although they are o ld N i l e sediments, 
contain contributions from the N u b i a n formation materials, and probably 
inc lude redeposited C a C 0 3 . 

U n i t C at N e k h e n is clearly different from the sediments above and 
be low it . C o m p a r i n g a l l features ( including the location of its occurrences), 
it is clear that U n i t C is material washed from the wad i and deposited i n a 
small "a l luv ia l fan" d u r i n g the per iod from 3200 to 2500 B . C . A t this t ime , 
N i l e flooding must not have reached the site, but there were substantial 
amounts of water to wash sediments from the wadi . This evidence supports 
other paleocl imatic studies that suggest periods of moist conditions on the 
E g y p t i a n desert (18). 

T h e shape and characteristics of this a l luvial deposit provide a possible 
explanation for the location of the N e k h e n Temple at the mouth of the Great 
W a d i . D u r i n g earl ier neriods (7000 B . C . or earlier), material washed from 
the w a d i may have created a " w a d i fan" that was the h i g h ground i n or near 
the N i l e flood p la in that existed at that t ime. This h igh point d u r i n g N i l e 
floods had religious significance to the early Egypt ians who be l ieved that 
life first arose from such an area i n the midst of the water (19). Th is area 
also had a more practical attraction for Predynastic settlers wish ing to remain 
near the N i l e but above the average flood leve l (20). 

Uni ts B and N are clearly N i l e sediments of s imilar composit ion, despite 
be ing deposited at different times. Besides the varying relative content of 
clay (mud) and the coarser grained minerals , the only reason one w o u l d 
expect to see variations w i t h t ime w o u l d be i f the drainage patterns had 
changed. F r o m a geological standpoint, the drainage basins of the B l u e N i l e 
(and Atbara) and W h i t e N i l e basins are significantly different. T h e P r e c a m -
brian undifferentiated metamorphic rocks of the B l u e N i l e basin are covered 
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by volcanic rocks. T h e older (Late Cretaceous-Tert iary) occurrences are 
mainly as flood basalts, w i t h interbedded trachytes and rhyolites near the 
top. T h e younger (Pl iocene-Quaternary) volcanic rocks, exposed i n the L a k e 
Tana Basin and i n several tr ibutary gorges of the B l u e N i l e , occur as basaltic 
cones and craters w i t h some tuffs and alkali rhyolites at the top. T h e W h i t e 
N i l e basin is under la in by Precambrian igneous and high-grade metamorphic 
rocks such as gneisses, mica schists, granulites, granodiorites, serpentinites, 
and quartzites. The contr ibut ion of the sedimentary cover to both basins is 
very l i m i t e d (16). 

D u r i n g the modern times before the dam, the B l u e N i l e and Atbara 
were thought to contribute about three-fourths of the sediments that traveled 
to E g y p t . I f this ratio differed i n the past, then any differences w o u l d best 
be observed i n coarse-grained minera l fractions. A l though this fraction was 
typical ly 9 0 % quartz and feldspar, it does contain the heavy minerals char
acteristic of the geological terrains. S h u k r i (21) first observed that sediments 
from the B l u e N i l e contained a higher frequency of pyroxene minerals , 
whereas the W h i t e N i l e contained a higher frequency of epidotes (21). Such 
differences i n the frequency distributions of heavy minerals could result i n 
dist inctive differences i n the trace element distributions. F o r example, e le
ments l ike C r are generally more concentrated i n the volcanic rocks dra ined 
by the B l u e N i l e , whereas elements l ike T h and H f might be expected i n 
the minerals from the metamorphic rocks drained by the W h i t e N i l e . I n the 
sand-sized fraction of the samples from Uni t s B and N (Table III), the con
centrations vary considerably from sample to sample, especially w i t h i n U n i t 
N , and there is considerable overlap i n the concentration ranges for the two 
units. 

I n a n u m b e r of cases, geochemically s imilar elements are w e l l correlated 
to each other i n the sand fractions from each unit (e.g., S m and E u i n F i g u r e 
7). This correlation is not surpris ing i f the trace elements are associated w i t h 
the heavy minerals . Smal l variations i n the amount of a particular heavy 
minera l w i l l cause large differences i n the trace e lement content measured, 
i f the sand fraction is mostly quartz and feldspar, w h i c h contain so few trace 
impuri t ies . F i g u r e 7 shows the relationship between S m and E u . There is 
a correlation between these elements i n the samples from each of the two 
levels. F igure 7 suggests that there is a different S m / E u ratio for the sands 
from these two N i l e sediment deposits. 

S imi lar relationships are found for other elements l ike Sc and C r . I n 
the sand-sized fractions, the R E E distr ibut ion patterns show a more pro 
nounced negative E u anomaly and higher L a / L u ratio for the material from 
U n i t N as compared to samples from U n i t B . Interpretation of these obser
vations is difficult because the heavy fractions contain as many as 10 different 
minerals . Pyroxene (mainly augite), amphiboles (mainly hornblende) , i ron 
oxides, chromite , i lmeni te , rut i le , and z ircon were identi f ied by using a 
polar iz ing microscope and energy-dispersive X - r a y analysis. However , the 
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Figure 7. Relationships between the normalized Sm and Eu concentrations 
(ratio of concentrations of each element to concentrations in chondritis me
teorites) for the sand-sized fractions (2 mm to 63 jxra) of the Nile sediments of 

Units B (X) and N (*) in the Kom el Ahmr region. 

trace e lement data suggests that there must be differences i n the relative 
proportions of the various heavy minerals that are present. 

S h u k r i (21) indicated that the frequency distributions of minerals from 
the B l u e and W h i t e Ni l es differ, so differences i n the mineralogical c om
position of the heavy sand fraction could result from varying the contributions 
from the two sources. T h e geological differences i n the two drainage basins 
had suggested that C r might be an element that was characteristic of the 
volcanic rocks of the B l u e N i l e source. To he lp confirm this suggestion, 
A h m e d E l - K a m m a r of Ca i ro Univers i ty analyzed silt (very fine-grained sed
iments) from the B l u e and W h i t e Ni l es (collected early this century) by us ing 
instrumental neutron activation analysis. The C r / T h ratio i n silt from the 
N i l e north of K h a r t o u m was 20, w h i c h compared w e l l w i t h the N R S C , 
w h i c h was 17, and the ratios for the m u d fractions of Uni t s B and N w h i c h 
were 23 and 15, respectively. F o r the silt from the B l u e N i l e (above K h a r 
toum), the C r / T h ratio was about 43 w i t h a C r concentration that was only 
2 0 % higher than that i n the M a i n N i l e silt. F o r the W h i t e N i l e silt , the C r 
was substantially lower and the T h only sl ightly higher than for the B l u e 
N i l e . T h e C r / T h ratio i n the W h i t e N i l e silt was about 10 (16). A l t h o u g h 
this result does indicate the geochemical differences we expected, this size 
fraction (primari ly clay minerals) has become homogenized and does not 
preserve the characteristics of the geological source as w e l l as the unaltered 
minera l fragments i n the sand-sized fraction (21). 

F i g u r e 8 shows the results for the ind iv idua l analysis of the sand-sized 
fractions from Uni t s B , N , and C as a triangular correlation diagram for C r , 
H f , and T h . Ignoring the samples from U n i t C , w h i c h is a wad i sediment 
that may be representative of very o ld N i l e deposits, the material from U n i t 
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C r 

H I 
T h 

Figure 8. Correlation diagram for Cr, Th, and Hf in the sand-sized (2 mm to 
63 iim) fractions from Units N ( x ) , B (*), and C (o) at Hierakonpolis and the 
Nekheb lithozone across the Nile at El-Kab (•). This diagram is made by 
summing the concentrations of Cr, Th, and Hf in a sample and calculating 
the fraction which each element contributes to this summation. The % Cr in 

the sum is on the right side (100% at the top) and % Hf is on the left. 

N clearly contains a higher proport ion of C r than U n i t B . This information 
suggests that the contributions from the B l u e N i l e (East Afr ican source) were 
higher d u r i n g the deposit ion of U n i t N than dur ing the deposit ion of U n i t 
B . This difference shows up only i n the sand-sized fraction where the u n 
altered fragments of minerals from the different geological terrains are found. 

A l though not as many samples analyzed, the same t rend holds w h e n 
data for the heavy minera l port ion of the sand fraction are s imilar ly plotted. 
T h e fine-grained fraction, w h i c h contains pr imar i l y the clay minerals (prod
ucts of the chemical alteration of the rock-forming minerals) , generally con
tains m u c h higher concentrations of these trace elements. T h e compositions 
of the " m u d " fractions are very s imilar for a l l of the samples from U n i t s B 
and N . In fact, the concentrations i n the bu lk samples are essentially de
termined by the fraction of " m u d " i n the sample. The overwhelming d o m 
ination of the fairly homogeneous m u d fraction shows u p w h e n the data from 
this fraction and from the b u l k samples are plotted i n the same manner as 
i n F i g u r e 8. A l l of the samples (mud fraction and bulk samples) from Uni ts 
B , C , and N c l u m p together on such a plot. 

T h e C r / T h ratio is somewhat higher i n the heavy minerals from U n i t 
N than from U n i t s B and C , but it appears that an important factor i n F i g u r e 
8 is the relative proport ion of l ight and heavy minerals i n the coarse fraction. 
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A mass balance using data from the density fractions and the entire sand 
fraction suggests that heavy minerals containing C r , T h , and H f represent 
about 1 -2% of the sand-sized material from U n i t B and 4 - 5 % from U n i t N . 

A r c h a e o l o g i c a l I n t e r p r e t a t i o n o f G e o c h e m i c a l F i n d i n g s . In ad
d i t ion to suggesting changes over t ime i n the relative contributions of the 
Ni le ' s two drainage basins to its sediment load, our geochemical research 
clarifies a n u m b e r of related sedimentological , c l imatic , and archaeological 
issues. 

S E D I M E N T O L O G I C A L I S S U E . F i r s t , the analysis of the sand-sized frac
tions gave a rel iable method to correlate the various N i l e sediments i n the 
v ic in i ty of Hierakonpol is . Because the sediments of U n i t N , w h i c h were 
deposited d u r i n g the Predynastic per iod up to about 3200 B . C . , cou ld be 
dist inguished, we compared them to sediments from the archaeological sites 
on the east bank of the N i l e at E l - K a b . 

Vermeesch (15) recorded a series of sediments under the cult ivation 
zone at E l - K a b that inc luded the N e k h e b lithozone (fine sand and clay), that 
was assigned an age earl ier than the Predynastic per iod. W h e n sand-sized 
fractions of N e k h e b material from E l - K a b were analyzed, i t became clear 
that the N e k h e b formation and U n i t N at Hierakonpol is were the same N i l e 
sediments. In F i g u r e 8, the correlation of C r , T h , and H f i n the Nekhejb 
formation is the same as for U n i t N . T h e R E E distr ibut ion patterns for these 
two groups of sediments also match (Table V). This approach not only al lowed 
similar N i l e sediments to be dist inguished (Units B and N) but also a l lowed 
us to match deposits from different locations i n the area ( E l - K a b and Nekhen) . 

Because one port ion of the sediment formation (Unit N) can be dated 
by the archaeological context (pottery dating to ca. 3200 B . C . on the top of 
U n i t N) , this data can be appl ied to date the geological horizons at other 
locations where the sediments are found. B y comparing both sides of the 
N i l e , i t appears that the episodes of flooding represented by the E l - K a b 
formation predated the Predynasitc habitation of Hierakonpol is , and the 
N e k h e b l ithozone represents material that was deposited by the per iodic 
flooding that occurred dur ing m u c h of the Predynastic per iod . 

C L I M A T I C I S S U E . Second, analysis of sediments around the K o m e l 
A h m r throws new l ight on local c l imatic conditions that affected the h u m a n 
patterns of settlement observed by archaeologists. L o n g before the large-
scale Predynastic occupation of the region (ca. 4000-3100 B . C . ) , r i c h N i l e 
sediments (Masmas, Sahaba) were deposited i n late Pleistocene times (ca. 
30,000-12,000 B . C . ) over what is now the low desert. 

Late Paleol i thic and Meso l i th i c peoples camped on the h igh ground 
along wadi channels and hunted , fished, and gathered plants i n that r i c h 
habitat. W h e n the N i l e floods began to decl ine substantially after about 
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Table V. Average Concentrations of Several Elements 
Measured by I N A A in the Sand-Sized Fraction of 

Sediments from Unit N at Neken and the 
Nekheb Formation at E l - K a b 

Nine Samples 
from Nekhenb 

Three Samples 
from El-Kabb Element0 

Nine Samples 
from Nekhenb 

Three Samples 
from El-Kabb 

La 25 ± 3 26 ± 3 
Ce 18 ± 2 19 ± 3 
N d 11 ± 2 12 ± 1.5 
Sm 7.6 ± 1 7.4 ± 0.6 
E u 4.4 ± 0.3 4.5 ± 0.4 
G d 6.3 ± 0.8 5.9 ± 0.7 
Tb 5.7 ± 0.7 5.3 ± 0.6 
Yb 3.8 ± 0.6 3.3 ± 0.2 
L u 3.6 ± 0.5 3.2 ± 0.6 
F e 2 0 3 (%) 2.1 ± 0.3 3.5 ± 0.6 
Co (ppm) 10.7 ± 3.7 11.2 ± 1.3 
Sc (ppm) 3.3 ± 0.5 5.2 ± 0.6 
C r (ppm) 32 ± 6 39.6 ± 6.7 
Th (ppm) 3.6 ± 0.6 3.2 ± 0.5 
U (ppm) 0.5 ± 0.1 0.6 ± 0.15 
Hf(ppm) 3.3 ± 0.6 3.56 ± 0.4 
a R E E are normalized to their concentration in chondritic meteo
rites. Fe concentration has been calculated as % F e 2 0 3 . Other 
elements are reported as ppm (weight basis). 
^Average of samples with standard deviation from the mean. 

10,000 B . C . , the r i c h late-Pleistocene silts were left h igh and dry , and this 
p rov ided an ideal environment for early Predynastic agrarian peoples. 

D u r i n g the midd le Holocene era, occasional summer rainy intervals 
(see ref. 22) carried desert sediments down the Great W a d i into the modern 
flood p la in , bu i ld ing up a succession of a l luvial fans under what w o u l d later 
be the site of the wal led city of N e k h e n (Kom e l Ahmr) . The leve l of N i l e 
flooding i n this area (marked by the N e k h e n lithozone) reached to w i t h i n 
about 100 m of the modern boundary between the cult ivation and the low 
desert, at an elevation of approximately 80 m above sea leve l . 

After about 3500-3400 B . C . , rains ceased, the Great W a d i was t e m 
porari ly deactivated; simultaneously, the leve l of the N i l e floods dropped. 
Concurrent ly , the focus of the human occupation shifted from the low desert 
toward the flood p la in , and the site of N e k h e n experienced substantial growth 
(23). After the pol i t ical unification of E g y p t under the first pharaohs (ca. 
3100 B . C . ) , N e k h e n cont inued to flourish for centuries before going into 
slow decl ine after about 2500 B . C . N e k h e n was finally abandoned (except 
for its temple) after 2230 B . C . 

T h e pol i t ical and cul tural reasons for maintaining a nucleated populat ion 
around N e k h e n must have been strong indeed at this t ime, i n l ight of the 
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renewed l ight rainfall on the desert between about 3200 and 2500 B . C . that 
created the U n i t C wadi deposits. I n contrast to earlier Predynastic times 
(ca. 3800-3400 B . C . ) , no settlements sprouted i n the desert. This last h u m i d 
episode seems to have tapered off by the midd le of the P y r a m i d Age (O ld 
K i n g d o m , ca. 2500 B . C . ) , although sometime between 2500 B . C . and the 
Roman per iod , the N i l e floods again ran h igh enough to reach to the desert's 
edge. 

A l though N e k h e n had lost a l l but its religious importance after the 
pol i t ical upheavals accompanying the end of the O l d K i n g d o m (ca. 2230 
B . C . ) , archaeological analysis of U n i t A suggests that agriculture remained 
an important activity. Pottery recovered from the layer exhibited reverse 
stratigraphy that proved it to be a mixture of materials ranging from about 
2500 B . C . to A . D . 100 and suggested that it was an anthropic soil (24). T h e 
trace e lement concentrations i n U n i t A suggest that it is a mixture of both 
older and younger N i l e sediments. The archaeological and geochemical anal 
ysis, w h e n combined w i t h historical evidence for large-scale agricultural 
development i n both Greek and Roman times (ca. 300 B . C . - A . D . 500), 
provides unusually consistent evidence for the impact of h u m a n activity on 
local flood p la in morphology. It appears that sediments from nearer the N i l e 
were moved to the area near N e k h e n as part of a " l a n d rec lamation" program. 

A R C H A E O L O G I C A L I S S U E . A t h i r d issue clarif ied by geochemical r e 
search is archaeological and deals specifically w i t h the changing technology 
of Predynastic pottery product ion. O v e r the last 90 years, the str iking hand 
made pottery of the Predynastic era has been a major focus of archaeological 
and Egyptological inqu i ry . Archaeologists estimate that perhaps 50,000,000 
broken pieces of Predynastic pottery l i t ter the low desert at H i e r a k o n p o l i s - a 
n u m b e r and density far exceeding any k n o w n site i n E g y p t . I n addit ion, 
there is extensive evidence for Predynastic pottery ki lns i n the settlements 
at Hierakonpol is . Th is extent is s tr ik ing compared to only one possible ex
ample of a k i l n found at any of the other sites i n Egypt ! O u r ongoing studies 
of this pottery continue to rely upon our abi l i ty to understand the sediments 
(clays) used i n the product ion of the pottery. 

This research on pottery has three aspects. The abi l i ty to differentiate 
w i t h trace elements different sedimentary units al lowed us to conclude that 
pottery was produced from N i l e deposits located i n the immediate v i c in i ty 
of the po t ters workshop and ki lns (25). T h e finer P l u m R e d Ware , most 
popular between ca. 4000 and 3400 B . C . , and most common i n cemeteries, 
was made from the same N i l e sediments as the more common Straw T e m 
pered Ware that dominated settlement ceramics. The P l u m R e d Ware was 
often fired i n specific areas that may have behaved l ike natural w i n d tunnels 
(e.g., Loca l i ty 39 and 59 i n F i g u r e 1). O u r more l i m i t e d studies of H a r d 
Orange Ware (a fine pottery most popular after about 3400-3200 B . C . ) have 
shown that, although made from local N i l e sediments, there was a significant 
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addit ion of C a salts to the paste as temper (26). This finding confirms mor 
phological analysis that indicated the addit ion of crushed bone, shel l , or 
calcite to the paste before firing. C h e m i c a l analysis reveals C a concentrations 
of around 12% for H a r d Orange Ware (Table IV) compared to 2 - 4 % i n the 
N i l e sediments and an average of 3% for P l u m R e d Ware . Reaction of C a C 0 3 

by treatment of ground H a r d Orange Ware sherds w i t h di lute H C 1 and 
microscopic examination show clearly that C a salts were del iberately added 
to the N i l e sediments. Studies (I , 4) suggest that calc ium carbonates lower 
the firing temperatures to be low those necessary to produce the c ommon 
Straw T e m p e r e d Ware , and al low the manufacture of harder, finer ( H a r d 
Orange) ceramics that rapid ly replaced the earl ier (P lum Red) fine ware that 
appeared to be somewhat more difficult to fire. 

T h e replacement of one fine ware by another invo lved not only a tech
nological change but correlated w i t h the major shift of settlements from the 
desert toward the flood p la in . The analysis of core samples from K o m E l 
A h m r also suggests a change i n the patterns of N i l e flooding at about this 
same t ime. In addit ion, a l l of these changes coincide w i t h the emergence 
of the nation-state w i t h the legendary earliest pharaohs from this locality. 
O n l y future research w i l l reveal whether or how these events relate to each 
other. 

A t h i r d research theme suggested b y our geochemical studies of P r e 
dynastic ceramic technology at Hierakonpol is deals w i t h the differences i n 
methods of product ion between P l u m R e d and Straw T e m p e r e d wares. 
Init ia l ly , we suggested that the somewhat increased C a content i n the P l u m 
R e d Ware may have been due to the deliberate addit ion of C a salts (27). 
The present studies of the w a d i sediments and U n i t C suggest, however , 
that the older N i l e sediments contain an acid-soluble C a phase deposited, 
m u c h l ike the F e , on the surface of particles. F i n e r grained particles w i t h 
more surface area appear to contain most of this soluble C a . This C a probably 
originates from the C a salt deposits in the older shale sediments that are 
redeposited from solution onto the N i l e sediments. 

T h e P l u m R e d Ware shows clear evidence that m u c h of the coarser 
grained material was removed from the N i l e sediment to produce the clay 
paste. Trace e lement concentrations (e.g., R E E patterns) are generally 
higher (because of removal of the quartz dilutant), and microscopically the 
average grain size d istr ibut ion is smaller. This finding reinforces earl ier 
archaeological observations that the fine P l u m R e d Ware paste was probably 
cleaned by water separation. Thus , the grain size separation w o u l d have 
elevated the C a to the levels i n the paste, because as the finer grained 
particles have more surface area. This small increase i n C a content may not 
have substantially a ided i n reduc ing the mel t ing or reaction point of the 
clay. However , the presence of fine-grained dispersions of C a on the clay 
surfaces w o u l d have been more effective than large-grained Ca-containing 
particles present as minera l inclusions or added as temper. 
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F i n a l l y , as chemists and archaeologists, i t is interesting for us to be able 
to demonstrate, w i t h a variety of analytical techniques, that whi le the early 
Egypt ians of Hierakonpol is were transforming their society into the world 's 
first pol i t ical ly central ized nation-state, they were also recognizing the ut i l i ty 
of natural materials to aid them i n transforming humble N i l e clays into new 
forms of economically, artistically, and symbolical ly important ceramics. 

References 
1. Edwards, W. I.; Segnit, E . R. Archaeometry 1984, 26, 69. 
2. Tobia, S. K . ; Sayre, E . V. In Recent Advances in Science and Technology of 

Materials; Bishay, A., Ed.; Plenum: New York, 1974; Vol. 3, pp 99-128. 
3. Kaplan, M. F.; Harbottle, G.; Sayre, E . V. Archaeometry 1982, 24, 127. 
4. Allen, R. O.; Rogers, M . S.; Mitchell , R. S.; Hoffman, M . A. Archaeometry 

1982, 24, 199. 
5. Allen, R. O.; Hamroush, H . A. In Archaeological Chemistry III; Lambert, J. 

B. , E d . ; Advances in Chemistry Series No. 205; American Chemical Society: 
Washington, D C , 1984; pp 51-66. 

6. Hoffman, M. A . Egypt Before the Pharaohs; Knopf: New York, 1979. 
7. The Predynastic of Hierakonpolis; Hoffman, M. A . , Ed.; Egyptian Studies As

sociation: Alden, Oxford, 1982. 
8. Hoffman, M. A. Anthropology 1980, 4, 51. 
9. Butzer, K. Science (Washington, DC) 1960, 132, 1617. 

10. Said, R. The Geological Evolution of the River Nile; Springer-Verlag: New York, 
1981. 

11. Hassan, F. A . Science 1981, 212, 1142. 
12. Hamroush, H . A. In The Predynastic of Hierakonpolis; Hoffman, M. A., Ed.; 

Alden: Oxford, 1982; pp 93-100. 
13. Wendorf, F.; Schild, R.; Issawi, B. The Prehistory of the Nile Valley; Academic: 

New York, 1976. 
14. Vermeesch, P. M. El Kab II; University of Leuven: Leuven, 1978. 
15. Vermeesch, P. M. Chronique d'Egypte 1970, 45, 89. 
16. El Kammar, A . personal communication 
17. Allen, R. O.; Pennell, S. E . In Archaeological Chemistry-II; Carter,G. F., Ed.; 

Advances in Chemistry Series No. 171; American Chemical Society: Washington, 
D C , 1978; pp 230-257. 

18. Wendorf, F. ; Hassan, F. A. In The Sahara and the Nile. Quaternary Environ
ments and Prehistoric Occupation in North Africa; Williams, M. A. J.; Faure, 
H., Eds. ; Academic: New York, 1980; pp 49-103. 

19. Ions, V. Egyptian Mythology; Newnes Books: Middlesex England, 1982. 
20. Hoffman, M. A.; Hamroush, H. A.; Allen, R. O. J. Am. Res. Cent. in Egypt (in 

press). 
21. Shukri, N . M. Quart. J. Geol. Soc. 1950, 106, 466. 
22. Ritchie, J. C.; Eyles, C. H.; Haynes, C. V. Nature (London) 1985, 314, 352. 
23. Hoffman, M. A.; Hamroush, H. A.; Allen, R. O. Geoarchaeology 1987, 2, 1. 
24. Allen, R. O.; Hamroush, H.; Hoffman, M . A. Anal. Chem. 1986, 58, 572A. 
25. Jacquier, H.; Jacquier, J . personal communication 
26. Allen, R. O.; Hamroush, H. Chemtech 1986, 16, 484. 
27. Allen, R. O. J. Chem. Ed. 1985, 62, 37. 

RECEIVED for review September 15, 1987. ACCEPTED revised manuscript July 11, 
1988. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
3

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



4 

Compositional Data Analysis 
in Archaeology 

Ronald L. Bishop and Hector Neff 

Conservation Analytical Laboratory, Smithsonian Institution, 
Washington, DC 20560 

As compositional analysis has become more routine in archaeological 
investigations, deficiencies in the numerical techniques used for data 
reduction and summary have become more apparent. A brief over
view of techniques commonly used in the analysis of compositional 
data is presented as well as an example illustrating how data modeling 
(as opposed to data summary) can facilitate both the recognition of 
relevant data structure and inferences from data structure to un
derlying natural and cultural processes. 

THE APPLICATION OF CHEMICAL ANALYTICAL TECHNIQUES to archaeolog
ical questions has a long history that extends back to the late 1700s (I). M a n y 
of the earl ier investigations dealt w i t h the compositional characterization of 
objects to elucidate aspects of their properties, such as color. Yet, as H a r 
bottle (2) has noted, by the e n d of the 19th century, chemists l ike D a m o u r 
and H e l m v iewed the chemical analysis of artifacts as a means of document ing 
long-distance traffic i n particular materials. T h e basic approach of de te rmin 
ing a chemical composit ion for an object and then comparing that profile to 
others s imilarly der ived has been elaborated since that t ime. Today, the 
chemical characterization of artifacts constitutes a basic archaeological ap
proach that can be used to address not only problems pertaining to long
distance exchange but to intraregional product ion and distr ibut ion (3), de
velopment of craft specialization (4), and typological ref inement (5, 6), among 
other issues. 

Despi te the vo lume of data generated and the variety of applications, 
development and testing of data-handling techniques have lagged. There is 
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not a "cookbook" approach to data analysis any more than there is some 
ideal group or n u m b e r of e lemental concentrations to determine for a l l 
applications. C o m p l e x natural and cultural interactions can account for m u c h 
of the observed composit ional variation, and one must be aware of these 
interactions to achieve a greater understanding of the data. I n the discussion 
to follow, we w i l l be concerned w i t h aspects of multivariate data analysis 
that lead us toward the position that many of the questions be ing addressed 
i n a composit ional investigation require mode l ing rather than mere ly s u m 
mar iz ing the data. 

Background 

The development of increasingly sophisticated analytical instrumentation 
that allows numerous elemental concentrations to be determined i n a r e l 
atively short t ime and increased throughput of specimens has had a dec ided 
impact on archaeology. It has even been c la imed (7) that the availabil ity of 
analytical capabil ity is partial ly responsible for concentrated archaeological 
attention to material exchange d u r i n g the 1970s. W i t h the interest among 
archaeologists and the technological advances has come a staggering amount 
of analytical data. N u m e r i c a l summarization of these data, assisted by the 
increasing speed of the computer and availabil ity of general-purpose statis
tical packages, is a v i ta l l ink between the generation of data and its in ter 
pretation w i t h i n the archaeological context. 

D a t a analysis has not been neglected by archaeologists and "archaeo-
metr i c ians . " N u m e r o u s papers have described various techniques appl ied 
to specific sets of data. Others have described how particular options of 
readily available commerc ia l programs are used (8-11). A t t imes, routine 
numer i ca l procedures appl ied to we l l -determined data have been in ter 
preted i n a manner that fails to contribute to increased archaeological u n 
derstanding. I n many of these efforts there is an inappropriate use of 
statistics, failure to understand the component nature of the material be ing 
analyzed, or a failure to bridge from the analytical data to the archaeological 
context. In more general terms, the speed of data product ion and c o m p u 
tation has outpaced the logic of the investigation. 

Because we recognize that the merger of archaeological investigation 
w i t h physicochemical analysis is s t i l l evolving, we w i l l try to avoid reference 
to specific applications where we bel ieve basic mistakes were made. Instead, 
we w i l l discuss problems arising i n the compositional analysis of archaeo
logical materials i n an abstract or generic manner. This approach may subdue 
the inc l inat ion some investigators may feel to engage i n v i tr io l i c rebuttal 
l ike that w h i c h fol lowed Thomas's (12) general cr i t ique of statistical practice 
i n archaeology (13). 

A l t h o u g h many of the comments i n this chapter are applicable to sit
uations encountered dur ing the analysis of data from diverse types of ar-
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4. B I S H O P & N E F F Compositional Data Analysis 59 

chaeological materials, we w i l l i l lustrate our points i n a later section w i t h 
examples drawn from ceramic compositional systems. O u r examples w i l l 
incorporate very wel l -understood and artificial (or " d u m m y " ) data, as ap
propriate i n a discussion of methodology. 

Goals of Data Analysis 

Composi t ional analysis of archaeological materials entails a series of nondis -
crete steps of research design: 

• prob lem formulation, 
• sample selection, 
• analytical approach, 
• data analysis, and 
• data integration. 

T h e nature of the specified prob lem w i l l suggest w h i c h samples and 
how many w i l l be considered, whether raw source materials w i l l be inc luded 
i n the investigation, the spatial and temporal extent of sampling, etc. C e r 
tainly, sampl ing of an interregional investigation w i l l differ considerably from 
the more demanding requirements for an intraregional focus (14). Once the 
prob lem is formulated and samples are specified, selection of an appropriate 
analytical technique ideal ly depends upon the sensitivity and precis ion r e 
qu i red to address the prob lem at hand. O n a more practical l eve l , one cannot 
dismiss considerations of instrumental availabil ity and cost. 

A data matrix produced by compositional analysis commonly contains 
10 or more metr ic variables (elemental concentrations) de termined for an 
even greater n u m b e r of observations. T h e br idge between this m u l t i d i m e n 
sional data matrix and the desired archaeological interpretation is mul t ivar 
iate analysis. T h e purposes of multivariate analysis are data exploration, 
hypothesis generation, hypothesis testing, and data reduct ion. Appl i ca t ion 
of multivariate techniques to data for these purposes entails an assumption 
that some form of structure exists w i t h i n the data matrix. T h e not ion of 
structure is therefore fundamental to compositional investigations. 

Structure w i t h i n a compositional data set is the differential occurrence 
of data points i n the n-space def ined by e lemental concentrations. O n e s imple 
k i n d of structure consists of points grouped around two centroids, or centers 
of mass, i n the e lemental concentration space. Structure w i t h i n a compo
sitional data set is assumed, impl i c i t l y or expl ic i t ly , to reflect the under ly ing 
process responsible for the data. Thus , i n the case of the two-centroid struc
ture just ment ioned , an under ly ing process, such as procurement of clay 
from two sources, is assumed. 

Different operational levels may exist for the inference of process from 
structure. F o r example, principal-components analysis (a method descr ibed 
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later i n this chapter) permits compression of multivariate data into a few 
dimensions and yields a scatterplot of what appear to be two groups (Figure 
1). T h e two groups are readily recognizable by using several different kinds 
of cluster analysis; the group separation is readi ly conf irmed w i t h d i s c r i m 
inant analysis. I n fact, one group was formed from the other by m u l t i p l y i n g 
al l e lemental concentrations by 0.66. This example approximates the effect 
of a relatively pure temper (e.g., quartz sand) on the clay composition of 
ceramics (16). Part icular ly i n ceramic product ion , an observed composit ional 
profile might relate not only to the natural realm (source rocks, weathering, 
erosion, transportation, etc.), but also to the cultural realm (social and i n 
d iv idua l patterns of materials procurement and preparation). 

T h e search for structure proceeds according to some mathematical 
mode l that can organize and represent the information i n a data matrix. 
Part icular kinds of associations between data entities or variables may be 
e x a m i n e d — b u t always relative to the particular mode l used (17). These 
models are at the same t ime structure-reveal ing and structuring. This con
cept is i l lustrated b y three natural groups shown relative to concentrations 
of F e and Sc i n the scatterplot i n F i g u r e 2. Because of intere lemental cor
relations, the groups form elongated ellipses, yet are ful ly separable at the 
9 5 % confidence interval . I f a hierarchical cluster analysis based on E u c l i d e a n 
distances calculated from logged F e and Sc values were carr ied out, the 
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Figure 1. Example showing how proportional dilution may create compositional 
subgroups. "Diluted" specimens were created by multiplying 17 elemental 

concentrations in the nondiluted specimens by 0.66. 
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result ing spherical clusters w o u l d confound the group membership . If, how
ever, a hierarchical cluster analysis were carried out by using E u c l i d e a n 
distances calculated from standardized principal -component scores, the re 
sult ing clusters w o u l d correspond to the groups evident i n the scatterplot. 

W i t h o u t any pr ior knowledge of the structure i n the data set i n F i g u r e 
2, one might beg in a search for structure w i t h an analysis of the straight-
l ine distances between points i n the data set. Hierarch ica l cluster analysis 
of E u c l i d e a n distances implements a systematic approach to the analysis of 
straight-l ine distances. (Euclidean distance is the n-dimensional general i 
zation of straight-l ine distance, and is discussed i n greater detai l later. Cluster 
analysis is a method of representing the E u c l i d e a n distances in two d i m e n 
sions, and is also discussed later). However , the cluster analysis approach 
i n this case fails to represent the known relationships among the k n o w n 
groups, although groups of closely s imilar samples are formed. 

The prob lem lies i n the model . T h e E u c l i d e a n distance calculation is 
inappropriate for use w i t h correlated variables because it is based only on 
pairwise comparisons, without regard to the elongation of data point swarms 
along particular axes. I n effect, E u c l i d e a n distance imposes a spherical con
straint on the data set (18). W h e n correlation has been removed from the 
data, (by derivation of standardized characteristic vectors) E u c l i d e a n distance 
and average-linkage cluster analysis re turn the three groups. 

M o s t of the t ime, we do not have absolute a p r i o r i knowledge regarding 
the n u m b e r of groups i n a data set, or the relationships among the variates. 
Several rather distinct populations w i t h differing patterns of intere lemental 
correlations may be represented. I n such cases, inspection of correlations 
whose pattern is pooled over a l l samples may not be informative (although, 
as i n the example just presented, inspection of scatterplots alone may provide 
information o n the n u m b e r of groups l ike ly to be found). 

A s s u m i n g that a data set has some natural or o p t i m u m structure and 
that a g iven mult ivariate approach w i l l be able to reveal it is a b l i n d approach 
to data analysis. Because mathematical pattern-recognition techniques not 
only reveal structure but may impose structure as w e l l , more informed 
application of mult ivariate techniques is needed. T h e choices among data 
analytical approaches must be made w i t h reference to the stated research 
prob lem and an awareness of the requirements and assumptions of the var
ious multivariate techniques. Different groups w i l l be formed or different 
aspects of the data investigated depending upon specific prob lem formula
t ion. F r o m this perspective, one may reject outright naive notions of uni form 
methodology invo lv ing mult ivariate data analysis (11). 

Multivariate Techniques and the Search for Structure 

T h e l iterature deal ing w i t h the multivariate techniques of pattern recogni 
t ion , numer ica l taxonomy, group evaluation, etc. is extensive (e.g., reference 
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4. B I S H O P & N E F F Compositional Data Analysis 63 

19). This discussion provides only an outl ine of the techniques that have 
been used to search for structure i n compositional data matrices generated 
by the analysis of archaeological materials. Before many of the techniques 
are used, however, some pretreatment of the data may be necessary. 

Data Representation. Transformations can be appl ied to the data 
so that they w i l l more closely follow the normal d istr ibut ion that is r equ i red 
for certain procedures or for removing (or lessening) unwanted influences. 
Cer ta in ly for data analysis i n w h i c h major, minor , and trace e lemental con
centrations are used, some form of scaling is necessary to keep the variables 
w i t h larger concentrations from having excessive weight i n the calculation 
of many coefficients of s imilarity . 

Another form of scaling involves equal iz ing the extent of variation among 
the variables. I n some instances, two transformations of the data are of 
interest (e.g., transforming the data to log-normal distributions and then 
ensuring equal weight through additional scaling). U s i n g transformations 
that equalize the magnitude of the measurements and the amount of variation 
is i n keeping w i t h one of the premises of numer ica l taxonomy: that is, no 
ind iv idua l variable should assume more weight than another i n an analysis 
invo lv ing the calculation of resemblance (19, 20). However , w h e n one is 
model ing , rather than merely summariz ing the data, variable contributions 
may be adjusted according to different cr i ter ia . O n e example now under 
investigation is weight ing chemical determinations as a function of their 
analytical errors. 

Typica l transformations inc lude calculation of logarithms; standardiza
t ion (mean of 0, standard deviation of 1); percent range; and percent of the 
m a x i m u m value. A different type of transformation has been used for s u m 
mar iz ing chemical data from the analysis of steatite or soapstone. A r g u i n g 
from principles of geochemistry, A l l e n and coworkers (21-23) normal ized 
the rare earth concentrations relative to abundances i n chondrit ic meteorites. 
F o l l o w i n g Sayre (24) and Harbot t le (20), we use base-10 logarithms i n most 
of the examples discussed later i n this chapter. A percent range transfor
mation is also employed for one operation. 

Ordination. Ord inat ion procedures place a sample data point i n a 
variable space to represent some trend or variation. N o assumptions need 
to be made regarding the n u m b e r of groups. A simple type of ordination 
w o u l d be to plot the coordinates of a sample relative to two variables as i n 
F i g u r e 2. F o r p-variables, h igher dimensional ity prohibits easy inspection, 
so most ordination techniques attempt to summarize the information w i t h i n 
a data set and reduce the dimensional ity (e.g., F i g u r e 1). 

Dimens iona l i ty reduct ion and ordination have had three main uses i n 
compositional investigations. T h e y have been used 
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1. to inspect the data to see i f a general size component, one 
s temming from a proport ional rather an absolute relationship, 
is present i n the data (16, 25) 

2. to project the data into a standardized space that offers a dif
ferent, possibly more appropriate, perspective on interpoint 
distances (26) 

3. to form a set of reference axes of reduced dimensional ity for 
graphical display of grouped sample distributions determined 
by some other technique (27) 

The most wide ly used ordination methods are based on extracting e igen
values and eigenvectors (also cal led characteristic roots and characteristic 
vectors) from a minor product matrix, X ' X , or major product matrix, X X ' , 
of a data matrix, X (28). I f the data matrix is centered by columns before 
calculating X ' X , the minor product matrix is a variance-covariance matrix. 
I f the data matrix is first not only centered but standardized, the minor 
product matrix is a correlation matrix. W h e t h e r the starting point of the 
analysis is a variance-covariance matrix or a correlation matrix, the e igen
vectors of X ' X are usually cal led principal components. T h e eigenvectors of 
this matrix may be m u l t i p l i e d by their corresponding eigenvalues to produce 
factors that may be rotated to enhance their interpretabi l i ty (in this case, 
the analysis is cal led a factor analysis). 

I n pr inc ipa l , nei ther center ing nor standardization is necessary i n e i 
genvector analyses, and each may be undertaken without the other. O r l o c i 
(29) and N o y - M e i r (30) discuss the effects of centering i n ecological a p p l i 
cations. To our knowledge, there has been no careful consideration of the 
effects of centering and standardization on compositional data matrices. T h e 
popularity of standardized, centered eigenvector analyses has more to do 
w i t h the availabil ity of software than w i t h the appropriateness of the as
sumptions. 

The first pr inc ipa l component accounts for the direct ion of m a x i m u m 
variance through the data, w i t h each successive component accounting for 
the m a x i m u m of the remaining variation. The length of each vector is de
te rmined by the square root of the associated eigenvalue. T h e der ived c om
ponents constitute a new set of reference axes that are l inear combinations 
of the original measurement, but that now are orthogonal; that is, the v a r i 
ance of the original data is preserved but the covariance has been e l iminated . 
D e p e n d i n g on how m u c h of the variance one wishes to preserve i n the 
analysis, the n u m b e r of components may be truncated, but only at the loss 
of some information. Factor analysis includes an explicit statistical assump
tion that al l meaningful variation i n the data is accounted for b y m under ly ing 
factors, w i t h m<p, where p is the number of original variables (28). Variat ion 
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remain ing after extraction of the m factors is assumed to be pure ly stochastic. 
T h e der ived factors may also be rotated to some simple structure. A n example 
is varimax rotation, i n w h i c h orthogonality is preserved but the factors are 
rotated so that the variance of the loadings on each factor is maximized . 
Rotation aids interpretat ion of the factors. 

Q-mode factor analysis is based on a major product matrix, X X ' . 
Whereas the R-mode analyses focus on interrelationships among variables, 
Q-mode analyses focus on interrelationships among objects. Accord ing ly , 
the major product matrix is usually a distance or s imilarity matrix. F o r m a l l y , 
Q-mode and R-mode factor analyses are closely related because the nonzero 
eigenvalues of the major product matrix are identical to the eigenvalues of 
the m i n or product matrix, and the eigenvectors are easily der ived from one 
another (28). 

W h e n appl ied to geological mix ing problems, Q-mode factors are 
thought of as ideal ized end-members w h e n the rotated factor matrix is nor 
mal ized (31-33). W h e n three such end members are extracted, the data 
points can be plotted on ternary diagrams, the apices of w h i c h can be thought 
of as representing the composit ion of components contr ibut ing to the m i x 
tures i n the data set. Mixtures der ived from more than three components 
are more difficult to represent graphically. 

I f groups have been defined, then factor analysis can be used to deter
mine to what extent elements are represented by the common port ion of 
the factor. N o t surpris ingly, elements that are known to be mobi le i n several 
different environments (Na, K , B a , Cs) , or that are determined w i t h less 
analytical prec is ion, often have less of their variance represented i n the factor 
solution. 

Ord inat ion has been useful for identi fy ing regional patterning of c om
posit ional data on natural or cul tural variables. F o r instance, i n an effort to 
m o d e l neutron activation data from the analysis of pottery recovered along 
an escarpment of the Chiapas highlands, Bishop (16) u t i l i zed R-mode c om
mon-factor analysis. Nonchemica l data were projected onto chemical ly based 
factor plots. After 13 years, and a certain d imin i sh ing of multivariate zeal , 
it can be questioned whether the same patterns could not have been der ived 
from more straightforward pr inc ipa l components plots. T h e use of a c ommon-
factor mode l seemed warranted at the t ime as a means to part i t ion analytical 
data into noise and signal components. I n a similar effort, Bishop (25) pro j 
ected nonchemical data onto principal-components plots and three-compo
nent Q-mode factor plots i n an effort to identify patterning of natural and 
cul tural variables on compositional data. 

As ide from pr inc ipa l components, R-mode factor analysis, and Q-mode 
factor analysis, other techniques that have been used to reduce d i m e n 
sionality i n ungrouped compositional data inc lude mult id imensional scaling 
(34) and correspondence analysis (35). 
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Grouping. The most commonly employed techniques of data anal 
ysis i n composit ional investigations are those that seek to part i t ion a data 
set into smaller groups that contain samples that are more similar to others 
i n the group than to other samples i n the data set. C lus ter analysis, in c lud ing 
both hierarchical and nonhierarchical variants, encompasses v irtual ly the fu l l 
range of grouping procedures used i n compositional data analysis. 

The manner i n w h i c h sample-to-sample resemblance is defined is a key 
difference between the various hierarchical c lustering techniques. Sample 
analyses may be s imilar to one another i n a variety of ways and reflect interest 
i n drawing attention to different under ly ing processes or properties. T h e 
selection of an appropriate measure of s imilarity is dependent, therefore, 
on the objectives of the research as set forth i n the prob lem def init ion. 
Examples of different s imilarity measures or coefficients that have been used 
i n composit ional studies are average E u c l i d e a n distance, correlation, and 
cosine. M a n y others that cou ld be appl ied are discussed i n the l iterature 
deal ing w i t h cluster analysis (15, 18, 19, 36, 37). 

Once a matrix of resemblance coefficients has been created, i t can be 
summarized b y partitions created to b r i n g together the samples that share 
strong measures of resemblance. M o s t frequently, this part i t ioning is carr ied 
out by c lustering the samples, l i n k i n g together the pairs of most s imilar 
samples, and then stepping through the remaining samples u n t i l a l l are 
l i n k e d i n a large treel ike structure or dendrogram. 

Hierarch i ca l cluster analysis is a method for obtaining a quick approx
imation to grouping tendency i n a set of data, but it is an insufficient rep 
resentation of the data on w h i c h to base data analytic or archaeological 
inferences. I n addit ion to the need to make an appropriate choice of resem
blance measure and c luster ing algorithm, the reduct ion of the mult ivariate 
s imilarity matrix to a two-dimensional dendrogram can introduce consid
erable distortion. O n e measure of such distortion is the cophentic correlation 
(38). A l though the resemblance relationships of the lower linkages of the 
dendrogram are usually wel l -represented, the relationship among the higher 
linkages is not. I n using a hierarchical cluster model , no assumptions need 
to be made regarding the n u m b e r of groups present i n the data set. I n 
spection of the dendrogram does not inform direct ly on the best-levels l i n k 
age for group arrangement, although a method for testing the distinctness 
of clusters has been proposed by Sneath (39). A large change i n cluster l eve l 
of a dendrogram may be a necessary condit ion for cluster break, but i t is 
not itself a sufficient condit ion (40). Add i t i ona l problems arise i n that once 
two samples are l i n k e d , that l i n k can not be broken. F i n a l l y , hierarchical 
cluster procedures do not seek o p t i m u m partitions, and are usually found 
to perform poorly unless natural groups are well-separated. 

A different approach to cluster analysis involves the use of some explic it 
cr i ter ion ; the objective of that is to indicate the o p t i m u m number of groups 
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i n a data set. Several measures have been proposed that are based on the 
fundamental part i t ion equation (41): 

T = B + W (1) 

where T is the matrix of the total variation i n the data set, consisting of B , 
the variation between the groups, and W , the variation w i t h i n the groups. 
A formal discussion of these matrix components is given i n reference 42. B y 
using these relationships, one can use m i n i m u m trace-W, de terminant -W, 
or maximization of trace W _ 1 B , among others (43, 44). L i k e the resemblance 
measures ment ioned for hierarchical c lustering, these cr i ter ia have strengths 
and weaknesses. F o r example, the use of t race -W w i l l result i n spherical 
clusters. I f one uses the de terminant -W it is not necessary to assume that 
the natural groups exist i n spherical distributions, but only that their shapes 
are roughly the same (45, 46). 

T h e cr i ter ia just descr ibed are found i n many of the k-means cluster 
programs that form disjoint partitions i n to k-clusters. I n use, the programs 
step from a m i n i m u m number of groups to some specified m a x i m u m number . 
Init ia l clusters are formed and samples are then moved i n an interactive 
fashion u n t i l the cr i ter ion value is considered o p t i m u m (43, 47). Informal 
measures can be used to indicate w h i c h part i t ion represents the n u m b e r of 
natural groups i n the data (43). k -Means procedures approach a global so
lut ion b y der iv ing the best part i t ioning relative to a stated cr i ter ion value. 
Unfortunately , they have been found to be quite sensitive to out ly ing sam
ples, the part ioning of w h i c h can result i n subopt imum solutions. 

A basic question of whether hierarchical or nonhierarchical cluster anal 
ysis is used deals w i t h the correct or best n u m b e r of groups i n a data set. 
The not ion of "best" relates not only to a cr i ter ion value or large break i n a 
dendrogram, but to the research objectives as w e l l . W e can not resist quot ing 
from E v e r i t t (48) what is probably the ult imate w o r d regarding the n u m b e r 
of groups: 

In theory, of course, the problem is simple, to quote Dr. Idnozo 
Hcahscror-Tenib, that super gaiactian hypermetrician [sic] who 
appeared in Thorndike's 1953 Presidential address to the Psy
chometric society, "Is easy. Finite number of combinations. Only 
563 billion billion billion. Try all. Keep best." 

Group Evaluative Procedures 

G r o u p evaluative procedures provide an assessment of the compactness of 
the groups result ing from the pr ior application of the ordination and grouping 
procedures just discussed. A l t h o u g h group evaluation logically should fol low 
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group formation, groups are sometimes formed by reference to the noncom-
positional data (e.g., type, form, provenance), w i t h group evaluation pro 
cedures then used (as ad hoc group formation techniques) to inc lude or 
exclude specimens on the basis of composition. F o r example, d iscr iminant 
analysis may be appl ied to analyzed specimens i n groups corresponding to 
several different sites to conf irm a hypothesis of multi locus product ion. T h e 
prob lem is that discr iminant analysis is very good at making groups out of 
whatever groups are assumed i n the first place, particularly w h e n the cor
relation or variance-covariance matrix is pooled over al l groups. 

T h e techniques used for group evaluation are based on multivariate 
generalizations of univariate statistics such as the centroid (a multivariate 
mean, or mean vector) and variance-covariance matrix (a multivariate gen
eralization of the variance). G r o u p evaluative procedures can be classified 
as single group procedures, i n w h i c h specimens are evaluated as to their 
l ike l ihood of membership i n a single group, and mult igroup procedures, 
such as discr iminant analysis and canonical variates, i n w h i c h several groups, 
or multivariate centers of mass are assumed to be represented i n a data set. 

Single-group evaluative procedures, because they are not imp lemented 
i n most w ide ly available statistical packages (SAS, S P S S , B M D P , etc.), are 
used less often i n compositional data analysis than mult ip le -group evaluative 
procedures. A D C O R R , a program developed at Brookhaven Nat ional L a b 
oratory (24), performs single-group multivariate evaluation based on 
Mahalanobis (generalized) distance and the related H o t e l l i n g T 2 statistic 
(the latter is a multivariate generalization of the we l l -known Student's t). 
Mahalanobis distance, w h i c h is central to mult ip le -group as w e l l as single-
group evaluation, is def ined for a group centroid and each ind iv idua l m e m b e r 
of the group as follows: 

D 2 = (X — X ^ J ' S - K X - X m e a n ) (2) 

where (X - X m e a n ) is a vector of differences between the values for an ob
servation and the mean values and S" 1 is the inverse of the group var i 
a n c e - c o v a r i a n c e m a t r i x . H o t e l l i n g T 2 is e s s e n t i a l l y e q u i v a l e n t to 
Mahalanobis distance for ind iv idua l points. T h e probabil it ies of membership 
i n the core group for each specimen are then readily obtainable fo l lowing 
transformation of the T 2 statistic to a related, F -d i s t r ibuted statistic (28). 

Discr iminant analysis evaluates the distance between ind iv idua l points 
and several centroids hypothesized to exist i n the hyperspace def ined by 
e lemental concentrations. Davis (28) provides a clear and concise descript ion 
of the algebra invo lved i n two-group and mult ip le -group discr iminant anal 
ysis, showing that d iscr iminant functions are equivalent to the eigenvectors 
of W _ 1 B , where W " 1 is the inverse of the within-group sums of products 
matrix, and B is the between-group sums of products matrix. The M a h a l 
anobis distances from an u n k n o w n point to each of the alternative centroids 
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provide cr i ter ia for evaluating the relative probabil it ies of membersh ip of 
the spec imen i n each of the groups. 

Modeling vs. Summarizing Compositional Data: A Ceramic 
Example. M o d e l i n g is important ; it involves informed interaction be 
tween the researcher, his or her objectives, analytical data, and multivariate 
data presentation. T h e potential for revealed data structures to vary de
pending upon the choice of numer ica l procedure is acknowledged explic it ly . 
In addit ion, this approach requires the objectives of a particular investigation 
and the complexities of the compositional data base to be kept i n m i n d 
d u r i n g the stage of data analysis. T h e mode l provides the explicit rationale 
for reasoning from revealed data structure to inferences about human be
havior. The remainder of this chapter illustrates some of the implications of 
this approach for the analysis of ceramic compositional data. 

A n y given analyzed sample of pottery is a small subset of a larger ceramic 
system. Pottery is formed from clays and nonplastic constituents according 
to shared customs of the local pottery-making group as w e l l as idiosyncratic 
or stochastic effects. T h e compositional profile that is der ived from the c h e m 
ical analysis of a ceramic sample, therefore, is a weighted expression of both 
natural and cul tural constraints. 

O n e of the more obvious examples of this interaction involves the ad 
dit ion of temper to a clay matrix (temper may be another clay, but is more 
often a nonplastic material). The effect of temper ing varies; a relatively pure 
material , such as quartz, may reduce e lemental concentrations i n a ceramic 
paste by a constant proport ion (49). A d d i t i o n of other kinds of temper or 
clay w i l l result i n a complex relationship of d i lut ion and enr ichment (14, 25, 
50). Because e lemental concentrations i n sediments vary depending upon 
grain size (e.g., references 51-53) , the size distributions of the added non -
plastics also contribute to compositional complexity. I f behavioral inferences 
are to be drawn, the cultural ly induced elemental variation arising from 
texture and temper differences among pottery produced from a single clay 
resource requires more than s imple grouping and summary statistics. 

F a i l u r e to consider the effect of temper dur ing the analysis of compo
sitional data might lead to spurious inferences i n the fol lowing way: Suppose 
the object of an investigation is to identify local and nonlocal pottery at some 
site. I f b imoda l amounts of temper were added by local potters to ceramic 
paste (for example, depending on whether the potter p lanned to make a 
serving d ish or a water storage jar), analyzed pottery from the site might 
fall into two compositional groups even though a single set of ceramic re 
sources was used. I f temper is left out of the model , the compositional data 
might suggest that one of the compositional groups is local and the other is 
nonlocal . 

I n the last example, the investigator's prob lem orientation might p re 
dispose h i m or her to accept the plausible but incorrect inference that local 
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and nonlocal specimens are represented i n the analyzed collection. Data 
analysis techniques that do not permit recognition of the source of group-
separating variation can promote such erroneous interpretations of compo
sitional patterning. 

N o data analysis technique is foolproof. Obta in ing va l id inferences from 
compositional analysis depends, above a l l , on considering alternative models 
of the processes responsible for data structure. To develop useful and p l a u 
sible alternative models, nonchemical as w e l l as chemical information must 
be considered. I n the last hypothetical case, observation of a textural dif
ference between serving vessels and water storage jars might suggest b imoda l 
temper ing of the same local clay, so that local product ion of both compo
sitional groups could be suggested as an alternative to multi locus product ion. 
O u r goal is to show how data analysis techniques, although they may not 
always lead to va l id inferences, may at least facilitate the search for relevant 
data structure (see reference 54). The il lustrations focus on the prob lem of 
temper ing because it is an important consideration i n most ceramic com
positional investigations. 

Data Used for Illustration. O u r approach to the prob lem of how 
to fit data analysis techniques to expectations about structure i n the data 
involves heurist ic use of artif icially structured data. In particular, we have 
re l i ed on analyses of ceramics and ceramic raw materials from contemporary 
h ighland Guatemalan pottery-making towns. Ana lyzed clays, tempers, and 
ceramic sherds from three towns i n the northern Val ley of Guatemala ( D u r -
azno, Sacojito, and Chinautla) constitute a basic data set of 113 observations. 
W i t h these data, a hypothetical data set is constructed, the structure of 
w h i c h we w i l l examine by using some of the data analysis techniques just 
described. T h e analyzed specimens were furnished by D e a n A r n o l d . A r n o l d s 
ethnographic observations (55-57) provide baseline expectations about pat
terning i n the compositional data. N e u t r o n activation analyses were carried 
out by using the standard procedures developed at Brookhaven Nat ional 
Laboratory (47). 

W i t h i n the northern Val ley of Guatemala whiteware tradit ion, there is 
a basic dichotomy between Saco j i to -Chinaut la whiteware and Durazno w h i 
teware. Durazno potters exploit sources of whiteware clay different from the 
source used by Saco j i t o -Chinaut la potters (55). Durazno whiteware pottery 
a n d r a w mater ia l s there fore s h o u l d be d i s t i n g u i s h a b l e f r o m C h i n a u -
t la-Sacoj i to whiteware. 

The temper ing material used i n Durazno is volcanic ash from the ash 
blanket that covers the northern Val ley of Guatemala. Chinaut la -Saco j i to 
potters exploit the same volcanic ash, albeit i n different locations. A l though 
potters i n a l l three towns temper their clay, it is instructive to consider the 
potential effect on compositional patterning of variable temper ing practices 
(e. g., a fine p a s t e - m e d i u m paste dichotomy). Such a dichotomy characterizes 
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many archaeological collections. I f northern Val ley of Guatemala potters 
made fine-paste pottery, its composit ion w o u l d resemble the composit ion 
of raw clay specimens inc luded i n the present data set; the analyzed sherds 
i n the data set are taken to represent medium-paste pottery. 

B y artificially mix ing clays and tempers, any n u m b e r of hypothetical 
sherds can be added to the basic data set. I n pr inc ipa l , the hypothetical 
mixtures weigh heavi ly i n favor of finding suitable numerica l techniques for 
discovering relevant structure i n the data set. In the fol lowing example 
hypothetical fine-paste and medium-paste mixtures are added to the basic 
data set of clays and tempers. W e feel that "stacking the deck" i n this manner 
is not only appropriate but necessary i n a study attempting to evaluate 
methodology. 

Hypothet i ca l ceramic paste mixtures are generated from clays and t e m 
pers of known concentrations by calculating elemental concentrations ac
cording to 

S, = VT(Td + PC(C«) (3) 

where St represents the e lemental concentrations i n the ceramic, T{ r e p 
resents the e lemental concentrations i n the temper , and Ct represents the 
e lemental concentrations i n the clay. Both T{ and C{ have been determined 
analytically. F T and P C are the proportions of temper and clay, respectively, 
mixed to make the ceramic paste. 

T h e sum of P T and P C must equal one. Because any recipe for mix ing 
components, no matter how strictly fol lowed, w i l l show some variation, the 
PTs and P C s are chosen randomly w i t h mean, jx P , as the proport ion of clay 
or temper specified by the recipe and standard deviation, and r j P indicat ing 
the relative standardization (i.e., how strictly the recipe was followed). I n 
this example, the mean clay proport ion i n fine-paste mixtures was set at 
0.85, and the mean proport ion i n medium-paste mixtures was set at 0.65. 
Relative homogeneity was assumed, and the standard deviation was set at 
0.05 i n both cases. T h e components (Tt and C-) to be mixed i n the randomly 
chosen proportions are chosen randomly from the analyzed data sets of clays 
and tempers. Unfortunately , only four samples of the clay used to make 
D u r a z n o whiteware were analyzed, so the hypothetical fine-paste and m e 
dium-paste mixtures could exhibit some bias due to the smal l n u m b e r of 
clays to choose from. 

Analysis. Two separate patterns should be discernible i n the artificial 
data set: sherds, clays, and hypothetical mixtures from Chinaut la -Saco j i to 
should be separable from raw materials and products from Durazno and fine-
and medium-paste subgroups should be recognizable w i t h i n the major 
groups. The first pattern involves shape variation, that is, differing mean 
vectors and differing variance-covariance structures that arise through nat-
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ural processes of clay formation. T h e second pattern can be thought of as 
size variation, i n w h i c h temper ing introduces l inear changes i n the e lemental 
concentrations. D i l u t i o n by a constant (e.g., by quartz sand) is an extreme 
example of size variation. 

The elemental concentration data were first transformed to base-10 
logarithms to counteract the impl i c i t weight ing due solely to variation i n the 
abundance of elements i n nature (cf. reference 20). Pr inc ipa l components 
were then calculated from the variance-covariance matrix of the log con
centration data. A plot of the first two pr inc ipa l components (Figure 3) shows 
two major groups; one that is h igh on component N o . 1 and one that is l ow 
on component N o . 1. T h e groups represent the two clay sources; C h i n a u -
t la -Saco j i to -der ived materials scored h igh and Durazno -der ived materials 
scored low. T h e group separation is due largely to C r , R b , and C s concen
trations, that tend to be higher i n the Chinaut la -Saco j i to materials. Table I 
contains coefficients of the original variables on t h e pr inc ipa l components 
along w i t h the percentage of variance explained by each component. 

Hierarch i ca l and k-means cluster analysis distinguishes the two major 
source-specific groups evident on the scatter plot. T h e highest leve l d iv is ion 
is between Chinaut la -Saco j i to material and Durazno material . L o w e r - l e v e l 
branches subdivide the Durazno material first, and the Chinaut la -Saco j i to 
texture subgroups remain i n a single subdivision above a E u c l i d e a n distance 
of 0.11. k -Means cluster analysis allows the recovery of the major structure 
i n the data, although the more subtle structure remains obscured, even 
w h e n eight groups are formed. D iscr iminant analysis confirms the true struc
ture i f the true group membership is used as the classification cr i ter ion , or 
it confirms a six-group structure der ived from k-means and hierarchical 
cluster analysis (if that structure is used as a basis for classification). T h e 
application of grouping procedures fol lowed by discr iminant analysis there
fore w o u l d result i n an erroneous interpretation of this data set. 

I f this data set were archaeological, a further prob lem of interpretation 
w o u l d involve the or ig in of separation between the two major groups. I n 
other words, what w o u l d constitute the evidence that group separation on 
pr inc ipa l component N o . 1 i n F i g u r e 3 represents a clay-source dist inct ion 
rather than temper-re lated variation? The prob lem is analogous to the prob 
l e m of separating size from shape i n the field of multivariate morphometries 
(see references 58-62) . Theoret ical ly , general size manifests itself as con
sistently positive coefficients of the original variables on the first pr inc ipa l 
component (59). However , because addit ion of a volcanic ash temper almost 
certainly w i l l not produce uni form enr ichment or d i lu t i on , the variation 
introduced by temper ing cannot be considered analogous to general size. 
Because some elements may be d i luted whi l e others are enr iched , the signs 
of the coefficients of the original variables on the first pr inc ipa l component 
w i l l differ. Because the amount of enr ichment or d i lut ion is l ike ly to vary, 
the magnitude of the coefficients also may differ wide ly . 
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Table I. Principal Component Coefficients for the 
Example Data Set 

Element No. 1 No. 2 No. 3 
K 0.634 -2.421 2.242 
Sc 0.030 1.492 -0.073 
C r 1.868 1.135 -1.038 
Fe 0.144 1.263 0.240 
Zn 0.618 1.040 0.022 
Rb 1.223 -0.906 0.859 
Cs 1.039 -0.175 -0.017 
Ba -0.310 -1.136 2.148 
L a 0.015 0.540 1.677 
Ce 0.106 0.628 1.456 
Sm 0.087 1.276 1.316 
E u -0.109 1.561 1.347 
Yb -0.108 1.286 1.435 
L u -0.159 1.307 1.347 
H f -0.238 0.608 1.318 
Ta 0.349 0.337 0.797 
Th 0.293 -0.550 1.225 
Percent of variance explained 54.817 17.327 14.420 

M o r e serious than the problems w i t h the analogy between size and 
temper ing , the fact that temper may interact differently w i t h clays from the 
two distinct sources makes it un l ike ly that a single d imension analogous to 
al lometric size w i l l be recognizable i n the data set. Nonetheless, i f one 
possesses some information about the composit ion of l ike ly temper ing m a 
terials, that information can be used to he lp identify potential t emper ing 
dimensions. T h e volcanic ash temper used i n the example data set is k n o w n 
to be enr iched , relative to local clays, i n K and B a and d i lu ted , relative to 
local clays, i n most other elements i n the analysis (Th tends to be enr i ched 
i n temper , but the pattern is inconsistent). A l though this information was 
obtained by neutron activation analysis of temper obtained from potters, it 
can be inferred from other sources, such as publ i shed studies of the c om
posit ion of h igh land Guatemalan volcanic ash (63). I n an archaeological sit
uation, the information cou ld have been obtained through compositional 
analysis of l ike ly temper ing materials col lected dur ing a carefully p lanned 
raw-materials sampl ing program or by separation and analysis of the nonclay 
component. U s i n g this information, we expect the temper ing components 
to be recognizable because K , B a , and possibly T h should have h igh-mag
nitude coefficients of same sign. 

The coefficients of the or iginal variables on the pr inc ipa l components 
(Table I) do not contain a single d imension that is clearly related to temper . 
K and B a , w h i c h are thought to be enr iched i n temper relative to clay, have 
opposite signs on the first component, so the first component is not a t e m 
per ing d imension . T h e coefficients of K and B a are fairly large and have the 
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4. B I S H O P & N E F F Compositional Data Analysis 75 

same sign on component N o . 2, so component N o . 2 may carry some temper -
related variation. S imi lar reasoning suggests that pr inc ipa l component N o . 
3 also may reflect temper ing . 

Add i t i ona l insight into the significance of group-separating variation can 
be obtained from further use of ordination. I f the first three factors from a 
Q-mode factor analysis of data (expressed as a percentage of range) are 
normal ized , data points are expressed as i f they were mixtures of three 
components. T h e data points can then be plotted on ternary diagrams i n 
w h i c h positions are determined by the percentage contr ibut ion from each 
factor. F i g u r e 4 shows the data for the present example plotted against the 
first three varimax-rotated factors der ived from Q-analysis. Two apices cor
respond to the two clay sources represented i n the data. T h e t h i r d apex, 
w h i c h expresses pr imar i ly the amount of K , B a , and T h i n the mixture , 
probably corresponds w i t h temper. F i g u r e 5, w h i c h is der ived from a Q -
mode factor analysis of the or iginal data set plus the tempers used to form 
the hypothetical mixtures, confirms the identification of the t h i r d apex as 
temper-related. These three-component plots identify the overal l structure 
i n the data set more clearly than any of the previous ordination and group-
forming techniques. 

F i g u r e 5 illustrates w h y it may be useful to inc lude potential t emper ing 
materials i n a composit ional study, even i f exact sources probably have not 
been sampled. I f t emper ing materials used in ceramics from a particular 
region can be assumed to be relatively uni form (like volcanic ash, w h i c h is 
a common temper i n prehistoric ceramics from Mesoamerica) , then inclusion 
of compositional data on the material identi f ied as temper may, as i n the 
present case, elucidate the interactions between temper and several different 
clays. 

In summary, although div is ion of the data set into two major groups 
attributable to clay sources can be accomplished by several methods (d iv i s ion 
is especially clear w h e n ordination is combined w i t h group formation pro 
cedures), it is more difficult to detect and interpret patterning w i t h i n the 
major groups. This difficulty arises because processes operating on two h i 
erarchical levels are be ing confused: the major d iv is ion is produced b y natural 
variation arising i n the process of clay formation; whereas lower - leve l pat
terning is a result of two distinct cultural processes, Durazno potters mix ing 
temper w i t h their own unique clay and Chinaut la -Saco j i to potters mix ing 
temper w i t h their own unique clay. I n the present example, a three-com
ponent ordination clarif ied both levels of structure, but this happy result i n 
part reflects the artificial nature of the data and the fact that a l l raw materials 
had been analyzed. M o r e complex data structures w o u l d have remained 
obscured i n the Q-mode factor analysis. 

A more generally useful approach is to incorporate into the assumption 
that mul t ip le processes may create structure into the model , and to recognize 
that coarse-grained processes may obscure fine-grained processes. F o r i n -
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stance, having discovered two source-specific groups i n the example data, 
a logical next step i n the analysis w o u l d be to examine the subgroups i n 
d iv idual ly . T h e fol lowing paragraphs describe this approach appl ied to the 
Chinaut la -Saco j i to subgroup. 

Desp i te the complexities introduced b y temper ing w i t h a noninert m a 
terial , the analogy w i t h al lometric growth should ho ld w h e n , as i n the present 
case, the data set was generated by a group of potters work ing w i t h a single 
set of ceramic resources. T e m p e r i n g can be thought of as growth that involves 
change i n shape or proportionality. Assuming that the data are a l l der ived 
from a single, relatively homogeneous clay source (as i n the present example) 
and, further, that the temper differs substantially from the composit ional 
profile of the clay (as i n the present example), a l l e lemental concentrations 
should show l inear relationships (positive or negative) w i t h the proport ion 
of temper i n the mixture . T h e major d imension of variation (the first pr inc ipa l 
component) should carry most or a l l of the variation related to growth (tem
pering), part icularly i f temper-related variation is sufficient to create bipolar 
extremes recognizable as compositional groups. 

Coefficients of the e lemental concentrations on the first pr inc ipa l c om
ponent (Table II) show the pattern expected for a temper-related d imension : 
the signs are positive for a l l variables except K and B a , w h i c h are negative. 
Thus , the group separation on pr inc ipa l component N o . 1 shown i n F i g u r e 
6 can be interpreted as temper-related. As expected, the two major groups 
evident on the plot are (I) hypothetical fine-paste mixtures along w i t h raw 
clay and (2) hypothetical medium-paste mixtures along w i t h real sherds. 

Table II. Principal Component Coefficients for the 
Chinautla-Sacojito Data Set 

Element No. 1 No. 2 No. 3 
K -0.669 2.231 4.865 
Sc 1.374 -0.879 1.534 
C r 1.617 -1.271 5.321 
Fe 1.127 -0.302 2.857 
Zn 1.031 -1.253 -1.078 
Rb 0.410 -0.059 2.541 
Cs 0.665 -0.586 3.745 
Ba -0.528 3.314 1.254 
L a 0.999 1.451 -0.911 
Ce 1.199 1.233 -0.223 
Sm 1.585 0.742 -1.947 
E u 1.647 0.551 -2.672 
Yb 1.439 0.892 -2.337 
L u 1.368 0.678 -2.158 
H f 0.602 0.882 0.768 
Ta 0.721 0.378 2.338 
Th 0.379 1.384 1.054 
Percent of variance explained 44.419 31.947 8.047 
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B o t h k-means and hierarchical cluster analysis y i e l d two major groups at
tributable to temper-re lated variation (the medium-paste group inc luded six 
fine-paste mixtures). B o t h techniques also extracted a small t h i r d group of 
outliers (the seven data points i n the lower left corner of F i g u r e 6). D i s 
cr iminant analysis confirms the existence e ither of groups recovered by 
cluster analysis or groups defined previously as medium-paste or fine-paste. 
Single group evaluation w i t h the program A D C O R R also confirms the m e m 
bership of the m e d i u m - and fine-paste core groups, although a few n o n -
members show greater than 5% probabi l i ty of membership i n each group. 

F i g u r e 6 shows an unexpected result. T h e two major groups that are 
inferred to be temper-related are separated along pr inc ipa l component Nos . 
2 and 1. This separation suggests that, contrary to expectations der ived from 
analogy w i t h the biological mode l , growth due to temper ing is not confined 
to the major d imens ion i n the data. The coefficients of the e lemental con 
centrations of component N o . 2 (Table II) further support this interpretat ion, 
a fact indicat ing that K and B a , the two elements enr iched by temper, are 
major determinants of variation on this second dimension. Temper-re lated 
variation (size), therefore, is expressed on both the first and second d i m e n 
sions of variation i n the second example data set. 

Fa i lure to isolate the effect of temper ing on the first pr inc ipa l component 
appears to result from unexpected inhomogeneity i n the data. The seven 
outliers identi f ied b y hierarchical and k-means cluster analysis cause t 1 i 
major axis of variation to veer away from the direct ion of temper-re lated 
size. W h e n the outliers are removed and the pr inc ipa l components recal 
culated, component N o . 1 (Table I I I and F i g u r e 7) more closely approximates 

Table III. Principal Component Coefficients Chinaut la -
Sacojito Data with Outliners Removed 

Element No. 1 No. 2 No. 3 
K -1.401 2.778 6.074 
Sc 1.639 0.205 1.256 
C r 2.102 0.792 5.323 
Fe 1.237 1.326 1.021 
Zn 1.373 -1.457 2.029 
Rb 0.436 0.572 3.564 
Cs 0.917 0.563 3.685 
Ba -1.669 3.675 -0.930 
L a 0.375 2.001 -2.424 
Ce 0.636 2.014 -1.398 
Sm 1.145 1.215 -2.902 
E u 1.238 0.740 -2.928 
Yb 0.934 1.168 -3.183 
L u 1.004 1.163 -4.114 
H f 0.245 1.537 -0.478 
Ta 0.591 1.546 1.199 
Th -0.138 1.956 0.155 
Percent of variance explained 50.529 23.255 7.281 
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the expected al lometric size d imension . T h e fine- and medium-paste groups 
that were separated on components Nos . 1 and 2 i n the or iginal data set 
were separated pr imar i l y on component N o . 1 i n the data set w i t h outliers 
removed. (Judging from the component coefficients i n Table III , some t e m 
per-related variation may st i l l be on component N o . 2.) 

Once the effect of size has been recognized, it might be useful i n some 
cases to remove its effects and reexamine the grouping tendencies i n the 
data. G r o u p i n g tendencies may be examined independent ly of size-related 
variation by c lustering the data by using pr inc ipa l component scores, exc lu
sive of scores on the size-related component (principal component N o . 1 i n 
this case). Another means of accomplishing the same end is to regenerate 
the data from the pr inc ipa l components and their associated characteristic 
roots (eigenvalues), exc luding the characteristic root of the temper-related 
d imension. G r o u p i n g procedures based on these two techniques y i e l d i d e n 
tical results. 

After removal of size from the data set (outliers removed previously) , 
hierarchical and k-means cluster analyses fail to dist inguish the two texture 
groups i n the Chinaut la -Saco j i to data. D iscr iminant analysis w i t h the size-
corrected data yields nonsignificant test statistics for the effect of group 
(tempered vs. nontempered) and misclassifies 22 of 76 observations. 

C o m p l e x e n r i c h m e n t - d i l u t i o n , l ike s imple proport ional d i lu t i on , is ex
pressed on the major axis of variation i n the data, unless heterogeneity i n 
the source clay overwhelms the effect of tempering . However , i f hetero
geneity i n the clay overwhelms temper-related variation, one probably w i l l 
not have identi f ied subgroups anyway, and the prob lem is moot. If, as i n 
the present example, two or more major groups are identi f ied along w i t h a 
smaller set of outl iers, the outliers can be removed from the data set and 
the pr inc ipa l components recalculated to isolate the effect of temper. A l 
though b imoda l temper ing may create two compositional groups i n a data 
set of ceramics made from a single clay source, the effect of t emper ing can 
be identi f ied analytically and removed i n order to reveal the under ly ing 
homogeneity. 

This example shows that, w h e n a single process (potters interact ing w i t h 
a single clay and temper source) is invo lved , it is possible to isolate temper -
related effects i n compositional data. Such effects are more difficult or even 
impossible to identify w h e n mul t ip le cu l tural and natural processes are con
founded w i t h i n a composit ional data set. As Read (64) has po inted out, the 
prob lem of mul t ip le under ly ing processes also renders statistical theory i n 
applicable. 

In general , one can expect only the most coarse-grained patterns i n a 
composit ional data set to be readily apparent and interpretable. I n the or ig 
inal analysis, temper-related compositional patterning was largely obscured 
by major chemical differences between the clay sources and the fact that 
temper interacted differently w i t h the two clays represented i n the data, 
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whi l e second stage analysis of the Chinaut la-Saeo j i to data readi ly revealed 
such patterning. T h e potential for a hierarchy of processes to create pattern 
i n composit ional data suggests that pattern-recognition techniques should 
be appl ied hierarchical ly . Such an approach to the present data set involves 
a second-stage search for pattern w i t h i n each of the source-specific subgroups 
identi f ied i n the first stage of the analysis. 

Conclusion 

This chapter stresses the not ion of mode l ing as i t pertains to a structure or 
structures contained w i t h i n a compositional data matrix and as revealed or 
imposed by choice of algorithmic approach. B y using a generated example, 
the influence of such factors as outliers, transformations, intere lemental 
correlation, choice of resemblance coefficients, grouping procedures, and 
group summary evaluation have been discussed. A l l of these factors are 
variable w i t h i n the context of specific p rob lem formulation. 

A l though the discussion has been restricted to ceramic systems, the 
basic theory holds for the summary of analytical data from stone (jade, tur 
quoise, l imestone); metals (native copper, iron); and glass. These materials 
are frequently complex mineralogical assemblages requ i r ing that the m u l 
t ip le sources of variation be understood and mode led i n relation to the 
prob lem be ing investigated. E v e n s imple proportionality can be a pervasive 
influence i n obsidian data, as the trace e lemental concentrations may vary 
i n relation to the si l ica content i n a single flow, dependent upon the stage 
of discharge. 

T h e concept of mode l ing tends to l i m i t discussions of a best n u m b e r or 
group of elements to use i n compositional analysis (cf. 65, 66). W h a t may 
be useful for one prob lem may not be useful for another. F o r example, at 
the global l eve l of analysis, c h r o m i u m concentration is an important reg ion
ally sensitive discr iminator of ancient M a y a pottery i n the southwestern 
lowlands of Chiapas , Mex i co . Yet, at the intraregional l eve l of investigation, 
the range of variation frequently confuses rather than contributes to the local 
l eve l of ref inement. 

M o d e l i n g b y us ing the structure contained w i t h i n a data set is a p r o b l e m -
or iented process, and as such it is fundamentally opposed to notions of a 
static mode of group formation. In the recent archaeometric l i terature, it 
was proposed that, as a convenient method of communicat ion between re 
searchers, the classification functions der ived from discr iminant analysis 
could be transmitted rather than the actual data (II)! Such a proposal seems 
to be insensitive to prob lem orientation, ceramic processes, or statistical 
influence. 

Statistical mode l ing of compositional data, using both parametric and 
nonparametric aspects, must be considered along w i t h prob lem def init ion, 
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research design, sampling, etc., as these factors are part of the investigative 
program. Accordingly , what on first glance may be v iewed as a misuse of 
some statistical approach may have less to do w i t h some specific a lgorithm 
than it does w i t h its use i n isolation from the program's objectives. This 
isolation too frequently arises from the functional divisions of labor between 
the archaeologist and scientist. Part of a meaningful collaboration must entai l 
consideration of how compositional data is to be modeled w i t h i n the focus 
of a specific prob lem. W i t h i n such a context, archaeologically significant 
inferences w i l l gradually replace object description as the main product of 
compositional investigations. 
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5 
Compositional Classification of Mexican 
Majolica Ceramics of the Spanish 
Colonial Period 

Jacqueline S. Ol in and M. James Blackman 

Conservation Analytical Laboratory, Smithsonian Institution, Washington, 
D C 20560 

This chapter is an attempt to refine the classification of Mexican 
majolica ceramics from Spanish Colonial sites by using chemical data 
obtained by neutron activation analysis. The ceramics examined came 
primarily from excavations in Mexico City and from the Santa Ca-
talina de Guale Mission site, St. Catherines Island, GA. The majolica 
types from these sites are both Spanish and Mexican and date from 
the 16th to the late 17th century. A rationale for the chemical clas
sification of Mexico City and Puebla production is proposed. 

EXCAVATIONS AT THE SPANISH-INDIAN SITE OF FIG SPRINGS i n N o r t h e r n 
F l o r i d a i n 1949 y ie lded a complex of majolica ceramics unl ike those p r e v i 
ously k n o w n from other F l o r i d a sites. T h e archaeologist, J . M . Gogg in , 
carried out a detai led examination of the available majolica ceramics from 
late 15th- to 18th-century contexts and pub l i shed an extensive typology for 
these ceramics (J). O n typological and distr ibutional evidence, Gogg in rec
ognized a Spanish and a M e x i c a n product ion and made a tentative attempt 
to subdivide specific M e x i c a n majolica types into productions at M e x i c o C i t y , 
Pueb la , or elsewhere i n Mex ico . 

L i s te r and L i s t e r (2) further ref ined the majolica typology for the 16th-
century varieties. T h e i r interpretation was based on the study of majolica 
ceramics found be low a floor sealed i n 1573 at the Metropo l i tan Cathedra l 
excavation site along w i t h other ceramics from less wel l -def ined stratigraphie 
contexts at the Sagrario excavations i n M e x i c o C i t y . O n the basis of this 

0065-2393/89/0220-0087$07.50/0 
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study, they identi f ied new majolica varieties, suggested revisions i n the 
nomenclature of Gogg in , and established a tentative chronology for the 
deposits beneath the Cathedra l and Sagrario. The Listers attributed some 
majolica varieties to Pueb la and argued that Mex i co C i t y was the or ig in for 
others. 

I n the in i t ia l chemical studies of majolica ceramics, O l i n et a l . (3) sought 
to establish, on a composit ional basis, the Spanish and M e x i c a n productions 
of majolica from excavations i n the Car ibbean , Venezuela , and Mex ico . T h e 
research documented the chemical differences between the two product ion 
areas and showed that they could be readily differentiated on the basis of 
the c e r ium, t h o r i u m , and lanthanum concentrations. Maggett i et a l . (4) 
further demonstrated that the Spanish and M e x i c a n productions could also 
be dist inguished by thin-sect ion petrography. Maggett i et al . showed that 
although the Spanish product ion was characterized by inclusions of sedi 
mentary or ig in (predominantly quartz), the M e x i c a n product ion was char
acterized by inclusions of a volcanic or ig in . 

N e u t r o n activation and pétrographie analysis of late medieval Spanish 
pottery from the major Spanish product ion centers of Sevi l le , Granada, 
Paterna- M anises, Barcelona, and Talavera-Puente al lowed progress to be 
made i n un ique ly characterizing these product ion centers ( 5 - 7 ) . Efforts to 
identify different M e x i c a n majolica productions petrographically have been 
unsuccessful, and an attempt at chemical characterization by direct ly coupled 
p lasma-opt i ca l emission spectroscopy was later determined to have been 
flawed by problems encountered w i t h the dissolution of the ceramic samples 
(4). 

This chapter reports the results of research on chemical characterization 
of different product ion sites i n Mex i co by instrumental neutron activation 
analysis ( I N A A ) . T h e integration of the typological information of Gogg in (J) 
and L i s t e r and L i s t e r (3) w i t h chemical characterization data forms the basis 
for examining 16th-century ceramic samples from the Metropo l i tan Cathe 
dra l , Mex i co C i t y ; 16th- and 17th-century ceramic samples from Santa C a -
tal ina de Guale M i s s i o n site on St. Catherines Island, G A ; and modern 
majolica samples from Puebla , Mex i co . W e w i l l show that the proposed 
Mex i co C i t y and Pueb la productions can be dist inguished chemical ly and, 
i n addit ion, that temporal and spatial differences appear i n the Pueb la pro 
duct ion. 

History of Mexican Majolica Production 

T h e product ion of majolica ceramics i n Mex i co dur ing the 16th century is 
be l ieved to have taken place i n both M e x i c o C i t y and i n Puebla . M u c h of 
the evidence for Mex i co C i t y product ion consists of the ceramics from ex
cavations at the Metropo l i tan Cathedra l site. 
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Documentary information available from 16th-century archives con
cerning potters i n Mex i co C i t y is exceedingly sparse and inferential . T h e 
early colonial roadways in Mex i co C i t y frequently bore the names of the 
particular crafts located along them, but there is no k n o w n 16th-century 
street name referring i n any way to the pottery-making process. O n the 
basis of documentary evidence from later centuries, the most probable l o 
cation of the colonial potteries is be l ieved to be west of the center of the 
city (8), although no colonial ki lns or workshops have as yet been identi f ied 
i n this area. 

His tor i ca l documents do, however, record dates for the construction of 
the Metropo l i tan Cathedra l , the floor of w h i c h was la id i n 1573, sealing 
underneath deposits of the first 50 years of colonial occupation and the earl ier 
P r e - C o l o m b i a n per iod . D u r i n g the installation of support pylons at the ca
thedral i n 1975 and 1976, 182 pits were sunk through the floor, a l lowing 
excavation and sampling of the early colonial deposits. Majo l i ca ceramics 
from these excavations assigned to non-Spanish types are assumed to be 
from a Mex i co C i t y product ion. Despi te the lack of more detai led infor
mation, the c la im is made (2) that, as Mex i co C i t y was the most important 
city of N e w Spain for the entire 16th century, the earliest demands of the 
market for better dishes must have been met by local craftsmen. 

T h e date of the beg inning of majolica product ion at Pueb la is uncertain. 
Pueb la is we l l -known as the leading center for the manufacture of fine-grade 
majolica ceramics d u r i n g the 17th and 18th centuries, and L i s t e r and L i s t e r 
(2) cite two references that describe potters i n Pueb la by the 1580s (9, JO). 
Ac tua l product ion could , therefore, have begun dur ing or somewhat before 
the 1580s. There are, however, few majolica sherds from control led exca
vations i n Pueb la that are dated finely enough to establish the advent of 
product ion (11, 12). 

M o r e is k n o w n historical ly about the Spanish trade and supply i n the 
early colonial per iod . Between 1564 and 1566, the Spanish established a 
pattern for sh ipping that invo lved two trading fleets. D u r i n g this per iod , 
one fleet, the T i e r r a F i r m e flota, left Spain headed for Porto Be l l o , Panama, 
and the other, the N e w Spain flota, was dest ined for the port of Veracruz , 
Mex i co . T h e N e w Spain flota dropped off ships headed for San Juan, Puerto 
Rico ; Santo D o m i n g o , D o m i n i c a n Republ i c ; various ports i n C u b a ; other 
Car ibbean islands; and the C e n t r a l A m e r i c a n mainland (13). Supplies and 
trade goods from Spain most probably reached early missions on the N o r t h 
A m e r i c a n mainland through this fleet, possibly v ia C u b a or Puerto Rico . 
Scattered records and widespread archaeological finds (mostly majolica) i n 
dicate that a flourishing trade existed i n ceramics manufactured i n Mex i co . 

T h e research for this chapter was undertaken i n an effort to explore this 
early trade i n Mexican-made majolica. T h e identif ication of the major pro 
duct ion sites and the date that product ion began is cr it ical to the study. It 
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is , therefore, important to beg in w i t h the ceramic typology for 16th- and 
17th-century M e x i c a n majolica and to test its consistency and provenance 
attributions by chemical characterization. To this end , majolica from the 
sealed 16th-century context at the Metropo l i tan Cathedra l i n M e x i c o C i t y 
and 16th- and 17th-century majolica from the mission context at Santa C a -
talina de Gua le , St. Catherines Island, G A were examined. 

Source and Typology of the Majolica Samples 

F o l l o w i n g the N o r t h A m e r i c a n procedure i n use at that t ime, the majolica 
types descr ibed by Gogg in were g iven b inomia l designations. T h e first name 
is geographical, taken from an early find's locality or the assumed site o f 
product ion , and the second name is descriptive. T h e typology, as developed 
by Gogg in and revised by L i s t e r and L i s ter , includes such characteristics as 
form, surface finish and decoration, and paste and glaze descript ion. 

T h e 16th-century majolica samples came from excavations at the M e t 
ropol itan Cathedra l i n M e x i c o C i t y and can be assigned to a date before 
1573. O t h e r ceramics from excavations i n Mex i co C i t y at the Sagrario and 
the M e t r o can not be so closely dated. T h e types of ceramics inc lude M e x i c o 
C i t y W h i t e , F i g Spr ings /San Juan Po lychrome, Sevi l la W h i t e , and C o l u m b i a 
G u n M e t a l . 

Before 1982, M e x i c o C i t y W h i t e , an undecorated, white glazed ware, 
was inc luded w i t h the s imilar type of Spanish ware cal led C o l u m b i a P l a i n . 
Subsequent réévaluation of the typology by L i s t e r and L i s t e r (2) resulted i n 
the spl i tt ing of the type into the Spanish w a r e - C o l u m b i a P l a i n and M e x i c a n 
w a r e - M e x i c o C i t y W h i t e . M e x i c o C i t y W h i t e , attr ibuted by L i s t e r and L i s t e r 
to a M e x i c o C i t y product ion (2), is the most common M e x i c a n type from 
the Metropo l i tan Cathedra l and Sagrario excavations. I N A A analysis of 11 
" C o l u m b i a P l a i n " sherds at Brookhaven Nat ional Laboratory (3) showed that 
n ine were of M e x i c a n or igin and two d i d not match the composit ion of the 
M e x i c a n sherds. These two sherds were later classified as Sevi l la W h i t e (2), 
a t h i r d type of whi te glazed ware of 16th-century Spanish or ig in (4). C o l u m b i a 
G u n M e t a l is a variant of C o l u m b i a P la in w i t h a darkened, rather than whi te , 
glaze that varies from dense iridescent black to speckled grey. This ware is 
attr ibuted to a Spanish product ion . 

F i g Spr ings /San Juan Polychrome majolica is painted i n b lue and ye l low 
(and/or orange) on a cream to g ray -whi te background and is the most abun
dant decorated fine ware i n the excavations. It is attr ibuted to a M e x i c o C i t y 
product ion by L i s t e r and L i s t e r (2), although, Goggin (J) stated that i t is 
possible these ceramics were manufactured i n Puebla . T h e presence of M e x 
ican product ion types among these excavated materials a l lowed the inc lus ion 
of unambiguous 16th-century majolica of M e x i c a n product ion i n this study. 

To extend the sample of Mexican-attr ibuted majolica into the 17th cen 
tury , samples were obtained from sherds from the Spanish mission site of 
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Santa Catal ina de Gua le , on St. Catherines Island, G A . The site is be l i eved 
to have been an important Guale Indian town by 1576 and to have been 
abandoned i n the early 1680s (14). T h e Guale Indians of the southeastern 
coast were among the first indigenous peoples met by E u r o p e a n explorers 
on the N o r t h A m e r i c a n continent. In 1587, St. Catherines Island became 
the pr inc ipa l northern Spanish outpost on the At lant ic coast. 

The sherds from St. Catherines Island inc lude types attr ibuted to both 
Spanish and M e x i c a n productions. The Mex i can types inc luded F i g Spr ings / 
San Juan Po lychrome, San L u i s B l u e - o n - W h i t e , A u c i l l a Po lychrome, M t . 
Royal Po lychrome, and Pueb la Polychrome. The F i g Spr ings /San Juan P o 
lychrome has already been descr ibed and sherds are shown i n F i g u r e 1. San 
L u i s B l u e - o n - W h i t e is decorated i n b lue , and rarely w i t h some ye l low or 
black, on an off-white background. Gogg in recognized two paste variants 
based on color: a reddish and a cream paste. H e stated that the reddish 
paste variant is s imilar to F i g Spr ings /San Juan Polychrome paste and both 
may have been made i n the same center. H e proposed a M e x i c o C i t y or ig in 
for the reddish paste variant and a Pueb la or ig in for the cream paste variant. 
This proposal conflicts w i t h the proposal made earlier by Gogg in (J): that 
F i g Spr ings /San Juan Polychrome may have been produced i n Puebla . 

Figure 1. Fig Springs/San Juan Polychrome sherds from the Santa Catalina 
de Gaule Mission on St. Catherines Island, GA. Top row (left to right): SCI017, 
SCI037, SCI047; middle row: SCI009, SCI024, SCI018; bottom row: SCI031, 

SCI036. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
5

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



92 A R C H A E O L O G I C A L C H E M I S T R Y 

T h e Listers considered a l l San L u i s B l u e - o n - W h i t e to be of Mex i co C i t y 
manufacture. T h e San L u i s B l u e - o n - W h i t e sherds from Santa Cata l ina de 
Guale are shown i n F igure 2. A u c i l l a Polychrome is decorated i n black, 
ye l low (or orange), and green on a cream background. This type is thought 
to be a 17th-century product ion, attr ibuted to an unknown place of m a n u 
facture i n Mex i co . M t . Royal Polychrome is decorated w i t h b rown l ines , 
ye l low bands, and b lue dots and designs on a cream background. Gogg in 
assigned this type to the mid-17th century and to an u n k n o w n manufacturing 
site i n Spain. T h e A u c i l l a and M t . Royal Po lychrome sherds are shown i n 
F i g u r e 3. Pueb la Polychrome is decorated i n blue and black (rarely w i t h 
other colors) on a whi te background. It is assigned a late 17th-century date 
and attr ibuted to Puebla . 

Several k n o w n and attr ibuted Spanish ware types were also examined 
from the St. Catherines Island ceramic corpus. These types inc luded C o 
l u m b i a P l a i n , Yayal B l u e - o n - W h i t e , Santo D o m i n g o B l u e - o n - W h i t e , I c h -

Figure 2. San Luis Blue-on-White sherds from the Santa Catalina de Guale 
Mission on St. Catherines Island, GA. Top row (left to right): SCI082, SCI027, 
SCI010, SCI076; second row: SCI069, SCI027, SCI041, SCI083; third row: 
SCI063, SCI048, SCI060, SC1073; fourth row: SCI059, SCI039; bottom row: 

SCI052, SCI075, SCI042. 
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Figure 3. Aucilla and Mt. Royal Polychrome sherds from the Santa Catalina 
de Gaule Mission on St. Catherines Island, GA. Top row (left to right): SCI038, 
SCI008, SCI080, SCI045; second row: SCI077, SCI055, SCI070, SCI057, 
SCI050; third row: SCI044, SCI058, SCI078, SCI072; bottom row: SCI074, 

SCI028, SCI030, SCI081. 

tucknee B l u e - o n - W h i t e , Iehtucknee B l u e - o n - B l u e , and Santa E l e n a M o t t l e d 
B l u e - o n - W h i t e . Iehtucknee B l u e - o n - B l u e has been reconsidered by the L i s t 
ers, and an Italian and a Spanish variant have been proposed. T h e y have 
chosen to name the proposed Spanish variant " S e v i l l a B l u e - o n - B l u e " and to 
consider its manufacturing site to be i n the Andalusian region of Spain . A 
single sherd, identi f ied as Santa E l e n a M o t t l e d B l u e - o n - W h i t e was inc luded 
i n the sample from St. Catherines Island. This type was descr ibed by South 
(15), who considered it to be a Spanish prototype for a s imilar red-paste 
ware from M e x i c o C i t y . 

The ceramic samples selected for discussion i n this chapter are those 
of Mex i can product ion. As reported by Maggett i et al . (5), the M e x i c a n 
majolica product ion includes both calcareous and noncalcareous paste com
positions. This chapter w i l l focus on the calcareous Mex i can majolica. T h e 
fol lowing ware types were selected to examine questions of the assignation 
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to Mex i co C i t y or Pueb la productions and to determine i f chemical classi
fication using neutron activation analysis data was possible: 

• Mex i co C i t y W h i t e 

• F i g Spr ings /San Juan Polychrome 

• San L u i s B l u e - o n - W h i t e 

• A u c i l l a Po lychrome 

• M t . Royal Po lychrome 

In addit ion to the archaeological material , majolica sherds were obtained 
from two modern factories i n Pueb la : L a T r i n i d a d and Santa M a r i a . B o t h of 
these potteries use a clay body b lended from a mixture of equal amounts of 
a black volcanic clay and a whi te mar l obtained from the immediate area 
around P u e b l a (4). Samples from these sherds were analyzed by neutron 
activation analysis and the data used to represent a Pueb la composit ion. 

Experimental Methods and Results 

T h e data discussed i n this chapter inc lude the results of instrumental neutron 
activation analysis conducted at two different laboratories. T h e analyses of 
the Santa Cata l ina de Gua le M i s s i o n samples, most of the Metropo l i tan 
Cathedra l samples, and the modern Pueb la samples were conducted at the 
Nat ional Bureau of Standards reactor by using procedures described by 
Blackman (16) and i n Table I. T h e remainder of the samples were analyzed 
at Brookhaven Nat ional Laboratories ( B N L ) , and reported i n O l i n et a l . (3). 
Because different comparator standards were used i n the two laboratories, 
a l l the B N L data were normal ized to the Smithsonian Institution standard 
according to the procedure described by Blackman (17). The conversion 
factors are presented i n Table I. 

T h e data for a l l of the samples are presented i n appendixes to this 
chapter. A p p e n d i x A includes samples from excavations i n Mex i co C i t y at 
the Metropo l i tan Cathedral (SC 16, S C 20, S C 22, S C 29, S C 31, S C 37, 
and S C 38); the Sagrario (all other samples designated SC) ; and from the 
M e t r o excavations (designated SA). A p p e n d i x Β includes a l l the samples 
from Santa Catal ina de Guale (designated SCI) . Append ix C contains the 
data for the modern majolica samples from Pueb la (designated S D ) . 

T h e data were in i t ia l ly screened to separate Spanish and M e x i c a n pro 
ductions. The ceramics typologically classified as Spanish had cer ium, thor
i u m , and lanthanum concentrations consistent w i t h product ion i n Spain (3). 
These types inc luded C o l u m b i a P l a i n , C o l u m b i a G u n M e t a l , Sevi l la W h i t e , 
Yayal B l u e on W h i t e , Santo D o m i n g o B l u e - o n - W h i t e , Iehtucknee B l u e - o n -
W h i t e , Iehtucknee B l u e - o n - B l u e , and Santa E l e n a M o t t l e d B l u e - o n - W h i t e . 
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Table I. I N A A Experimental Parameters 
Gamma Ray Cone, in Analytical BNL to SI 

Energy Standard Precision Conversion 
Element Nuclide (keV) SRM 1633° Count? SRM 679 Factors 
Na Na-24 1369 0.32 1 2.3% 1.037 
Κ K-42 1525 1.61 1 8.2% 
Ca Ca-47 1297 4.70 1 
Sc Sc-46 889 27.0 2 1.4% 0.893 
C r Cr-51 320 131.0 2 3.1% 0.992 
Fe Fe-58 1099, 

1292 
6.20 2 2.9% 0.972 

Co Co-60 1173, 
1333 

41.5 2 1.5% 1.036 

Zn Zn-65 1115 213.0 2 3.5% 
As As-76 559 61.0 1 6.0% 
Br Br-82 554 8.6 1 
Rb Rb-86 1077 125.0 2 9.1% 1.160 
Sr Sr-85 514 1700.0 2 
Zr Zr-95 757 301.0 2 
Sb Sb-122 564 6.9 1 9.9% 
Cs Cs-134 796 8.6 2 2.7% L009 
Ba Ba-131 496 2700.0 1 13.2% 
L a La-140 1596 82.0 1 1.4% 1.095 
Ce Ce-141 145 146.0 2 1.8% 0.961 
N d Nd-147 91 64.0 1 
S m Sm-153 103 12.9 1 1.6% 0.983 
E u Eu-152 1408 2.5 2 2.2% 0.824 
Tb Tb-160 879 1.9 2 12.9% 
Yb Yb-175 396 6.4 1 4.8% 1.023 
L u Lu-177 208 1.0 1 6.7% 0.835 
H f Hf-181 482 7.9 2 3.5% 1.213 
Ta Ta-182 1221 1.8 2 7.0% 0.821 
Th Pa-233 312 24.8 2 2.2% 0.992 
U Np-239 106 11.6 1 15.9% 
W W-187 686 5.5 1 
aNa, K, Ca, and Fe results are given in percents; all others are in parts per million. 
feCount 1: 1 h after a 5-day decay; count 2: 2 h after a 30-day decay. 

Data for these types are presented i n Appendixes A , B , and C . Three St. 
Catherines Island samples (SCI042, SCI052 , and SCI075 i n A p p e n d i x B) , 
typologically classified w i t h the San L u i s B l u e - o n - W h i t e , a M e x i c a n pro 
duct ion, were chemical ly classified as Spanish. Close examination of these 
sherds (Figure 2) shows vis ible distinctions suggesting that these may be 
examples of a Spanish variant discussed by L i s t e r and L i s ter (18). 

To investigate the question of whether the majolica ceramics produced 
i n M e x i c o dur ing the 16th and 17th centuries could be assigned to a proposed 
Mex i co C i t y or Pueb la product ion , the majolica w i t h a M e x i c a n composit ion 
and nine modern Pueb la samples were subjected to cluster analysis. T h e 
hierarchical aggregative c lustering program A G C L U S (19) used "average-
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l i n k " c luster ing on a mean-Eucl idean-distance matrix for the elements Se, 
C r , and F e , and separated the ceramics from Mex i co already discussed, into 
two large clusters (Figure 4). The upper cluster, G r o u p A i n F i g u r e 4, 
contained a l l the late 16th- and 17th-century Santa Cata l ina de Gua le sam
ples, 11 of the 14 F i g Springs / S a n Juan Polychrome samples from the M e x i c o 
C i t y excavations, and the n ine modern Pueb la samples. T h e lower cluster, 
G r o u p Β i n F i g u r e 4, contained only samples of 16th century context from 
the Metropo l i tan Cathedra l and Sagrario excavations i n Mex i co C i t y , i n 
c lud ing a l l the M e x i c o C i t y W h i t e , the M e x i c a n copies of C o l u m b i a P l a i n , 
and three F i g Spr ings /San Juan Polychrome samples. 

T h e val id i ty of these compositional groups was tested statistically by 
us ing Mahalanobis distance and H o t e l l i n g T 2 statistic. I n the composit ional 
group A , four F i g Spr ings /San Juan Polychrome samples (SCI009, SCI037 , 
SCI047 , and S C 44) and one San L u i s B l u e - o n - W h i t e sample (SCI076) of 
the 54 samples were exc luded at the 9 9 % confidence interval . I n the c om
positional group B , three samples of M e x i c o C i t y W h i t e (SC 13, S C 20, and 
S C 24) were excluded at the 9 9 % confidence leve l . These three samples 
were also outliers i n the cluster analysis (Figure 4). W i t h these samples 
e l iminated , the reformed compositional groups were tested against each 
other. Ind iv idua l members of each group displayed less than a 1% probabi l i ty 
of membership i n the other group. T h e two clusters, therefore, represent 
distinct and statistically verif iable chemical composition groups. 

T h e means, standard deviations, and 9 5 % confidence intervals for 22 
elements i n these two compositional groups and the modern Pueb la samples 
are presented i n Table II . T h e two compositional groups are v ir tual ly i d e n 
tical at the 9 5 % confidence interval for a l l elements except Sc, C r , and F e . 
P r i m a r i l y the elevated C r values i n the composit ion group A provide the 
discr iminat ion. F i g u r e 5 is a plot of C r vs. F e concentrations. The plot shows 
the separation of the two groups. The modern Pueb la majolica samples 
(represented by the crosses) fall w e l l w i t h i n the 9 5 % probabi l i ty el l ipse of 
the composit ional group A . 

O n the basis of the association of modern Pueb la majolica w i t h the late 
16th- to 17th-century majolica samples from the Guale M i s s i o n site i n group 
A , we propose that this chemical compositional group represents the pro 
duct ion of Pueb la . T h e ceramic types that can be attr ibuted to the proposed 
Pueb la product ion inc lude A u c i l l a Po lychrome, M t . Royal Po lychrome, San 
L u i s B l u e - o n - W h i t e , F i g Spr ings /San Juan Polychrome, Pueb la Po lychrome, 
and Pueb la B l u e - o n - W h i t e . T h e association, i n group B , of only samples 
from the Sagrario and the sealed 1573 Cathedra l sites i n Mex i co C i t y and 
L i s t e r and Lister ' s attr ibution of the ceramic types (primari ly M e x i c o C i t y 
W h i t e and M e x i c o C i t y copies of C o l u m b i a Plain) to Mex i co C i t y , provides 
a basis for proposing a M e x i c o C i t y product ion for this compositional group. 
I n contrast to the Pueb la composit ion group, there is no independent e v i 
dence for a M e x i c o C i t y or ig in and confirmation must await further research. 
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Figure 4. Dendrogram obtained by using the cluster analysis program, 
AGCLUS, for chromium, scandium, and iron values for majolica samples with 
Mexican chemical composition. Dendrogram shows two major groups, A and 

B, that are the proposed Puebla and Mexico City groups, respectively. 
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Figure 5. Logarithmic plot of the ratios of chromium to iron for the samples 
from sherds in group A and group Β of the cluster dendrogram shown in 
Figure 4. Key: ·, archaeological samples attributed to Mexico City production; 
A, archaeological samples attributed to Puebla production; +, modern ma

jolica produced in Puebla. 

T h e ceramic types attr ibuted to the proposed Mex i co C i t y product ion are 
Mex i co C i t y W h i t e , Mex i co C i t y copies of C o l u m b i a P l a i n , and F i g Spr ings / 
San Juan Polychrome. 

Table III presents the proposed location of product ion on the basis of 
the chemical composit ion for the majolica types analyzed and the attributions 
made by Gogg in (J) and L i s t e r and L i s t e r (2). A l l Mex i co C i t y W h i t e and 
Mex i co C i t y copies of C o l u m b i a P l a i n be long to the proposed M e x i c o C i t y 
product ion as just discussed. A l l the San L u i s B l u e - o n - W h i t e sherds reported 
here are from the excavations at Santa Cata l ina de Guale . W i t h the exception 
of the three Spanish composit ion sherds discussed earlier, the remain ing 17 
sherds can be chemical ly classified as having been produced i n Puebla . B o t h 
Gogg in and the Listers propose a Mex i co C i t y product ion for San L u i s B l u e -
on -Whi te . Goggin's attr ibution to M e x i c o C i t y is restricted to the reddish 
paste variant. W e have no chemical confirmation of a Mex i co C i t y product ion 
for San L u i s B l u e - o n - W h i t e . 

F i g Spr ings /San Juan Polychrome is an interesting contrast to the San 
L u i s B l u e - o n - W h i t e type. F i g Spr ings /San Juan Polychrome product ion has 
been attr ibuted to Pueb la by Gogg in and to Mex i co C i t y by L i s t e r and 
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Table III. Production Attributions 

Majolica Type 
Chemical 

Attribution 
Goggin" 

Attribution 

Lister and 
Listerh 

Attribution 
Mexico City 

White 
Mexico City — Mexico City 

San Juan 
Polychrome 

Puebla & 
Mexico City 

Puebla Mexico City 

San Luis 
Blue-on-White 

Puebla Puebla & 
Mexico City 

Mexico City 

Aucilla 
Polychrome 

Puebla unknown 
Mexican 

— 

Mt. Royal 
Polychrome 

Puebla unknown 
Spanish 

— 

Puebla Puebla Puebla — 
flRef. 1 
^Ref. 2 

L i s ter . T h e samples from Santa Cata l ina de Gua le that can be attr ibuted to 
a product ion site a l l appear to come from Puebla . The sherds from the M e x i c o 
C i t y excavations are split between the proposed Pueb la and Mex i co C i t y 
productions. 

Two samples, S C 37 and S C 38, assigned to the proposed Puebla pro 
duct ion group, i n fact come from the sealed context at the Metropo l i tan 
Cathedra l . The significance of these two sherds is that they provide evidence 
of Pueb la product ion of majolica ceramics before 1573. Two of the F i g 
Spr ings /San Juan Polychrome sherds, S C 46 and S C 52, excavated at the 
Sagrario, have the proposed M e x i c o C i t y composit ion. O n this basis, we 
propose that there may be two varieties of F i g Spr ings /San Juan Po lychrome, 
one from Pueb la and one from Mex i co C i t y . 

T h e later 17th-century types (Auci l la , M t . Royal , and Pueb la P o l y 
chrome) from Santa Cata l ina de Gua le a l l group w i t h the Pueb la composit ion. 
Gogg in attr ibuted A u c i l l a to an unknown M e x i c a n source and M t . Roya l 
Po lychrome to an u n k n o w n Spanish product ion center. There is no evidence 
to date for sherds of the M t . Royal Polychrome type having been produced 
i n Spain , and we propose that both types are from a Pueb la product ion. 

Close inspection of the chemical data for the proposed Pueb la produc 
t ion group shows that this group can be subdiv ided chemical ly into two 
typologically consistent subgroups. F i g u r e 6 presents the means and standard 
deviations for selected alkal i and rare earth elements i n the two subgroups. 
Typological ly , the two subgroups are A u c i l l a and M t . Royal Po lychrome and 
San L u i s B l u e - o n - W h i t e . San L u i s B l u e - o n - W h i t e is inc luded w i t h the 16th-
century types (identified by the Listers) ; A u c i l l a and M t . Roya l Po lychrome 
are not. Gogg in , on the other hand, assigned San L u i s B l u e - o n - W h i t e to 
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100 Τ 

Rb (ppm) La (ppm) Ce (ppm) Sm (ppm) Κ (%) 

Figure 6. Log means and standard deviations for Rb, La, Ce, and Κ for San 
Luis Blue and White (A) and Aucilla and Mt. Royal Polychrome (·) sherds 

from excavations at Santa Catalina de Guale. 

the early 17th century and A u c i l l a and M t . Royal Po lychrome to the m i d -
to-late 17th century. 

T h e concentration data for lanthanum and samarium, plotted i n F i g u r e 
7, show dist inct ly different ratios w i t h no overlap at the 9 5 % confidence 
interval . Moreover , the modern Puebla majolica falls w i t h i n the 9 5 % con
fidence ell ipse for the A u c i l l a and M t . Royal Po lychrome subgroup. These 
chemical differences strongly suggest a spatial or temporal dist inct ion i n clay 
resource use for the majolica product ion at Puebla . The association of the 
m i d to late 17th-century majolica types w i t h the modern Pueb la product ion 
argues for a temporal continuity i n resource procurement from the 17th 
century to the present. T h e sources of the modern clays used i n majolica 
product ion at Pueb la are descr ibed i n Maggett i et a l . (4). 

Conclusions 

T h e M e x i c a n majolica product ion of the 16th and 17th centuries can be 
chemical ly classified into two very distinct groups based on c h r o m i u m , i ron , 
and scandium concentrations. O n e of these groups matches the composit ion 
of modern Pueb la majolica and can be assigned to a Pueb la product ion. This 
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~ T r ι ι 1 r — 

103 

5.68 

5.20 

1* 4.76 

I 4.35 

ε 
α 3.98 

3.64 

3.33 h 

Ί 1 Γ 

16.2 18.5 21.2 24.4 

Lanthanum (ppm) 

27.9 

Figure 7. Logarithmic plot of the ratios of samarium to lanthanum for the 
samples from San Luis Blue-on-White (A) and Aucilla and Mt. Royal Poly
chrome (·) with the modern Puebla samples included in the 95% confidence 

ellipse of the Aucilla and Mt. Royal Polychrome group. 

Pueb la product ion appears to have begun sometime before 1573, as e v i 
denced by the presence of sherds of this chemical type beneath the floor of 
the Metropo l i tan Cathedra l . 

T h e Pueb la product ion group can be further subdiv ided chemical ly into 
two subgroups that may arise from spatial or temporal shifts i n resource 
procurement . T h e correspondence of the later product ion types w i t h the 
modern Pueb la majolica opens the possibilities for further investigations 
using ethnographic data. 

The attr ibution of the second major chemical group to a Mex i co C i t y 
product ion is based, at present, on c ircumstantial evidence. Add i t i ona l r e 
search using 16th-century majolica from the 1968-69 and 1975-76 excava
tions i n Mex i co C i t y (20) w i l l be needed to strengthen the attr ibution and 
to determine the range of types be ing manufactured. 

O n the basis of the evidence from the analyzed sherds from Santa 
Cata l ina de Gua le , we find that only Spanish and Pueb la product ion ceramics 
are present. N o Mex i co C i t y product ion sherds are among those analyzed. 
T h e presence of Pueb la product ion sherds from this 16th- and 17th-century 
site requ i red transport from Mexico . To our knowledge, no specific M e x i c a n 
sea route such as that for the Spanish flota (21), has been proposed for supply 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
5

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



104 A R C H A E O L O G I C A L C H E M I S T R Y 

to the mission's sites i n Spanish F lo r ida . However , a flow of supplies from 
M e x i c o C i t y through St. August ine to St. Catherines Island has been pro 
posed (22). Analysis of majolica sherds from carefully excavated shipwrecks 
i n the Car ibbean w i l l be valuable evidence for establishing the routes taken 
by the supply ships. 
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Analysis of Neolithic Iranian Ceramics 

R. G. V. Hancock1, S. J. Fleming2, and W. D. Glanzman2 

1SLOWPOKE Reactor Facility and the Department of Chemical Engineering, 
and Applied Chemistry, University of Toronto, Toronto, Canada, M5S 1A4 

2MASCA, The University Museum, University of Pennsylvania, Philadelphia, PA 
19104 

Neolithic pottery (207 samples) from Hajji Firuz, Dalma Tepe, and 
Pisdeli Tepe in the Solduz Valley of northwestern Iran and from Tepe 
Gawra and Tell 'Ubaid in northern and southern Iraq, has been 
analyzed for 14 elements by neutron activation analysis. The three 
Iranian sites are type sites for three important archaeological periods 
in Iran. Small temporal differences were found in the Hajji Firuz 
sherd chemistry, but the predominant cause of variations of elemental 
concentrations was determined to be a calcium-rich phase-based di
lution. Small, but probably distinct, chemical differences were found 
between the Solduz Valley sherds and small samplings of sherds from 
the major trading center of Tepe Gawra and the more distant Tell 
'Ubaid. Archaeologically anomalous sherds from Dalma Tepe appear 
to have been made from local materials. 

ΤΓΗΕ 5TH MILLENNIUM B.c. was a per iod of significant social change i n West 
Asia . A general population growth encouraged migration to new settlement 
areas, and established vil lage communit ies became more complex (I). A l l of 
these communit ies interacted to varying degrees at different t imes, and 
traded raw materials and finished products. The nature and extent of these 
interactions is of pr imary archaeological interest. These interactions reveal 
information about economic organization w i t h i n these early societies and 
their degree of reliance on one another. Analyses of macroscopic features of 
surv iv ing ceramics, such as vessel form, surface decoration, and fabric texture 
are the most common investigative tools. 

0065-2393/89/0220-0113$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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Because geochemically different clay sources may have been used by 
potters to produce ceramics for both domestic and trade purposes, neutron 
activation analysis ( N A A ) has been used as an independent means of ceramic 
characterization. Because of the relatively good analytical precis ion possible 
w i t h N A A , statistical patterning of N A A data for major, minor , and trace 
element concentrations may be used as a powerful provenancing tool. 

To assess the degree of spatial resolution that such a scientific approach 
might achieve, analytical data from ceramics from five early settlement sites 
are presented and evaluated. Three of the sites, Ha j j i F i r u z , D a l m a Tepe , 
and P isde l i Tepe, are w i t h i n 9 k m of each other i n the Solduz Val ley of 
Azerbai jan (northwestern Iran). Tepe Gawra , i n northern Iraq, is relat ively 
distant from the Solduz Val ley (200 k m west-southwest, over part of the 
Zagros Mountains) . It is be l ieved that the Tepe G a w r a had significant trade 
l inks w i t h the settlements i n the Solduz Val ley. T e l l ' U b a i d , i n southern 
Iraq , is more than 1000 k m south of Tepe G a w r a (see F i g u r e 1). A l l of the 
material from the Solduz Val ley was excavated as part of the Hasanlu Project 
of the Univers i ty M u s e u m , d irected by R. H . D y s o n , Jr . The pottery used 
for this study was recovered from l i m i t e d test excavations at the sites of H a j j i 
F i r u z (2), D a l m a (3), and P i sde l i Tepes by T. C . Young, Jr . i n 1961, and 
from a horizontal clearance at H a j j i F i r u z Tepe by M . M . Voigt i n 1968. 

Experimental Details 

Sampling. Pottery (207 pieces) was analyzed in this project. Samples varied 
in size from 25 to 500 mg. Individual samples were cut with a diamond saw or were 
broken from their parent sherd. The outer surfaces of each sample were removed 
with a carborundum bit. After cleaning, the samples were weighed and stored in 
polyethylene vials. 

Chemical Analysis. The sherd samples were analyzed by instrumental neutron 
activation analysis (INAA) at the S L O W P O K E Reactor Facility of the University of 
Toronto (4). The first part of the analysis determined the concentrations of elements 
that produce short-lived radionuclides, including U , Dy, Ba, T i , M g , Na, A l , M n , 
CI, and Ca. This determination was achieved by irradiating the larger samples (>200 
mg) for 1 min at 1.0 X 10 1 1 neutrons c m 2 s _ 1 . After a delay time of approximately 
19 min (to allow the 2 8 A l to decay to reasonable levels), each sample was assayed for 
5 min with either a germanium-lithium or a hyperpure germanium detector-based 
7-ray spectrometer. Samples were irradiated sequentially at 6.5-min intervals. 
Smaller samples were irradiated with higher neutron doses so that they produced 
as much radioactivity as the larger samples. Chemical concentrations were calculated 
by using the comparator method, established over the past decade at Toronto, with 
the aid of an assortment of international multielement rock standards and in-house 
chemical standards. 

The second part of the analysis, to determine the concentrations of elements 
that produce radioisotopes with longer half-lives, including Sm, E u , Na, and K, was 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
6

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



6. H A N C O C K E T A L . Neolithic Iranian Ceramics 1 1 5 

Figure 1. Map of site locations in Iran and Iraq. 

performed by irradiating the samples in batches with neutron doses of 10 to 20 times 
the original dose. The samples were then left to decay overnight and were assayed 
sequentially with the same 7-ray spectrometers used previously. Chemical concen
trations were calculated as before. 

Results and Discussion 

The results of the analyses of pottery from the Solduz Val ley (51 samples 
from H a j j i F i r u z , 91 samples from D a l m a Tepe, and 45 samples from Pisde l i 
Tepe) are presented i n Table I as group means and standard deviations for 
the elements N a , A l , K , C a , T i , V, M n , S m , E u , and D y . U r a n i u m , mag
nes ium, and bar ium have not been inc luded because the ir values were 
invariably at or close to their I N A A detection l imi t . A lso , C l has been ignored 
because it is accumulated from the environment d u r i n g pot or sherd bur ia l . 
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Table I. Analytical Data for Sherds from the Solduz 
Valley Sites 

Hajji Firuz Dalma Tepe Pisdeli Tepe 
Element (51 samples) (91 samples) (45 samples) 
Na (%) 0.96 0.23 1.11 ± 0.18 1.08 ± 0.23 
Al (%) 6.6 0.9 7.1 ± 1.0 7.6 ± 0.3 
K ( % ) 2.1 0.4 2.2 ± 0.3 2.3 ± 0.3 
Ca (%) 8.3 ± 2.7 7.9 ± 3.0 6.1 ± 2.7 
T i (%) 0.47 ± 0.11 0.52 0.13 0.53 ± 0.11 
V (ppm) 120 ± 20 140 ± 30 150 30 
M n (ppm) 750 ± 200 990 ± 210 1000 ± 250 
Sm (ppm) 4.5 0.8 4.7 ± 0.8 5.0 ± 0.8 
E u (ppm) 1.2 ± 0.2 1.3 ± 0.2 1.4 0.2 
Dy (ppm) 3.8 ± 0.6 4.2 ± 0.8 4.4 + 0.7 
NOTE: All values are given as mean ± standard deviation. 

Two points are apparent from this data. T h e first is that, apart from C a , 
the trends i n mean chemical concentrations, although very small , are con
sistently low to h igh , from H a j j i F i r u z sherds through D a l m a Tepe sherds 
to P i s d e l i Tepe sherds. This t rend indicates the probabi l i ty of d i lut ion by a 
C a - r i c h phase i n this series of ceramics. T h e second point is that, for each 
element, the data are not part icularly t ightly c lustered, so that a l l the data 
sets overlap broadly. W i t h single standard deviations of 15 to 20%, the three 
data sets are relat ively dispersed and again suggest a C a - r i c h phase d i lu t i on 
effect (5). This effect can be seen i n F i g u r e 2, w h i c h is a C a - A l scattergram 
for a l l the Solduz data, i n w h i c h the A l content is taken as a marker for the 
clay fabric that the C a di lutes. T h e positive correlation of A l and T i (see 
F i g u r e 3) confirms this conclusion. 

It is presumptuous to c la im site-specific separations of the three sets of 
ceramics from the in terming l ing of the data i n these scattergrams without 
looking at the intergroup e lemental ratios (see Table II). These ratios show 
that, apart from C a , the P i sde l i Tepe to D a l m a Tepe group ratios are re la 
t ive ly consistent at 1.04 ± 0.04 and indicate strong geochemical similarit ies. 
However , i n addit ion to the expected C a anomalies, the D a l m a Tepe to 
H a j j i F i r u z and the P isde l i Tepe to H a j j i F i r u z group ratios show abnormal 
behavior for M n , w i t h ratios of 1.41 and 1.43 compared w i t h the ratios of 
the other elements of 1.11 ± 0.05 and 1.15 ± 0.05, respectively. This 
abnormal behavior may reflect a slightly different clay source at H a j j i F i r u z 
relative to D a l m a Tepe and P i sde l i Tepe (see Table III and the relevant 
discussion). 

To establish the relative internal consistency of the data, the large group 
of sherds from D a l m a Tepe was somewhat arbitrari ly d iv ided unequal ly into 
two groups. T h e data for the first 25 archaeologically chosen sherds (rep
resenting a m i n i m u m statistically rel iable n u m b e r of sherds and the sherds 
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Figure 3. Ti-Al scattergram illustrating a positive correlation. 

Table II. Group Elemental Ratios 
Element Pisdeli/Dalma Dalma/Hajji Firuz Pisdeli/Hajji Firuz 
Na 0.97 1.16 1.10 
A l 1.07 1.08 1.15 
Κ 1.05 1.05 1.10 
Ca 0.77 0.95 0.73 
T i 1.02 1.11 1.13 
V 1.07 1.17 1.25 
M n 1.01 1.41 1.43 
Sm 1.06 1.04 1.11 
E u 1.08 1.08 1.17 
Dy 1.05 1.11 1.17 
Average 1.04 ± 0.04fl 1.11 ± 0.05* 1.15 ± 0.05* 
"Without Ca. 
^Without Ca and Mn. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
6

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



6. H A N C O C K E T A L . Neolithic Iranian Ceramics 119 

Table III. Check of the Internal Consistency of the Data 
from Dalma Tepe 

Element First 25 Samples Remaining 66 Samples 
Na (%) 1.08 ± 0.29 1.12 ± 0.21 
A l (%) 7.0 ± 1.1 7.2 ± 1.0 
K(%) 2.3 ± 0.4 2.2 ± 0.3 
Ca (%) 8.1 ± 3.6 7.8 ± 2.8 
T i (%) 0.51 ± 0.14 0.53 ± 0.13 
V (ppm) 130 ± 40 140 ± 30 
M n (ppm) 950 ± 270 1000 ± 190 
Sm (ppm) 4.9 ± 0.9 4.6 ± 0.8 
E u (ppm) 1.3 ± 0.2 1.3 ± 0.2 
Dy (ppm) 4.3 ± 0.9 4.1 ± 0.8 
NOTE: A l l values are given as mean ± standard deviation. 

thought to be most representative of the archaeological group) were c o m 
pared w i t h the data for the remain ing 66 sherds i n Table III . Th is comparison 
reveals remarkable agreement between the two data sets. T h e relative sizes 
of the group mean precisions are consistent w i t h the more variable C a content 
i n the small group relative to the larger group and confirm the intragroup 
consistency. 

Temporal Differences. T h e Solduz Val ley pottery studied here cov
ers the per iod from ca. 5500 B . C . to ca. 3550 B . C . T h e appreciable scatter 
in the N A A data presented i n Table I raises the question of whether some 
of the scatter is the result of a temporal change i n the chemistry of the clay 
sources used by potters at any or a l l of the three Solduz Val ley sites. 

Comple te cross comparison between the sites is not feasible because 
the H a j j i F i r u z phase (ca. 5500 to 4750 B . C . ) , the D a l m a phase (ca. 4750 to 
4350 B . C . ) , and the P isde l i phase (ca. 4350 to 3550 B . C . ) (6) are not r e p 
resented at every site. A l l three phases occur at H a j j i F i r u z , though material 
from the P isde l i phase is quite l i m i t e d . T h e D a l m a phase occurs at D a l m a 
Tepe, w i t h a very l i m i t e d amount of material attr ibuted to the Ha j j i F i r u z / 
D a l m a phase transit ion. O n l y the D a l m a and P isde l i phases occur at P i sde l i 
Tepe. Accord ing ly , temporal comparisons may be made at Ha j j i F i r u z and 
Pisde l i Tepe, that y i e l d quite different kinds of information. 

D a t a showing the temporal differences for the selection of sherds from 
H a j j i F i r u z are presented i n Table I V and F i g u r e 4. Cons ider ing the smal l 
n u m b e r of Dalma-phase and Pisdeli -phase samples, and the enhanced pos
sibil ities of their group mean concentrations deviat ing from " n o r m a l " , these 
two groups tend to be close i n average composit ion to that of the D a l m a 
Tepe and P i sde l i Tepe ceramics l isted i n Tables I and III . This s imilarity is 
most pronounced for A l and M n . O n the other hand, the H a j j i F i ruz -phase 
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Table IV. Test for Temporal Differences in Sherd 
Compositions at Hajj i F iruz 

Hajji Firuz Phase Dalma Phase Pisdeli Phase 
Element 38 sampfas 5 samples 6 sc im pies 
Na (%) 0.95 ± 0.21 1.20 ± 0.24 0.88 ± 0.23 
A l (%) 6.3 ± 0.7 7.1 ± 0.7 7.7 ± 1.5 
K(%) 2.1 ± 0.4 2.2 ± 0.3 2.4 ± 0.3 
Ca (%) 8.4 ± 2.3 5.9 ± 2 . 1 8.6 ± 4.4 
T i (%) 0.45 ± 0.08 0.65 ± 0.17 0.49 ± 0.10 
V (ppm) 120 ± 20 150 ± 30 140 ± 30 
M n (ppm) 680 ± 150 1100 ± 170 890 ± 150 
Sm (ppm) 4.3 ± 0.8 5.2 ± 0.4 4.9 ± 1.1 
E u (ppm) 1.2 ± 0.2 1.2 ± 0.1 1.3 ± 0.2 
D y ^)pm) 3.6 ± 0.5 4.6 ± 0.4 4.3 ± 0.5 
NOTE: All values are given as mean ± standard deviation. 
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Figure 4. Mn-Ti scattergram for sherds from Hajji Firuz indicating probable 
geochemical differences between archaeological periods. 

sherds exhibit significantly lower average levels of both A l and M n than was 
found i n the sherds from D a l m a Tepe or P i sde l i Tepe. W i t h the removal of 
the 11 later phase sherds, the H a j j i F iruz-phase A l and M n group mean 
concentrations decrease i n magnitude and become more precise relative to 
the data displayed i n Table I for al l sherds from Haj j i F i r u z ; this decrease 
sets t h e m further apart chemical ly from the sherds of the other two Solduz 
Val ley sites. 
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6. H A N C O C K E T A L . Neolithic Iranian Ceramics 121 

T h e composit ion profiles for the two phases of sherds found at P i sde l i 
Tepe are displayed i n Table V and F i g u r e 5, and do not indicate temporal 
differences. 

Comparison of Sherds from Tel! 'Ubaid, Tepe Gawra, and the 
Solduz Valley. T e n sherds from T e l l ' U b a i d and 10 sherds from Tepe 
G a w r a were analyzed i n the same way as those from the Solduz Val ley. T h e 
data for the sherds from these diverse regions are presented as group means 
and standard deviations i n Table V I . Large differences are not apparent i n 
the geochemistry of the sherds from the three regions, w i t h the fol lowing 
exceptions: Relative to the Solduz Val ley sherds, the T e l l ' U b a i d sherds are 
low i n K , and the Tepe G a w r a sherds are low i n both N a and i n M n . In 
fact, the Tepe G a w r a sherds have a composit ion profile that is close to that 
of the H a j j i F i r u z phase of the H a j j i F i r u z sherds as displayed i n Table IV, 
w i t h the exception of the l ow leve l of N a found i n sherds from Tepe Gawra . 
T h e T e l l ' U b a i d and Tepe G a w r a sherds are also more calcareous than the 
majority of the Solduz sherds, but , because only a small sampling of T e l l 
' U b a i d and Tepe G a w r a sherds has been made to date, this observation may 
or may not be significant. 

Anomalous Sherds from Dalma Tepe. A pre l iminary investiga
t ion has been made to determine whether the I N A A data for D a l m a Tepe 
was somewhat biased by the possible presence of imports from Tepe G a w r a , 
w h i c h , throughout the per iod from ca. 5100 to 2200 B . C . , was one of the 
pr imary trading settlements i n northern Mesopotamia. E i g h t sherds from 
the D a l m a Tepe corpus were identi f ied typologically as anomalous. T h e y 
d i d not fit into the D a l m a phase typological mainstream, but were strongly 
affiliated i n paint ing style and fabric to wares from Tepe Gawra . D a t a for 
these anomalous sherds are presented i n Table V I I . 

Table V. Test for Temporal Differences in Sherd 
Compositions at Pisdeli Tepe 

Pisdeli Phase Dalma Phase 
Element 31 samples 14 samples 
Na (%) 1.12 ± 0.24 1.00 ± 0.20 
A l (%) 7.7 ± 0.9 7.6 ± 1.1 
K(%) 2.3 ± 0.4 2.2 ± 0.3 
Ca (%) 6.2 ± 2.7 5.8 ± 2.7 
Ti (%) 0.51 ± 0.09 0.57 ± 0.13 
V (ppm) 140 ± 30 160 ± 30 
M n (ppm) 960 ± 270 1040 ± 300 
Sm (ppm) 5.0 ± 0.8 5.1 ± 0.8 
E u (ppm) 1.4 ± 0.2 1.4 ± 0.2 
Dy (ppm) 4.4 ± 0.7 4.2 ± 0.9 
NOTE: A l l values are given as mean ± standard deviation. 
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Figure 5. Mn-Ti scattergram for sherds from Pisdeli Tepe showing similarities 
between sherds of two periods. 

Table V I . Analytical Results for Sherds from the Solduz Valley 
Tell Vbaid Tepe Gawra Solduz Valley 

Element 10 samples 10 samples 187 samples 
Na (%) 1.10 ± 0.16 0.65 ± 0.11 1.06 ± 0.24 
A l (%) 6.9 ± 0.4 6.6 ± 0.6 7.7 ± 1.1° 
K ( % ) 1.3 ± 0.3 2.0 ± 0.4 2.2 ± 0.3 
Ca (%) 10.2 ± 2.3 11.3 ± 1.3 7.6 ± 3.0 
T i (%) 0.47 ± 0.05 0.46 ± 0.04 0.51 ± 0.12 
V (ppm) 140 ± 20 140 ± 30 140 ± 30 
M n (ppm) 1100 ± 100 630 ± 110 920 ± 250" 
Sm (ppm) 4.3 ± 0.5 4.1 ± 0.6 4.7 ± 0.8 
E u (ppm) 1.1 ± 0.2 1.2 ± 0.1 1.3 ± 0.2 
Dy (ppm) 3.6 ± 0.4 3.9 ± 0.2 4.1 ± 0.8 
NOTE: All values are given as mean ± standard deviation. 
"Includes the Al and Mn depleted Hajji Firuz phase sherds. 
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6. H A N C O C K E T A L . Neolithic Iranian Ceramics 1 2 3 

Table VII . Anomalous Wares Found at Dalma Tepe 
Element M52 M53 M55 M57 M69 R142 R143 R144 
Na (%) 0.63 0.69 0.94 0.85 1.19 0.80 1.06 0.84 
Al (%) 5.8 6.9 7.2 7.0 7.7 5.9 7.4 8.0 
K(%) 1.7 1.9 2.0 1.7 2.2 1.9 1.7 2.2 
Ca (%) 10.9 9.7 11.1 12.9 4.2 12.4 10.7 9.8 
Ti (%) 0.38 0.34 0.45 0.47 0.59 0.37 0.48 0.54 
V (ppm) 120 140 130 120 150 100 130 170 
Mn (ppm) 980 960 940 980 920 640 970 1100 
Sm (ppm) 3.8 4.2 5.0 3.9 6.0 3.0 4.4 4.5 
Eu (ppm) 1.0 1.1 1.2 1.0 1.5 1.1 1.2 1.2 
Dy (ppm) 3.4 3.9 4.1 3.5 4.9 3.1 4.3 4.7 

W i t h the exception of one sample (No. M69) , a l l atypical sherds have 
the h igh C a content typical of the 10 Tepe G a w r a sherds analyzed to date. 
I f the 10 Tepe G a w r a sherds represent the total corpus of Tepe G a w r a 
ceramics over t ime , then N o . M 6 9 is probably a D a l m a Tepe copy of the 
northern ' U b a i d ceramics manufactured at Tepe Gawra . O n l y one sherd (No. 
R142), w i t h a low A l and M n content and a h igh C a content, has a significant 
chance of having been made i n Tepe Gawra . 

W h e n considering the remain ing six sherds, i t is tempt ing to ignore the 
Κ values and c la im that Nos . M 5 2 , M 5 3 , M 5 7 , and R143 could have or ig i 
nated from T e l l ' U b a i d . If, however, the Κ values are not ignored, then i t 
is probable that, w i t h the exception of N o . R142, a l l the anomalous sherds 
are chemical ly compatible w i t h the mainstream sherds from D a l m a Tepe. 

Conclusions 

• O f the ceramics analyzed from the Solduz Val ley i n nor th 
western Iran, only those manufactured dur ing the H a j j i F i r u z 
phase at H a j j i F i r u z appear to be chemical ly distinguishable 
from ceramics made at later times at H a j j i F i r u z , D a l m a Tepe, 
and P isde l i Tepe. 

• Smal l samplings of sherds from Tepe G a w r a and T e l l ' U b a i d 
indicate small , but probably significant, chemical differences 
between the clay sources at each site and between them and 
the ceramics of the Solduz Valley. 

• T h e main intrasite source of e lemental compositional variation 
is either a natural or man-made C a - r i c h phase d i lut ion of the 
parent clay, and this effect must be addressed before intersite 
chemical variations may be assessed. 
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7 

Trace Element Analysis 
of Pueblo II Kayenta 
Anasazi Sherds 

Richard D . Foust, Jr., J. Richard Ambler, and L a r r y D . Turner 

Northern Arizona University, Ralph M. Bilby Research Center, Flagstaff, A Z 
86011 

Thirty-two sherds representing five different examples of Kayenta 
Anasazi Pueblo II pottery (Tusayan Corrugated [TC], Medicine 
Black-on-Red [MB], Tusayan Black-on-Red [TB], Dogoszhi Black— 
on-White [DB], and Sosi Black-on-White [SB]) have been analyzed 
for the elements As, Ba, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, V, and Zn 
by using the techniques of flame atomic absorption spectroscopy 
(FAA) and electrothermal atomic absorption spectroscopy (ETAA). 
Analytical procedures for the chemical analysis of ceramics afford 
accuracy and sensitivity and require only a modest capital investment 
for instrumentation. The sherd samples were collected at two sites, 
one in southern Utah (Navajo Mountain [NM]) and the second in 
northern Arizona (Klethla Valley [KV]). These sites are approximately 
60 km apart. Statistical treatment of the data shows that only three 
clay types were used in the 32 sherds analyzed, and that only three 
elements (Fe, Pb, and Ni) are necessary to account for 100% of the 
dispersion observed within this sample set. 

M ANY INSIGHTS INTO EARLY CIVILIZATIONS have been prov ided b y the 
study of ceramics. Various physical and chemical methods are considered 
standard techniques for modern archaeology (J , 2). T h e macroanalysis, m i 
croanalysis, and trace chemical analysis of artifacts have added greatly to the 
understanding of prehistoric civil izations (3-6). T h e chemical techniques 
used for ceramic analysis have inc luded spark source mass spectrometry (7); 

0065-2393/89/0220-0125$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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X - r a y fluorescence emission (8, 9); atomic absorption (10-12), Môssbauer 
(13), and scanning A u g e r (14) spectroscopic methods; and neutron activation 
analysis ( N A A ) (15-17). In addit ion , several exotic physical methods such as 
X - r a y xeroradiography (18, 19) and photoacoustic analysis (20) have been 
appl ied to the study of ceramics. O f the analytical methods l isted, neutron 
activation has been the most frequently used technique. 

A l though nondestructive analytical techniques are preferred for ar
chaeometry, these methods are not without their faults. Surface analytical 
methods are susceptible to the glazing and firing practices of ind iv idua l 
potters and do not provide a representative analysis of the entire sample. 
N e u t r o n activation analysis can be nondestructive, but standard practice for 
ceramics involves taking a 50 -100 -mg sample for analysis from an incon 
spicuous place. A t o m i c absorption and plasma emission spectroscopy require 
larger sample sizes than N A A and require a lengthy digestion process. T h e 
advantage of atomic absorption spectrometry is that the analytical techniques 
are easily learned by a chemical technician and the capital investment for 
instrumentation (compared to the cost of a nuclear reactor) is small . M e s c h e l 
(21) has given a complete discussion of the analytical methods used i n ar
chaeological chemistry and provides a comparison of the advantages and 
disadvantages of each method. 

Tradit ional flame atomization methods have been preferred for atomic 
absorption analysis of ceramics. V e r y l i tt le ment ion has been made of elec
trothermal atomization ( E T A A ) i n the l i terature. A l though E T A A offers i n 
creased sensitivity w i t h lower detection l imits and smaller sample sizes, the 
problems of matrix interference (22-25) have resulted i n the development 
of sample-specific methods for E T A A . 

E a c h e lement has unique chemical and physical properties that require 
ind iv idua l determinat ion of the o p t i m u m times and temperatures for dry ing , 
charr ing, and atomizing i n the graphite furnace (26). I n addit ion, the use of 
"matr ix modif iers" has been found to improve the analytical quality of the 
E T A A analysis for some elements (27). M o d e r n atomic absorption ins t ru 
ments are capable of reading both the peak shape and peak area of the 
vaporized e lement , and it is possible to improve the analysis by selecting 
the proper signal reading mode (28). Improved vaporization characteristics 
are often obtained w i t h a stabil ized temperature platform (STP or L v o v 
platform, named after its inventor) used i n the graphite tube (29, 30), and 
a background corrector (either deuter ium lamp or Zeeman effect) greatly 
improves E T A A accuracy (31, 32). 

E x p e r i m e n t a l determinat ion of the o p t i m u m values for these i n s t r u 
mental and procedural variables makes E T A A a tedious and unattractive 
method w h e n compared w i t h faster mult ie lement procedures. H o w e v e r , 
once the procedures and o p t i m u m conditions have been determined , sam
ples can be analyzed i n about 10 m i n per element per sample. T h e proce
dures and instrumental conditions reported i n this chapter permi t the 
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7. F O U S T E T A L . Pueblo II Kayenta Anasazi Sherds 1 2 7 

analysis o f ceramic samples accurately, economically, and efficiently by s i m 
i larly equ ipped laboratories. 

Several early studies of southwestern pottery have been reported (33, 
34), but Shepard (I) is credi ted w i t h the first systematic approach to ceramic 
analysis. B y using the physical properties of pottery (color, hardness, texture, 
luster, porosity, and strength) combined w i t h an analysis of manufacturing 
methods and decorative techniques, Shepard was able to make statements 
about the d is tr ibut ion and exchange of ceramics i n the R io G r a n d drainage 
area of N e w Mex i co . D e u t c h m a n n (35, 36) used neutron activation i n a study 
of 200 sherds to measure the concentrations of 22 chemical elements i n an 
attempt to define locations of ceramic manufacture and regions of exchange 
for two types of Kayenta Anasazi Pueblo II ceramics (Sosi B lack -on -Whi te 
and Dogoszhi Black-on-White ) . D e u t c h m a n n analyzed sherds from 10 sites 
located on or near Black M e s a i n northeastern Ar izona . T h r o u g h a sophis
ticated statistical analysis of the data, some remarkable composit ional pat
terns were revealed that were taken as evidence for exchange of ceramics 
between the sites studied. 

G e i b and Cal lahan (37) have conducted the most recent study of ceramic 
exchange i n the Kayenta Anasazi region. T h e y concluded that the K l e t h l a 
Val ley region of northern A r i z o n a was the in i t ia l product ion site of ash-
tempered Tusayan W h i t e Ware . This conclusion was based on an analysis, 
by tradit ional methods, of ceramics from approximately 300 sites. G e i b and 
Cal lahan ended the ir paper w i t h a cal l to more def init ively establish s i m i 
larities and differences among the ceramics of the Kayenta Anasazi region 
through chemical means. 

T h e purpose of our project was twofold. F i r s t , developments i n atomic 
absorption spectrophotometry (electrothermal atomization and background 
correction techniques) have made this method of analysis more applicable 
to archaeological samples by requ i r ing significantly smaller amounts of m a 
terial (about 250 mg) and by l ower ing the detection l imits for many elements 
to the parts -per-bi l l ion range. Deve lopment of the laboratory procedures 
and instrumental conditions necessary to analyze archaeological samples 
w o u l d , therefore, be of benefit to many archaeological laboratories. Th is 
point is part icularly significant because of atomic absorption's large economic 
advantage over neutron activation techniques. 

T h e second goal of this project was to learn something about the m a n 
ufacture and exchange of pottery i n this region through the application of 
flame atomic absorption spectroscopy ( F A A ) and E T A A to the study of ce
ramics found at two sites i n southern U t a h and northern Ar i zona . 

Experimental Details 

C h e m i c a l M e t h o d s . Sherds were prepared for analysis by removing 
surface glazing and designs w i t h a fine-grit si l icon carbide abrasive paper. 
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128 A R C H A E O L O G I C A L C H E M I S T R Y 

A 250-mg sample was taken for analysis, we ighed to 0.1 m g , and digested 
by the fol lowing procedure. 

T h e sherd sample was placed into a tared, acid-washed polyethylene 
bottle (125-mL). A q u a regia solution (0.50 m L ) was added to the sample, 
fol lowed by the addit ion of 5.0 m L of hydrof luoric acid (48%). T h e aqua 
regia solution (stored i n an acid-washed polyethylene bottle) was prepared 
by combin ing 12.5 m L of H N 0 3 (70%) w i t h 37.5 m L of H C 1 (37%). T h e 
polyethylene bottle containing the sample, aqua regia, and H F was capped 
and shaken on a horizontal shaker for 12-17 h . T h e sample bottle was then 
removed from the shaker and placed i n a water bath at 90 °C for 1 h . T h e 
W h i t e precipitate (metal fluorides) observed at this stage of the digestion 
was dissolved upon the addit ion of 75.0 m L of a saturated boric acid solution. 
The final sample vo lume was adjusted to a mass of 100.0 g by the addit ion 
of de ionized , double -d ist i l led water. Al iquots of this solution were used 
without further treatment for both E T A A and F A A analysis. 

A l l chemicals and reagents used i n this work were A C S reagent grade, 
a l l vo lumetr ic glassware was class-A, and a l l beakers, bottles, and vo lumetr i c 
glassware were washed w i t h aqua regia and r insed w i t h deionized, double -
d ist i l led water before use. 

Instrumental Conditions. F A A analyses for B a , F e , and M n were 
done on a P e r k i n E l m e r mode l 560 atomic absorption spectrophotometer 
w i t h an a ir -acety lene flame for F e and M n and a nitrous oxide-acetylene 
flame for B a (38, 39). T h e remain ing elements were determined by E T A A 
w i t h the conditions l is ted i n the appendix (Table A - l ) w i t h a P e r k i n E l m e r 
mode l 5000 atomic absorption spectrophotometer equ ipped w i t h a mode l 
H G A - 4 0 0 graphite furnace and a deuter ium background corrector. T h e p r e 
cision of F A A was ± 1 . 0 % and the prec is ion of E T A A was ± 1 0 % . Absorbance 
readings for F A A were converted direct ly to concentrations by comparison 
w i t h absorbance readings for standards that had been previously stored i n 
the instrument 's computer . 

Absorbance readings for E T A A were converted to concentrations b y 
apply ing a modi f ied method of standard additions (39). Two solutions of the 
e lement of interest were prepared (along w i t h a blank) w i t h i n the concen
tration range expected for the samples. These solutions were used to prepare 
a standard curve that was used to calculate concentrations from the absorb
ance data of u n k n o w n solutions. T h e percent recovery for the unknown was 
veri f ied by spiking the sample w i t h a known quantity of the e lement of 
interest, and repeating the E T A A analysis. T h e readings were taken as va l id 
i f the spiked sample produced the expected absorbance increase. Accuracy 
of the analytical procedures was veri f ied by analysis of Nat ional B u r e a u of 
Standards Reference M a t e r i a l N o . 1645, river sediments. T h e results of this 
comparison are shown i n Table I. 
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7. F O U S T E T A L . Pueblo II Kayenta Anasazi Sherds 129 

Table I. Comparison of Analytical Methods against NBS 
Standard Reference Material , No. 1645, River 

Sediments 
Element NBSa BRCb 

Arsenic 66 68.8 
Barium — 182 
Chromium 2.96 ± 0.28% 3.05% 
Cobalt 8.0 8.0 
Copper 109 ± 19 92.6 
Iron 11.3 ± 1.2% 9.2% 
Lead 714 ± 28 715 
Manganese 785 ± 97 763 
Nickel 45.8 ± 2.9 43.1 
Vanadium 23.5 ± 6.9 23.0 
Zinc 1720 ± 169 1670 
NOTE: All concentrations are reported as micrograms per gram 
(ppm) except chromium and iron, which are reported as weight 
percent. 
"National Bureau of Standards. 
bBilby Research Center. 

Experimental Design. To simpli fy the interpretation of results, 
sherd samples were selected for analysis from the Pueblo II era (ca. 900-1150 
A . D . ) . Samples from only two sites that were known to have been occupied 
by the Kayenta Anasazi were examined (40). F igure 1 shows the area of the 
Kayenta Anasazi and identifies the two sites (Navajo M o u n t a i n and K l e t h l a 
Valley) where sherds were col lected. 

Three common wares of Pueblo II ceramics are found at the two sites 
selected for this study (Tusayan Gray Ware , Tsegi Orange Ware , and Tusayan 
W h i t e Ware), and they are easily dist inguished by their physical appearance. 
Tsegi Orange Ware has a r e d or orange color and dramatic black designs 
painted on its surface. In contrast, the Tusayan G r a y Ware and Tusayan 
W h i t e Ware are l ight gray. Tusayan C r a y Ware has a textured, woven ap
pearance w i t h no painted designs. Tusayan W h i t e Ware has a smooth surface 
that does contain black painted designs. As shown i n F i g u r e 2 , Tsegi Orange 
Ware and Tusayan W h i t e W a r e are classified further by their painted surface 
designs. A l l three ceramic wares were found at excavations i n the Kayenta 
Anasazi region, but the percentages of each changed w i t h location. These 
differences i n d istr ibut ion have been the basis for many claims of ceramic 
exchange w i t h i n the Kayenta Anasazi region. 

Results and Discussion 

T h e results of the chemical analysis of the sherds are l isted i n Table II (Klethla 
Val ley samples) and Table I I I (Navajo M o u n t a i n samples). E a c h n u m b e r 
shown i n Tables II and III is the average value of at least three separate 
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130 A R C H A E O L O G I C A L C H E M I S T R Y 

Figure 1. Map of the Kayenta Anasazi region of northern Arizona and southern 
Utah showing locations of archaeological sites. 

Wares Pueblo II Types 

Tusayan Gray Ware > Tusayan Corrugated 

Tsegi Orange Ware ~~Z 
- - ^ Medicine Black-on-red 

"~~ > Tusayan Black-on-red 

Tusayan White Ware - — r " ~ 
_ -^Dogozshi Black-on-white 

-=* Sosi Black-on-white 

Figure 2. Classification of Pueblo II Kayenta Anasazi pottery. 
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7. F O U S T E T A L . Pueblo II Kayenta Anasazi Sherds 133 

analyses. Three runs were per formed on each sherd sample for each element. 
W h e n an agreement of ± 10% was achieved between runs, the mean value 
was taken as the elemental concentration for that sherd. T h e 10% agreement 
requirement was usually satisfied w i t h three runs, but occasionally five runs 
were required . E a c h n u m b e r shown i n Tables II and H I has an uncertainty 
of ± 1 0 % . 

T h e chemical concentration data from the 32 sherds (Tables I I and III) 
were then analyzed by a series of two-way H o t e l l i n g Τ 2 tests (41). T h e 
H o t e l l i n g test was chosen because of its appl icabi l i ty to multivariate analysis 
(42, 43) and was used to test for statistically significant differences between 
locations and between ware types. A statistically significant difference is 
identi f ied w h e n the calculated T 2 value exceeds T 2 for the specified l eve l of 
confidence (95% i n this case). The results of the H o t e l l i n g tests are shown 
i n Table IV. 

The results of the H o t e l l i n g T 2 test show that there is no significant 
chemical difference between the Tusayan Corrugated , M e d i c i n e Black on 
R e d , or Tusayan B lack -on -Red sherds, even though the comparison is be
tween samples col lected at sites that are 60 k m apart. B y contrast, the 
Dogoszhi B lack -on -Whi te and the Sosi B lack -on -Whi te sherds are signif i 
cantly different w h e n compared between sites. F u r t h e r m o r e , comparison of 
the pooled M e d i c i n e B lack -on -Red sherds to the pooled Tusayan B lack -on -
R e d sherds gives a T 2 value w e l l i n excess of the cr i t ical value. Th is result 
indicates that these two types are chemical ly different. 

T h e chemical concentrations from Tables II and III were then combined 
to give mean e lement concentrations for each grouping as identi f ied from 
the H o t e l l i n g T 2 test (Tusayan Corrugated [TC] , M e d i c i n e B lack -on -Red 
[ M B ] , Tusayan B lack -on -Red [TB] , Navajo M o u n t a i n Dogoszhi B lack -on -
W h i t e [ N M D B ] , K l e t h l a Val ley Dogoszhi B lack -on -Whi te [ K V D B ] , Navajo 
M o u n t a i n Sosi Black on W h i t e [ N M S B ] , and K l e t h l a Val ley Sosi B lack -on -
W h i t e [KVSB] ) . These data are l isted i n Table V along w i t h the experimental 
9 5 % confidence l imits shown for each mean concentration. 

Table IV. Results of the Two-Way Hotelling T 2 Test When Applied to the 
Original Atomic Absorption Data for Element Concentrations 

Interaction Tested Degrees of Freedom T cale Τ20Μ 

N M T C vs. K V T C 12 20.9 39.8 
N M M B vs. K V M B 9 2.5 83.2 
N M T B vs. K V T B 9 58.6 83.2 
N M D B vs. K V D B 21 12,005.0 33.1 
N M S B vs. K V S B 30 40.2 17.9 
M B vs. TB 21 861.4 33.1 
Abbreviations used: Dogozshi Black-on-White (DB), Klethla Valley (KV), Medicine Black-on-
Red (MB), Navajo Mountain (NM), Sosi Black-on-White (SB), Tusayan Black-on-Red (TB), and 
Tusayan Corrugated (TC). 
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A one-way analysis of variance ( A N O V A ) (44, 45) was then per formed 
on the data l i s ted i n Table V for each element. T h e A N O V A was fol lowed 
w i t h a S t u d e n t - N e w m a n - K e u l s test (46) to determine the n u m b e r of 
subgroupings that resulted from differences i n the mean metal concentra
tions. Six elements ( C u , F e , M n , N i , P b , and Zn) were shown to be at 
significantly different concentrations w h e n compared between the seven 
groupings. 

T h e or iginal data for these six elements were then subjected to a d is 
cr iminate function analysis w i t h the 7 M program of B M D P Statistical Soft
ware, Inc. (47). D iscr iminate analysis is a technique used to classify ind iv idua l 
objects into one of two or more alternative groups that are k n o w n to be 
distinct (48, 49). A n advantage of discriminate function analysis is that the 
variables that contribute to making the classification are identi f ied. B y i d e n 
tification of those variables (element concentrations) that contribute the most 
to the discr iminate function, it is possible to reduce the n u m b e r of analyses 
that are requ i red for future sherd classifications. T h e discriminate function 
analysis resulted i n only three elements (Fe, P b , and Ni ) be ing requ i red to 
account for 100% of the dispersion between the wares and types w i t h i n the 
seven groups. E v e n more surpris ing is the fact that two elements (Fe and 
Pb) account for 9 9 . 1 % of the dispersion. 

T h e discr iminate function analysis also yields classification functions for 
each variable (Fe, P b , or Ni ) w i t h i n each group ( T C , M B , T B , N M D B , 
K V D B , N M S B , and K V S B ) and a constant for each group. Once k n o w n , the 
classification functions can be used to classify each of the original sherds into 
one of the seven possible groups. The classification matrix, obtained by 
treating data from the 32 or iginal sherds w i t h the classification functions, is 
g iven as Table V I . 

The predic ted classifications are correct 100% of the t ime at the ware 
leve l for Tsegi Orange Ware , but at the type leve l , one M e d i c i n e B lack -on -
R e d sherd is incorrect ly classified as Tusayan Black-on-Red . O n e Tusayan 
Corrugated sherd is incorrect ly classified as be ing a K l e t h l a Val ley Sosi B lack-
on -Whi te sherd, but the four remaining Tusayan Corrugated sherds are 
correctly classified for a success rate of 80%. N o sherds from other types 
were incorrect ly classified as be ing Tusayan Corrugated . T h e abi l i ty to p re 
dict between the four remaining groups drops dramatically, w i t h 3 3 % correct 
for Navajo M o u n t a i n Sosi B lack -on -Whi te , and 2 5 % correct each for Navajo 
M o u n t a i n and K l e t h l a Val ley Dogoszhi B lack -on -Whi te sherds. There were 
no correct predictions for the K l e t h l a Val ley Sosi B lack -on -Whi te samples. 
The failure to correctly classify Tusayan W h i t e Ware sherds into one of the 
four possible Tusayan W h i t e Ware groups means it is not possible to c h e m 
ically dist inguish between these groups by this technique. 

Canonica l correlation analysis is a technique that can be used to test 
whether two or more groups, thought to be different, are indeed distinct 
(50, 51). This analysis yields a set of variables that are combined i n l inear 
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Table V I . Classification Matrix Obtained from the Original Sherd Data as 
Predicted from the Classifications Functions 

Percent 
Group Correct r c MB TB NMDB KVDB NMSB KVSB 
T C 80.0 4 0 0 0 0 0 1 
M B 75.0 0 3 1 0 0 0 0 
T B 100.0 0 0 4 0 0 0 0 
N M D B 75.0 0 0 0 3 0 0 0 
K V D B 50.0 0 0 0 1 2 1 0 
N M S B 66.7 0 0 0 0 1 4 1 
K V S B .0 1 0 0 1 1 2 0 
Total 62.5 5 3 5 5 4 7 3 
NOTE: Data presented as number of cases classified into group. 

combinations to y i e l d canonical variables. Canonica l variables, once ob
tained, can be used to examine the relationships between groups ( canonical 
correlations). A canonical correlation analysis was preformed on the or ig inal 
sherd data us ing only i ron , lead, and n i cke l concentrations as independent 
variables w i t h the 7 M program of B M D P Statistical Software, Inc. (41). T h e 
most effective way to display canonical correlations is to plot the two canonical 
variables against each other. 

F i g u r e 3 shows the results of the canonical correlation analysis and 
v i v i d l y illustrates the separation of the sherd data into two distinct groups. 
T h e open symbols i n F igure 3 represent ind iv idua l sherds, and the filled 
symbols represent group means. The data clustered on the left half of F i g u r e 
3 represent the two types of Tsegi Orange Ware studied (Medic ine B lack -
o n - R e d and Tusayan Black-on-Red) . The data clustered on the right are from 
the Tusayan Corrugated and Tusayan W h i t e Ware samples. A l though there 
is considerable overlap between the Tusayan W h i t e Ware and Tusayan C o r 
rugated samples, they are c learly resolved from the Tsegi Orange Ware 
sherds. Tusayan Corrugated samples appear higher on the plot than the 
Tusayan W h i t e Ware samples, but overlap the W h i t e Ware sherds sufficiently 
to prec lude resolution as a separate group by canonical correlation. 

T h e results of this study are consistent w i t h the interpretation that only 
three clay sources were used to manufacture the three ceramic wares. A n 
alternative explanation, that the same clay source was used to manufacture 
both Tusayan G r a y Ware and Tusayan W h i t e Ware (with minor chemical 
differences be ing the result of firing and glazing practices), is possible. H o w 
ever, the analysis was done on whole sherds after a l l surface markings had 
been removed. Therefore, the small chemical differences observed between 
Tusayan G r a y Ware and Tusayan W h i t e Ware were probably not due to 
surface designs or firing procedures. F i n a l l y , evidently the three ceramic 
wares were exchanged freely over a distance of 60 k m . 
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Summary 

Methods have been developed for the chemical analysis of prehistoric ce
ramics by flame atomic absorption and electrothermal atomic absorption 
spectrophotometry, and these techniques have been appl ied to the analysis 
of 32 Kayenta Anasazi Pueblo II sherds. Differences i n the chemical c om
positions of three ceramic wares (Tusayan W h i t e Ware , Tusayan G r a y W a r e , 
and Tsegi Orange Ware) are clearly evident and have been used to group 
the sherds into classifications long accepted by archaeologists for these ce
ramics. In addit ion , the chemical s imilarity of sherds located at two sites, 
separated by a distance of 60 k m , demonstrates ceramic exchange among 
the Pueblo II Kayenta Anasazi . F i n a l l y , only three elements (Fe, P b , and 
Ni ) are needed to account for 100% of the dispersion of the ceramics studied 
between seven possible groups. F o r future studies, then , measuring only 
these three elements affords good discr iminat ing power and greatly reduces 
the t ime and cost invo lved . 
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List of Abbreviations 

B R C B i l b y Research C e n t e r 
D B Dogoszhi B lack -on -Whi te 
E T A A electrothermal atomic absorption spectroscopy 
F A A flame atomic absorption spectroscopy 
K V K l e t h l a Val ley 
M B M e d i c i n e B lack -on -Red 
N A A neutron activation analysis 
N B S Nat ional B u r e a u of Standards 
N M Navajo M o u n t a i n 
ppb parts per b i l l i on 
p p m parts per m i l l i o n 
S B Sosi B lack -on -Whi te 
S T P stabi l ized temperature platform 
T B Tusayan B lack -on -Red 
T C Tusayan Corrugated 
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Appendix. Instrumentatal Conditions for Electrothermal Atomization Atomic 
Absorption Spectroscopy of Sherd Samples 

Table A - l . Arsenic 
•Wavelength: 193.7 n M •Argon flow rate: 80 m L / m i n 
•Background correction: yes •Lamp: E D L 
•Lvov platform: yes •Slit: 0.7nM 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 15 15 
Charring 300 10 15 
Atomization 2300 0 3 
Burn-out 2500 1 4 
NOTES. Baseline correction: 20 s. Read: peak area, 3.5 s. ΙΟ-μί. injections, followed with the 
addition of 50 μ ί of a 1000-ppm N i N 0 3 solution pipetted into the graphite tube before the 
analysis. 

Table A-2. Copper 
•Wavelength: 324.8 n M «Argon flow rate: 200 m L / m i n 
•Background correction: no ©Lamp: H C L 
•LVov platform: yes ·8ΐίί: 0.7 n M 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 15 15 
Charring 500 5 15 
Atomization 2600 0 3 
Burn-out 2500 1 3 
NOTES: Baseline correction: 19 s. Read: peak area, 3.5 s. ΙΟ-μί. injections. 

Table A-3. Chromium 
•Wavelength: 357.9 n M •Argon flow rate: 200 m L / m i n 
•Background correction: no •Lamp: H C L 
•LVov platform: yes •Slit: 0.7 n M 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 15 15 
Charring 250 5 20 
Atomization 2500 0 3 
Burn-out 2500 1 4 
NOTES: Baseline correction: 24 s. Read: peak area, 3.5 s. 10-μΙ̂  injections. 
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Table A-4. Cobalt 
•Wavelength: 240.7 nm «Argon flow rate: 50 m L / m i n 
•Background correction: yes *Lamp: H C L 
•LVov platform: yes ·§\ϋ: 0.2 n M 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 15 15 
Charring 1400 20 10 
Atomization 2500 0 3 
Burn-out 2500 1 4 
NOTES: Baseline correction: 29 s. Read: peak area, 3.5 s. 10^L injections. 

Table A-5. Nickel 
•Wavelength: 232.0 n M *Argon flow rate: 60 m L / m i n 
•Background correction: yes *Lamp: H C L 
•LVov platform: yes •Slit: 0.2 n M 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 15 15 
Charring 800 10 20 
Atomization 2650 0 3 
Burn-out 2600 1 3 
NOTES. Baseline correction: 28 s. Read: peak area, 3.5 s. IQ-pL injections. 

Table A-6. Lead 
•Wavelength: 283.3 n M *Argon flow rate: 100 m L / m i n 
•Background correction: yes «Lamp: E D L 
•Lvov platform: yes ©Slit: 0.7 n M 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 15 15 
Charring 300 10 15 
Atomization 1800 0 3 
Burn-out 2500 1 4 
NOTES. Baseline correction: 24 s. Read: peak height, 3.5 s. 10^L injections. 

Table A-7. Selenium 
•Wavelength: 196.0 n M •Argon flow rate: 50 m L / m i n 
•Background correction: yes •Lamp: E D L 
•LVov platform: yes •Slit: 0.7 n M 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 10 30 
Charring 200 10 40 
Atomization 2700 0 3 
Burn-out 2600 1 4 
NOTES: Baseline correction: 45 s. Read: peak height, 3.5 s. 20-^L injections. 
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Table A-8. Vanadium 
•Wavelength: 318.4 n M •Argon flow rate: 80 m L / m i n 
•Background correction: no •Lamp: H C L 
•Lvov platform: no •Slit: 0.7 n M 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 15 15 
Charring 800 10 20 
Atomization 2650 0 3 
Burn-out 2800 1 4 
NOTES: Baseline correction: 28 s. Read: peak area, 3.5 s. ΙΟ-μί. injections. It was necessary to 
run a distilled water blank and re-zero the instrument after every three runs with these 
conditions. 

Table A-9. Zinc 
•Wavelength: 213.9 n M •Argon flow rate: 200 m L / m i n 
•Background correction: yes •Lamp: E D L 
•Lvov platform: yes •Slit: 0.7 n M 
Process Temperature, °C Ramp Time, s Hold Time, s 
Drying 110 15 15 
Charring 250 5 10 
Atomization 2400 1 2 
Burn-out 2500 1 5 
NOTES: Baseline correction: 14 s. Read: peak area, 3.5 s. ΙΟ-μί, injections. Sample solution 
diluted 1:2 with deionized double-distilled water before analysis. 
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8 
Heated Mineral Mixtures 
Related to Ancient Ceramic Pastes 

X-ray Diffraction Study 

Richard S. Mitchell† and Steven C. Hart1 

Department of Environmental Sciences, University of Virginia, Charlottesville, 
VA 22903 

The temperatures at which ceramic pastes were fired and data in
dicating the compositions of original clay materials can be determined 
by using X-ray diffraction powder techniques. Until now, very little 
systematic work has been done on the effects of admixed nonclay 
minerals on the final paste mineralogy. The following mixtures of 
95% clay mineral and 5% carbonate mineral were incrementally 
heated at 100 °C intervals from 300 through 1100 °C: kaolin-
ite-calcite, kaolinite—dolomite, montmorillonite-calcite, and mont-
morillonite-dolomite. At elevated temperatures new phases form. 
These phases are anorthite, cristobalite, dehydroxylated montmoril-
lonite, gehlenite, lime, metakaolinite (dehydroxylated kaolinite), mul-
lite, periclase, spinel, and magnesium aluminum silicates with stuffed 
high-quartz derivative structures. These phases individually provide 
clues about the original paste composition and the firing temperature. 

-ALTHOUGH X-RAY DIFFRACTION HAS BEEN USED FOR MANY YEARS i n the 
identification of crystalline materials, its special application to the study of 
ceramic temper and paste minerals is relatively recent. Because many t e m -

t Deceased. 
1 Current address: Department of Geology, Texas A&M University, College Station, TX 77843 

0065-2393/89/0220-0145$06.00/0 
© 1989 American Chemical Society 
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per fragments are essentially unaltered rock or minera l fragments, they 
usually can be easily identi f ied by the standard X - ray diffraction powder 
techniques. O n the other hand, the use of this method for the identif ication 
of paste materials is more problematic because the clay materials used for 
ceramics are always changed by the h igh temperatures of k i l n firing. H o w 
ever, a knowledge of the changes i n clays w i t h progressive heating allows 
the possibi l i ty of gathering information about firing that w o u l d not otherwise 
be available (1 ,2) . Data indicat ing the temperatures at w h i c h the ceramics 
were fired and the compositions of the original clay materials can often be 
deduced. 

Several studies of the effects of heating on pure clays have been reported 
i n archaeological l i terature, but very l i t t le systematic work has been done 
on the effects of admixed minera l impuri t ies upon the clays that constitute 
ceramic paste. T h e purpose of this chapter is to study the control led firing 
of four measured mixtures of the clays, kaolinite and montmori l loni te , w i t h 
the common carbonates, calcite and dolomite. 

Isphording (3) explored the usefulness of X - ray diffraction i n the i d e n 
tification of pure clay pastes. Various clay minerals , w h e n fired, become 
amorphous or form new minera l phases. Isophording explored some of these 
changes for pure samples of kaol inite , palygorskite, and montmori l loni te and 
concluded that, i n many instances, it should be possible to identify the 
original paste clay from w h i c h a ceramic was der ived , although the clay itself 
may have been destroyed i n the in i t ia l k i ln - f i r ing process. H e i m a n n (4) 
pointed out that a knowledge of the temperature-dependent properties of a 
particular clay also allows one to deduce, from the state of transformation 
reached i n a result ing fired paste, the m a x i m u m firing temperature for that 
ceramic. H e also po inted out that i f an ancient object is ref ired, its paste 
mineralogy remains fairly constant u n t i l the original firing temperature has 
been exceeded. 

A l though there is a vast l i terature on the dehydration and decomposit ion 
of pure clay minerals upon heating, impure clays, and especially clays related 
to ceramic pastes, have come under investigation relatively recently. F o r 
example, i n 1962 Périnet (5) studied minera l phases that formed w h e n ca l 
careous kaolinite was heated at various temperatures. K u p f e r and Maggett i 
(6) explored the stability ranges for certain minera l phases that form d u r i n g 
the firing of calcareous i l l i t i c clay pastes. Maggett i (7) summarized data for 
the phases der ived from kaol init ic clay pastes dur ing control led firing as w e l l 
as mineralogical phases formed dur ing the firing of noncalcareous i l l i t i c and 
calcareous i l l i t i c clays. Maniat is et a l . (8) brief ly considered the X - r a y data 
for Iraqi sherds apparently der ived from calcareous clays. 

A factor that complicates the analysis of a clay paste, as noted by some 
of the previously ment ioned workers , is the presence of addit ional constit
uents i n the clay, l ike calcite, dolomite , i ron oxides, gypsum, opaline si l ica, 
and others. These constituents, or their decomposit ion products, often enter 
into the chemical reactions to form new crystall ine phases. A l though their 
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study d i d not focus on ceramic pastes, M i t c h e l l and Gluskoter (9) considered 
the mineralogical changes that occur dur ing the s intering at various t e m 
peratures of i m p u r e clay samples obtained from low-temperature coal ash. 
These pastes were mixtures containing silicates (clays), sulfides, sulfates, 
carbonates, etc. A l l e n et al . (10) and H a m r o u s h (11), who observed that these 
impure clays had compositions similar to clay-bearing sediments such as 
those found along the N i l e , found the results useful i n interpret ing the 
temperatures of firing and the original sediment compositions of Predynastic 
Egypt ian ceramics. T h e phases observed i n these ceramics inc luded metak-
aolinite, calcite, anorthite, gehlenite, hematite, magnetite, and cristobalite. 

The desirabil ity of de termining the role played by impurit ies i n clay i n 
the formation of high-temperature pastes has also come into focus d u r i n g 
the fol lowing X - r a y studies made i n our laboratory: lamp sherds from the 
Eastern Medi terranean containing metakaolinite, calcite, anorthite, mag
netite, and cl inopyroxene (Rydin , S . M . , Univers i ty of V i r g i n i a , unpubl i shed 
data, 1982); and A m e r i c a n Indian pot sherds from the Donnaha site, N o r t h 
Caro l ina , containing metakaolinite, dolomite, anorthite, hematite , and c l i 
nopyroxene (?) (Davis, J . D . , Univers i ty of V i r g i n i a , unpubl i shed data, 1986). 

Experimental Procedure 

This study is concerned w i t h four different mixtures, inc lud ing kaolinite and 
calcite (kc); kaolinite and dolomite (kd); montmori l lonite and calcite (mc); 
and montmori l loni te and dolomite (md). A l l the mixtures, by weight , were 
9 5 % clay and 5% carbonate minera l . The minerals were first ground to a 
fine powder and thoroughly mixed by hand before heating i n a muffle furnace 
(temperature control led to w i t h i n ± 2 0 °C). E a c h mixture was heated for 1 
h , air quenched at room temperature, and analyzed by X - ray diffraction. X -
ray films were made i n cameras of 11.46-cm diameter w i t h filtered copper 
radiation and exposure times of 6 h . Several wet mixtures that s imulated 
ceramic paste before firing were heated and studied i n l ike manner, but 
they showed no differences from the dry mixtures. 

The in i t ia l minerals used were 

1. white , wel l -crystal l ized pure kaolinite (locality uncertain): 
A l 4 ( S i 4 O 1 0 ) ( O H ) 8 

2. montmori l lonite from the Po lkv i l l e mine , Po lkv i l l e , M S (API 
reference clay N o . 19): (Al L 4 9Mgo.5 3Feo.o8) (Al 0.ioSi 3.9o)-
0 1 0 (OH) 2 (Nao . o 2 Ca /2 0 . 3 7 ) (12) 

3. pure transparent calcite (locality unknown): C a C 0 3 

4. ferroan dolomite from the O l d D o m i n i o n quarry, A lbermar le 
County , V A : Ca(Mg 0 . 9 2 Feo.o8) (C0 3 ) 2 (Fordham, O . M . , J r . , V i r 
ginia D i v i s i o n of M i n e r a l Resources, personal communicat ion, 

1986). fcnerfcan Chemical Society 
Library 

1155 16th St., N.W. 
Washington, O.C. 20036 
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M i n o r quartz was detected i n some of the montmori l loni te , but , for the 
temperature range considered, this d i d not influence the results of this study. 

T h e mineralogical phases formed by heating the c lay-carbonate mix 
tures are summarized i n Tables I and II . Solid-state chemical reactions at 
temperatures be low fusion are rather common. 

Table I. Results of Heating Mixtures of Kaolinite (k) or Montmorillonite (m) with 
Calcite (c) or Dolomite (d) 

Temp. (°C) kc kd mc md 
1100 Mullite 

Anorthite 
Mullite 
Anorthite 
Periclase(?) 

Crist. 
Spinel 
Anorthite 
Indialite(?) 

Crist. 
Spinel 
Anorthite 
Indialite(?) 

1000 Mullite 
Anorthite 
Gehlenite 
Lime 

Mullite 
Anorthite 
Lime (tr.) 
Periclase(?) 

Crist. 
Anorthite 
M g - A l - S i No. 2 
Spinel 

Crist. 
M g - A l - S i No.2 
Spinel 
Anorthite 
Cordierite(P) 
Diopside(?) 

900 Lime 
Metakaol. 
Gehlenite 
Mullite 
Anorthite(?) 

Metakaol. 
Mullite 
Lime 
Periclase 
Gehlenite 

M g - A l - S i N o . l 
Lime 
Anorthite 

M g - A l - S i N o . l 
Anorthite 
Crist. (?) 
Lime (tr.) 
Periclase(tr.) 

800 Metakaol. 
Lime 

Metakaol. 
Lime 
Periclase 

Lime 
Anorthite 

Lime 
Periclase 
M g - A l - S i No.l(?) 

700 Metakaol. 
Lime 

Metakaol. 
Lime 
Periclase 

Dehy. Mont. 
Lime 

Dehy. Mont. 
Lime 
Periclase 

600 Metakaol. 
Calcite 
Lime 

Metakaol. 
Lime 
Periclase 

Dehy. Mont. 
Lime 
Calcite (tr.) 

Dehy. Mont. 
Lime 
Periclase 

500 Metakaol. 
Kaolinite 
Calcite 

Metakaol. 
Dolomite 
Kaolinite 

Dehy. Mont. 
Calcite 

Mont. 
Dehy. Mont. 
Dolomite 

400 Kaolinite 
Calcite 

Kaolinite 
Dolomite 

Mont. 
Calcite 

Mont. 
Dolomite 

300 Kaolinite 
Calcite 

Kaolinite 
Dolomite 

Mont. 
Calcite 

Mont. 
Dolomite 

Abbreviations used: cristobalite (crist.) dehydroxylated montmorillonite (dehy. mont.), mata-
kaolinite (metakaol), montmorillonite (mont.), and trace (tr.). 
NOTE: Clay 95%, carbonate 5%, by weight; major phases are at the top of each list. 
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Table II. Mineral Phases Observed in Heated Mixtures of Kaolinite-Calcite (kc), 
Kaolinite-Dolomite (kd), Montmorillonite-Caleite (mc), and Montmoril lonite-

Dolomite (md) 
Phase Observed Temperature Range (°C) Clay Mixture 
Anorthite 900-1100 ke, md 

800-1100 me 
1000-1100 kd 

Calcite room-600 kc, mc 

Cristobalite 900-1100 md 
1000-1100 mc 

Dolomite room-500 kd, md 

Gehlenite 900-1000 kc 
900 kd 

Indialite (?) 1100 mc, md 

Kaolinite room-500 kc, kd 

Kaolinite, dehydroxylated (metakaolinite) 500-900 kc, kd 

Lime (if high humidity, portlandite) 600-1000 kc, kd 

M g - A l - S i N o . l (like high quartz) 800-900 md 
900 mc 

M g - A l - S i No.2 1000 mc, md 

Montmorillonite room-400 mc 
room-500 md 

Montmorillonite, dehydroxylated 500-700 mc, md 

Mullite 900-1100 kc, kd 

Periclase 600-1100 kd 
600-900 md 

Spinel 1000-1100 mc, md 

Results 

Kaolinite-Calcite (kc) Mixture. Table I shows that there were no 
appreciable changes for the kaol inite or calcite at 300 or 400 °C. Kao l in i te 
began to disappear between 400 and 500 °C, and it lost its structure b y 600 
°C. T h e breakdown of kaolinite upon heating has been studied extensively 
(numerous papers summarized by G r i m , 13) and is caused b y the loss of the 
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hydroxy l ions ( O H ) upon heating. This loss causes the structural layers to 
collapse and, hence, the disappearance of the normal kaolinite X - r a y dif
fraction reflections. W i t h the loss of kaolinite reflections, the minera l is 
considered essentially amorphous, although often there are few very weak 
reflections from an i l l -def ined phase commonly referred to as metakaolinite 
(or dehydroxylated kaolinite). Metakaol in i te is considered to be a structural 
remnant of the collapsed kaolinite. Accord ing to G r i m (13), i f the or iginal 
kaolinite was wel l - crystal l ized it often retains some degree of order w h e n 
dehydrated by heating. 

P u b l i s h e d X - r a y diffraction data for metakaolinite are sparse; however , 
H i l l (14) and M i t c h e l l and Gluskoter (9) have each reported two weak difiuse 
reflections: H i l l , 4.43 and 3.52 Â; M i t c h e l l and Gluskoter , 4.48 and 2.59 Â. 
F o r the present study, a reference metakaolinite pattern was prepared by 
heating the pure kaolinite at 800 °C for 1 h . Reflections at 3.51, 4.51, and 
1.89 Â were observed and used to detect the presence of metakaolinite. I n 
these kaol in i te -ca lc i te mixtures , metakaolinite was present from about 500 
through 900 °C. This stability range generally agrees w i t h the observations 
of M i t c h e l l and Gluskoter (9) and those workers c i ted b y G r i m (13). 

A t elevated temperatures, calcite decomposed to form l ime (CaO) and 
carbon dioxide. In a laboratory environment w i t h a h igh relative h u m i d i t y , 
after the sample cools, the l i m e easily reacts w i t h moisture i n the air to form 
portlandite (Ca(OH) 2 ) . I n these experiments, l ime and portlandite were 
considered equal phases. L i m e began to form at 600 °C and persisted through 
1000 °C, although it began to decrease i n quantity at 900 °C, at w h i c h 
chemical reactions between it and metakaolinite began to y i e ld anorthite 
( C a A l 2 S i 2 0 8 ) a n d gehlen i te ( C a 2 A l ( A l S i ) 0 7 ) . A l s o at 900 °C, m u l l i t e 
( A l 6 S i 2 0 1 3 ) began to form from the excess metakaolinite in the system. A t 
1100 °C, the only phases remain ing i n the sample were anorthite and mul l i t e . 

Several other mixtures of kao l in i te -ca lc i te were studied for pre l iminary 
data, and i n an 8 0 % k a o l i n i t e - 2 0 % calcite mixture , both l ime and gehlenite 
also occurred i n addit ion to anorthite and mul l i te at 1100 °C. Except for 
relative minera l quantities, the temperature and phase relationships ob
served i n this ca lc ium-r ich mixture were identical to those mixtures con
taining less calcite. 

Kaolinite-Dolomite (kd) Mixture. Table I shows that the heating 
history of the k d mixture is s imilar to that for kc , except for the formation 
of periclase (MgO) from the decomposit ion of the dolomite ( C a M g ( C O s ) 2 ) . 
Aga in , kaolinite altered to metakaolinite between 400 and 500 °C, and this 
persisted unt i l 900 °C. Do lomi te decomposed between 500 and 600 °C to 
form l ime (CaO) and periclase. L i m e began to decrease at 900 °C w i t h the 
formation of gehlenite and anorthite, and periclase persisted as other h i g h -
temperature crystall ine compounds increased. M u l l i t e , w h i c h began to form 
at 900 °C, and anorthite were the major components at 1100 °C. Geh len i te 
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and periclase cou ld have also been present at the highest temperatures, but 
because their relative amounts were so smal l i n comparison to the mul l i t e 
and anorthite, they were not easily detected. 

T h e decomposit ion of the ferroan dolomite i n this experiment occurred 
at a temperature below that for chemical ly pure dolomite , w h i c h is near 807 
°C. Smykatz-Kloss (15) has shown that ferroan dolomite decomposes at lower 
temperatures; i n fact, he has shown how the temperature of decomposit ion 
from differential thermal analyses can be used to determine the weight 
percentage of F e O i n the minera l . 

Montmorillonite-Calcite (mc) Mixture. H e a t e d mixtures of 
montmori l loni te and calcite y i e lded the phases given i n Table I. A l t h o u g h 
the montmori l loni te structure persisted through 400 °C, i t underwent de-
hydroxylation between 400 and 500 °C. G r i m and Bradley (16) have shown 
that the general layered structure is able to survive the e l iminat ion of the 
(OH) water w i t h moderate readjustments. This structure produces an X - r a y 
diffraction pattern l ike that g iven i n Table I I I . Table I I I represents data close 
to those observed i n this study. This phase is cal led dehydroxylated mont 
mori l lonite i n Table I. This phase disappeared between 700 and 800 °C as 
a result of the complete destruction of the montmori l loni te crystal structure. 
Calc i te decomposed between 500 and 600 °C to form l ime that was present 
through 900 °C. 

Table H I . X-Ray Powder Diffraction Data for 
Dehydroxylated Montmorillonite 

d in À Relative Intensity 
9.7 m 

4.85 m 

4.48 vs 
3.22 s 
2.59 m 
2.5 m (diff.) 
2.23 m 
2.1 w (diff.) 
1.93 w 
1.72 w 
1.67 m (diff.) 
1.51 m 
1.49 w (diff.) 
1.31 w 
1.25 w 
NOTE: Abbreviations used: medium (m), strong (s), very strong (vs), 
weak (w), and diffuse (diff.). 
SOURCE: Modified from Bradley and Grim (19). 
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Anorth i te began to crystall ize at 800 °C and was observed at a l l t e m 
peratures through 1100 °C. Anorth i te apparently formed by chemical re 
actions between l i m e and the dehydroxylated montmori l lonite . 

A t 900 °C, the dominant phase was a magnesium a l u m i n u m silicate 
(here named M g - A l - S i N o . 1) that has X - r a y diîraetion data very close to 
h igh (beta)-quartz (Table III). Schreyer and Schairer (17) and Schulz et al . 
(18) have studied several compounds i n w h i c h M g 2 + and A l 3 + can substitute 
for S i 4 + i n the h igh quartz structure to form "stuffed h igh quartz derivatives" . 
These sol id solution phases can form over a w ide range of compositions (e.g., 
M g O - A l 2 0 3 x S i 0 2 , where χ = 2, 3, 4, or 6) i n the temperature range of 
about 800 to 950 °C. A l though the compositions vary considerably, the X -
ray diffraction data remain consistently close to h igh quartz (with slight 
variations i n the unit ce l l sizes). T h e fo l lowing cards i n the Powder Diffraction 
F i l e i l lustrate this feature: 14-249, 25-511, 27-716. I n their earl ier study of 
the heat treatment of montmori l loni te , Bradley and G r i m (19) mistakenly 
referred to these phases as h igh quartz. Others have named them μ-cor-
dierite (20) or si l ica Ο (21). A lso accompanying this phase at 900 °C were 
anorthite and l ime . 

A t 1000 °C, the magnesium a l u m i n u m silicate stuffed h igh quartz de 
rivative ( M g - A l - S i N o . 1) apparently altered to give slightly different dif
fraction data. This phase is referred to here as M g - A l - S i N o . 2 (Table III). 
Schreyer and Schairer (17) showed that a l l of these stuffed h igh quartz de 
rivatives are metastable and are easily converted to other compounds or 
show superstructure reflections w i t h increased temperatures or prolonged 
heating. A t 1000 °C, anorthite was also present and was accompanied by 
spinel ( M g A l 2 0 4 ) and cristobalite ( S i 0 2 ) . B o t h minerals apparently formed 
from the breakdown of M g - A l - S i N o . 1. 

A t the highest temperature studied (1100 °C), the major phase was 
cristobalite, fol lowed by spinel and anorthite. There was slight evidence for 
the cont inued presence of minor magnesium a l u m i n u m silicate. T h e strong
est reflection for this minor component was at 8.48 Â, a diagnostic reflection 
for indial i te ( [ M g 2 A l 4 S i 5 0 1 8 ] , Powder Dif iract ion F i l e card 13-293), but here 
again, the exact nature of this phase is uncertain. 

Montmorillonite-Dolomite (md) Mixture The crystall ine phases 
formed b y heating the m d mixture at various temperatures (Table I) were 
s imilar to those found i n the mc mixture , w i t h some variations. M o n t m o 
rillonite dehydroxylated between 400 and 500 °C to form the phase shown 
in Table III and finally broke down completely between 700 and 800 °C. 
The dolomite decomposed to y i e l d l ime and periclase between 500 and 600 
°C. These phases d imin i shed by 900 °C and were not detected at higher 
temperatures, although theoretically they are stable at these temperatures. 
Anorthi te formed at 900 °C and above. 
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Table IV. Comparison of X-Ray Data for Magnesium Aluminum Silicates Found 
in this Study with High (beta) Quartz 

High quartz0 Mg-Al-Si No.l Mg-Al-Si No.2 
d(A) Intensity d(A) Intensity d(A) Intensity 

4.339 16 4.44 m 4.37 w 
3.399 100 3.42 vs 3.40 s 
2.505 4 2.56 m -
2.314 * 1 2.31 wH- 2.29 w 
2.169 3 2.22 m ' 2.21 w 
2.017 4 2.05 m -
1.8473 18 1.86 s-
1.6996 1 1.71 w - 1.76 w + 
1.6809 1 
1.5708 9 1.60 m 1.63 m 
1.4463 1 1.43 m - 1.45 m 
1.4065 5 1.40 m 
1.3958 9 1.39 w 
1.3043 1 1.30 w 
1.2785 3 1.28 w 
1.2525 2 
1.2193 3 1.23 w 
1.2034 1 1.20 w 
1.2003 3 1.19 w 
1.1753 4 
1.1015 2 1.11 w -
"High quartz data is adapted from ref. 22. 
NOTE: Abbreviations used: m, medium; s, strong; w, weak; vs, very strong. + or - indicate 
high or low end of the indicated intensity. 

Traces of the M g - A l - S i N o . 1 phase appeared at 800 °C and became 
major at 900 °C. B y 1000 °C, the M g - A l - S i N o . 2 phase took its place, and 
at 1100 °C, the major evidence for a magnesium a l u m i n u m silicate was the 
indial i te reflection ment ioned earlier. 

A lso at 1000 °C, spinel formed and was a major phase at 1100 °C. 
Cristobal i te began forming at about 900 °C and became a major phase by 
1100 °C. M i n o r , weak X - r a y reflections at 1000 °C also suggested cordierite 
and diopside (clinopyroxene), but both of these were uncertain and disap
peared by 1100 °C. 

Discussion and Conclusions 

T h e m i n e r a l phases observed i n this study are summarized i n Table I I . F o r 
each phase, the mixtures that y ie lded them and their observed temperature 
stability ranges are given. W h e n these phases are encountered i n X - r a y 
difiraction studies of ceramic pastes, it should be possible to determine the 
max imum temperature at w h i c h the ceramic was heated, prov id ing it d i d 
not exceed 1100 °C and contained a mixture close to the c lay-carbonate 
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mixtures used i n this study. Precise information on the length of t ime needed 
to achieve the results observed by heating has not been determined . T h e 
heating times used here were shorter than those used w i t h a k i l n , but 
Maniat is and Ti te (23) showed that longer heating times w o u l d have made 
l itt le difference. I n the present study, the samples were heated for 1 h . 

F u r t h e r m o r e , most of the phases show a close affinity to the or ig inal 
clay minera l , e i ther kaolinite or montmori l loni te . T h e most notable exception 
is anorthite, w h i c h resulted from a l l the mixtures, irrespective of the clay, 
at various temperatures between 800 and 1100 °C. Periclase also formed 
from mixtures invo lv ing both clay types, but i n each instance it was der ived 
from the dolomite mixed w i t h them. 

These results are based ent ire ly on mixtures of two components. Natura l 
clays from w h i c h ceramics are made often have several addit ional minerals ; 
that is , they may contain two or more clay types, as w e l l as anhydrite , 
feldspars, gypsum, i ron oxides, manganese oxides, opaline si l ica, pyr i te , etc. 
The presence of these addit ional components w o u l d not only affect the t e m 
peratures at w h i c h reactions occur, but w o u l d strongly influence the nature 
and chemistry of the final minerals formed i n the systems. A possible ex
ception is quartz, w h i c h is stable over the temperature range used i n this 
study (9), but opaline si l ica (e.g., from sediments containing siliceous d i a 
toms, radiolaria or sponge spicules) w o u l d form addit ional phases i n this 
range. Another group of minerals that is stable over a broad temperature 
range and that can cause difficulty i n interpret ing the results is the feldspars. 
If plagioclase feldspar (e.g., anorthite) was i n the original paste, it could 
survive the k i l n firing of the ceramic. Therefore, i n some instances, X - r a y 
diffraction analysis may overestimate the firing temperature of an ancient 
ceramic i f the paste from w h i c h i t was made already inc luded h igh- temper 
ature minerals such as anorthite. This prob lem was encountered by A l l e n 
et a l . (10) i n their study of some early Egypt ian ceramics. 

Anc i ent ceramic materials are often susceptible to mineralogical changes 
after bur ia l . F o r firing temperatures below 700 °C, the loss of the water on 
firing for some minerals can be reversed d u r i n g subsequent bur ia l (23, 24). 
Also , some calcite or l ime may be leached out by acid water i f the bur ia l is 
shallow. O n the other hand, i f calcite is observed it might be of secondary 
or ig in , having been deposited later i n pores and voids i n the ceramic. P e r 
iclase, original ly present i n a ceramic ware, might eventually be hydrated 
to form brucite (Mg(OH) 2 ) . Maggett i (7) has summarized some of the other 
possible changes i n mineralogy that could take place d u r i n g a long per iod 
of bur ia l . 
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Bronze Age Archaeometallurgy 
of the Mediterranean: 
The Impact of Lead Isotope Studies 

Noël H .  Gale and Zofia A. Stos-Gale 

Department of Earth Sciences, University of Oxford, 1 Parks Road, Oxford 
OX1 3PR, England 

For more than 50 years, it has been a goal to use scientific methods 
to establish which ore deposits were the ultimate sources of the metals 
from which Bronze Age metal objects were made. Solution of this 
problem would allow ancient trade routes and cultural contacts to 
be established. Approaches based solely on trace element analyses 
have largely failed, and, in many cases, have resulted in archaeo
logical confusion. Success necessitates an approach that takes into 
account metallurgy; ore deposit geology; and isotope geochemistry, 
especially lead isotope studies. The methodological background and 
the success that we have attained in solving this problem are discussed 
against the background of our archaeometallurgical investigations 
into the sources of silver, lead, and copper in the Bronze Age Med
iterranean. 

THE AEGEAN REGION, the area occupied by modern Greece , Cre te , and 
western Turkey , saw a number of remarkable and original changes i n the 
years roughly between 3500 and 1500 B . C . A t the beg inning of this per iod , 
life throughout the Aegean may be described as "neo l i th i c . " L i f e was a matter 
of s imple farming and fishing, and the population l i ved i n smal l villages and 
was occupied w i t h the crafts of pottery, woodwork, and perhaps weaving. 
Tools were almost exclusively of stone or bone. 

B y the end of the t h i r d m i l l e n n i u m , the first true c iv i l izat ion of E u r o p e 
was born i n Crete . T h e great M i n o a n palaces there, such as Knossos, Phais -
tos, and M a l l i a , functioned as product ion and distr ibut ion centers w i t h a 

0065-2393/89/0220-0159$11.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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wri t ten script for record keeping. A l o n g w i t h the r i ch site of A k r o t i r i on 
Thera , the M i n o a n palaces were centers of high artistic achievement. 
Throughout the Aegean, there had developed at different t imes, other smal l , 
protourban, communit ies , each acting as a center for its region, and as a 
focus of product ion and trade. Moreover , society had become stratified, both 
hierarchical ly and functionally into a n u m b e r of craft specializations, among 
t h e m , the product ion and w o r k i n g of metals. 

B y 1200 B . C . , the procurement of metals had become a very important 
matter for Aegean societies. This situation is reflected i n the Late Bronze 
Age copper oxhide* ingots that were d istr ibuted throughout the M e d i t e r 
ranean from Sardinia i n the West , through Greece , Cre te , Bulgar ia , and 
C y p r u s to Syr ia , Anato l ia and E g y p t i n the East (1-3). I n the Late Bronze 
Age , t i n bronze became the dominant alloy i n use. T i n deposits do not occur 
i n the Aegean region and, therefore, must have been acquired somewhere 
else. 

O u r thesis is that the adoption of the smelt ing and work ing of metals 
was a decisive step, perhaps one of the more important steps that l e d d irect ly 
to the emergence of c iv i l izat ion i n the Aegean. Meta l lurgy created a n e w 
k i n d of wealth that l e d to increasing social stratification. The practice of 
metal lurgy created new classes of craftsmen and their products: tools, w h i c h 
transformed carpentry and shipbui ld ing , and weapons, w h i c h revolut ionized 
war. The procurement of metals l ed to the early development of underground 
m i n i n g and gradually l e d to the development of trade. 

T h e product ion of metals from their ores, w h i c h invo lved the deve l 
opment of smelt ing , furnaces, and eventually al loying technologies, was a 
crucia l step i n the metal lurgical revolut ion, because only w h e n these tech 
nologies had been developed could copper be produced on a scale large 
enough to have a significant impact on society. The earliest copper objects 
were probably fashioned from native copper, w h i c h was extremely scarce 
everywhere i n the Aegean but common i n parts of Turkey , or from copper 
produced by small-scale crucible smelt ing of oxidized ores. 

Two-thousand years elapsed from the t ime the first metal objects were 
made i n the Aegean to the supreme accomplishments of the Shaft Graves 
i n Mycenae . Meta l lurgy was adopted slowly because of the t ime r e q u i r e d 
to understand that metals cou ld be produced from ores, and then the t ime 
needed to master the slagging and furnace technology requ i red to produce 
metals i n sufficient quantity. E v e n w i t h modern knowledge of the physics 
and chemistry of the processes invo lved , successful repl ication of ancient 
methods of copper smelt ing is a long and tedious business, as the work of 
Tylecote and others has shown (4). 

* An oxhide ingot is a copper ingot that weighs approximately 30 kg. It has the approximate 
shape of the flayed skin of an ox. Oxhide ingots form an important and characteristic component 
of Late Bronze Age trade in copper in Cyprus, Greece, and Egypt. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

00
9

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



9. G A L E & S T O S - G A L E Bronze Age Archaeometallurgy 161 

Apar t from the Minoans and, later, the Mycenaeans, the E a r l y Cyc lad i c 
people p layed an important part i n the development of Medi terranean me 
tallurgy. I n fact, the Cyeladie islands of the central Aegean came into ex
traordinary prominence i n the t h i r d m i l l e n n i u m B . C . T h e islands were the 
home of a flourishing culture w i t h prominent settlements, a rather abundant 
populat ion, wel l -deve loped pottery, and str iking achievements i n marble 
sculpture. Product ion of si lver, lead (5), and copper from their ores was 
developed early, along w i t h a rather vigorous trade. 

A l though they d i d not develop any indigenous use of t i n bronze (6), the 
Cyc lad ic peoples were preeminent i n their use of arsenical copper. T h e 
Cyc lad i c peoples were the dominant seafarers of the early t h i r d m i l l e n n i u m 
Aegean. T h e i r cemeteries, as descr ibed by Renfrew (7) and Doumas (8), 
give evidence of a gradually developing social stratification that was asso
ciated w i t h their development of metallurgy. 

Trade in Metals 

Studies of the development of ancient metal lurgy and of the trade i n metals 
that eventually ensued are central to Late Chalco l i th ic and Bronze Age 
archaeology. Rea l progress i n these studies can be achieved only by us ing 
an integrated approach that involves archaeology, metal lurgy, geology and 
ore mineralogy, m i n i n g studies, the analyses of stratified metal objects, and 
the analysis and dating of the remains of ancient m i n i n g and metal smelt ing. 

A central p r o b l e m i n archaeometallurgical studies is the determinat ion 
of the provenance of copper, lead, si lver, t i n , etc. T h e development , i n 
recent years, of the lead isotope technique for analyses of metal artifacts (9, 
10) has prov ided , for the first t ime i n the history of archaeometallurgy, a 
direct analytical method for l i n k i n g metal artifacts to ore deposits. L e a d 
isotope analysis must be used w i t h intel l igence and caution against the back
ground of metal lurgy and geology. T h e study of the metal resources used 
by different cultures and of metal trading networks is so important that the 
impact of the lead isotope method for metal provenancing has been compared 
w i t h the development of C-14 dating. Recent work using this technique has, 
radically changed the archaeological theories of the past 40 years concerning 
the sources of copper, lead, and si lver i n the Bronze Age Medi terranean . 

Foundations and Development of Lead Isotope Archaeology 

Recent reviews (11-12) make i t unnecessary to do more than draw attention 
to some salient points of lead isotope archaeology. F o r many years, c om
parative lead isotope studies of ancient metals and ores from the appropriate 
ore deposits have been i n the forefront of metal provenance studies i n ar
chaeology (13-15). T h e earliest lead isotope studies by B r i l l (17-18) and 
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Grôgler et a l . (19) were hampered by the low accuracy of isotope composit ion 
measurement that was then attainable (the absolute 2 σ errors i n the isotope 
ratios were about 1%), by the lack of a sufficient data base for ore samples, 
and by the lack of a coherent archaeological strategy. Nevertheless , this early 
work prov ided a base for the subject of lead isotope archaeology. 

In contrast, chemical analyses of metal artifacts have not solved the 
prob lem of de termin ing the sources of metal (20-22). Indeed, a comparison 
of analyses of m i nor elements of metal artifacts and ore deposits may never 
p inpo int the sources of ore used. N o t only do the minor elements usually 
vary w ide ly i n content through a given ore body, but i n the smelt ing of an 
ore to y i e l d a metal , differences between of the minor elements i n the ore 
and the metal come from the added flux, the fuel , and from variable par
t i t ioning between metal and slag (4). I n addit ion, some elements w i l l be lost 
by volati l ization, depending on the oxidiz ing or reducing environment e n 
countered. 

L e a d isotope analysis presents an alternative to chemical analysis i n the 
determinat ion of metal sources. L e a d isotope analysis is a physical method 
that depends on the variabi l i ty of the isotopic composit ion of lead (present 
either as the chie f or as a subsidiary element) i n metal ore sources and on 
comparative analyses of the lead isotope composit ion i n metal artifacts and 
ore sources. L e a d isotope analysis is free from most of the l imitations of 
chemical analysis. T h e isotopic composit ion of lead usually varies only w i t h i n 
narrow l imits i n a given ore body. T h e lead isotopic composit ion of the ore 
passes unchanged through the smelt ing, ref ining, work ing , casting, or cor
rosion processes into the metal (23). Though corrosion does not alter lead 
isotope compositions by fractionation (24), corroded samples of copper ob
jects of low lead content can be dangerous for lead isotope analysis. Corros ion 
may alter the true lead isotope composit ion of an artifact by exchanging its 
lead w i t h lead of different isotopic composit ion from other objects i n the 
b u r i a l environment or from the soil itself (25). 

Natura l ly occurr ing lead is made up of four isotopes i n varying propor
tions. Accord ing to their atomic mass, measured i n atomic mass units , they 
are designated 2 0 4 P b , 2 0 6 P b , 2 0 7 P b , and 2 0 8 P b . 2 0 4 P b is nonradiogenic i n or ig in . 
T h e other three isotopes of lead der ive , i n part, from the radioactive decay 
of uran ium and thor ium. F o r a particular ore body, the present-day lead 
isotope ratio is de termined b y the integrated effects of a l l associations w i t h 
uran ium and thor ium between some in i t ia l t ime and a later t ime, w h e n the 
ore was formed. After the ore is formed, the lead is usually no longer 
associated w i t h uran ium and thor ium. 

So far, the only available technique capable of sufficiently accurate mea
surement of lead isotope compositions, both for isotope geochemistry and 
for archaeological applications, is thermal ionization mass spectrometry. A n y 
we l l - equ ipped laboratory can rout inely measure lead isotope ratios w i t h 
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absolute 2 σ errors of 0 . 1 % on samples of 100 ng of lead. T h e accuracy of 
determination of the isotopic composit ion of lead i n a particular laboratory 
can be assessed by making replicate measurements of the lead isotopic c o m 
position of standards issued by the U n i t e d States Nat ional B u r e a u of Stan
dards (NBS) . F o r archaeological purposes, the usual way of presenting the 
lead isotope measurements is to relate the atomic ratios of 2 0 8 P b / 2 0 6 P b and 
2 0 6 p b / 2 0 4 p b t Q t h e r a t i Q o f 2 0 7 p b / 2 0 6 p b 0 u r m e a s u r e m e n t s of N B S standards 
demonstrate reproduc ib i l i ty of better than one part per thousand (1/1000) 
for each of these three ratios. 

Archaeometrists often ask whether the isotopic composit ion of lead i n 
an ore deposit is uni form throughout. D o u b t has also been expressed as to 
whether the lead i n different minerals from the same ore deposits, especially 
from the pr imary sulfides (as opposed to oxidized minerals) w i l l have the 
same isotopic composit ion. To answer these doubts, a n u m b e r of invest i 
gations have been carr ied out by isotope geochemists. F o r two deposits i n 
Austral ia , G u l s o n (26) has shown that the complete range of lead isotope 
compositions i n the pr imary sulfide ores varies less than 0 .3%, and that the 
oxidized ores i n the over ly ing gossan have lead isotope compositions ind i s 
t inguishable from the deep pr imary sulfide ores. S imi lar results were ob
tained i n Oxford for a range of ores from C y p r u s and L a u r i o n (27). 

T h e question of lead isotope uni formity i n an ore body has also been 
investigated i n several other laboratories. M a n y ore deposits, especially the 
so-called strata-bound or comformable ore deposits, have a lead isotope 
composit ion that varies very l i tt le throughout the whole deposit, often b y 
less than 0 .3%. Such ore deposits commonly have lead isotope compositions 
that l ie close to a single-stage mode l evolut ion curve (28). Such a s imple 
mode l cannot describe the composit ion i n any real ore body. 

Several , more realistic, models have recently been constructed (29). 
The importance of these models is that they allow calculations of the so-
cal led " m o d e l ages" from the observed lead isotope composit ion of a part ic 
ular ore body. These calculations should give the geological age of the t ime 
of emplacement of the ore body. The importance of this information for 
isotope archaeology is that, once the lead isotope composit ion of a metal 
artifact has been measured, a mode l age can be calculated that w i l l give a 
guide to the rough geological age of the ore deposit that suppl ied its metal . 
This calculation indicates w h i c h ore deposits should be investigated i n further 
provenance studies. 

I n contrast w i t h conformable ore deposits, some vein-type ore deposits 
have variable lead isotope compositions that plot as l inear arrays of data 
points i n one or both lead isotope diagrams. Such anomalous, or multistage, 
ore deposits can sometimes cause difficulties for archaeological provenance 
studies (30-31). Fortunate ly , deposits of this type are not common i n the 
region of the Medi terranean ; indeed , none have yet been found. O n l y i n 
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F e n a n , T i m n a , and central Anato l ia , have ore sources been found that retain 
sufficient uran ium or thor ium to cause variable present-day lead isotope 
compositions i n a single ore deposit. 

Methodology and Problems Encountered 

Seven years ago we started the first systematic research program on the 
application of the lead isotope techniques to provenance studies i n archae
ology. Part icular stress was placed on the sources of metals i n the M e d i t e r 
ranean Bronze Age . F o r the first 2 years we worked mostly on the sources 
of lead and si lver i n Bronze Age Greece , C y p r u s , and E g y p t (32-36). I n 
1982, we p ioneered the application of the lead isotope method for prove -
nancing copper-based artifacts (15, 37-38). 

Cons ider ing the quantity of metal from Bronze A g e archaeological sites 
i n the Medi terranean , and the quite insufficient geological information about 
the ore deposits i n this region that may have suppl ied the metal , the work 
was immense . D u r i n g the past century, archaeological sites of a technological 
nature, such as smelt ing sites, slag heaps, and ancient m i n i n g galleries, have 
been largely ignored by archaeologists. There is , therefore, a necessity for 
extensive field work based on geological and historical information i n paral le l 
w i t h laboratory studies. 

Apart from direct studies of ancient m i n i n g or metal lurgical remains, 
extensive fieldwork is needed also to establish the lead isotope characteristics 
of copper and l e a d - s i l v e r deposits that could have, or are known to have 
been, worked i n the Bronze Age . In the past 8 years we have explored ore 
deposits i n Greece , C y p r u s , Sardinia , and the Sinai . 

O u r fieldwork has two main objectives: 

1. to collect ores and slags for chemical , mineralogical , and lead 
isotope analyses, and 

2. to establish whether any archaeological technique (like C-14 
or thermoluminescence dating) or other evidence (like pot
tery, tools, tool marks, or character of mining) points to the 
Bronze Age exploitation of the deposit. 

L e a d isotope and chemical analyses of byproducts of copper smelt ing from 
archaeological sites are important for the interpretation of the technology 
that might have inf luenced the lead isotope ratios of the metal produced on 
a g iven site. C o p p e r ores usually contain unwanted gangue that has to be 
separated from the metal i n the smelt ing process by the addit ion of a flux. 
I n pr inc ip le , lead of an isotopic composit ion different from that i n the metal 
ore might be introduced w i t h the flux or the fuel ash. Siliceous fluxes gen
eral ly have a very l ow lead content. Ferrugineous fluxes have usually been 
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taken from the nearest source, w h i c h w i l l usually be the gossan of the ore 
source itself, and have the same lead isotope composit ion as the ore source. 

F u e l , chiefly charcoal, usually has a low lead content and, i n many 
cases, the trees from w h i c h it came were growing near the ore deposit and 
tend to have incorporated lead of the same isotopic composit ion as the ore 
deposit. I n most cases, the isotope composit ion of lead i n the smelted copper 
has not been per turbed away from that of lead i n the copper ore. F u r t h e r 
isotopic comparisons of copper ores and associated Bronze A g e copper slags 
are needed to examine this question more extensively. Comparisons that 
have already been made bear out the hypotheses just advanced. 

To establish the range of lead isotope compositions, the lead isotope 
field characteristic for a given ore deposit, of about 50 samples of ores, or 
ores and slags from a given ore deposit should be analyzed. F i g u r e 1 d e m 
onstrates the construction of lead isotope fields characteristic of three dif
ferent copper deposits i n the Eastern Medi terranean. T h e final result of the 
determination of the lead isotope composit ion characteristic of a given ore 
deposit consists of a set of three lead isotope ratios: **tbl**Pb9

 2 0 7 P b / 2 0 6 P b , 
and 2 0 6 P b / 2 0 4 P b . T h e s e ratios form a three-dimensional , approximately egg-
shaped, d istr ibut ion i n space. 

Two-dimensional representation of the lead isotope data requires two 
separate diagrams that present the ratios 2 0 8 P b / 2 0 6 P b versus 2 0 7 P b / 2 0 6 P b and 
206p b /204p b v e r s u s 207p b / 206 p b g s h ( ) w s ^ a l t e r n a t i v e (206 p b /204p b 

versus 2 0 7 P b / 2 0 6 P b ) diagram for the same copper deposits as i n F i g u r e 1. 
Sometimes, only by using al l three measured lead isotope ratios is it possible 
to decide i f particular characteristic fields overlap. F o r example, the C y p r i o t 
and K y t h n i a n fields overlap on F igure 1, but are well -separated on F i g 
ure 2. 

A better representation of the three-dimensional lead isotope fingerprint 
can be made b y using a multivariate discr iminant analysis. F i g u r e 3 shows 
the characteristic lead isotope composit ion of the same three ore deposits 
that was prepared by using multivariate discr iminant analysis (Pol lard, M . , 
Univers i ty of Cardiff, personal communicat ion i n 1986). It shows clearly, as 
the two-dimensional diagrams do not, that these fields may be resolved by 
using a l l three isotopic ratios. 

C e r t a i n ore deposits may partially overlap i n their lead isotope com
posit ion. I n such a case, it might not be possible to decide on the basis of 
the lead isotope data alone w h i c h of the ore deposits i n question prov ided 
the ore for metal artifacts that have lead isotope compositions that fall into 
the over lapping space. Sometimes, one of these ore deposits can be r u l e d 
out by using trace e lement data, particularly from gold and si lver analyses 
(6). L e a d isotope analyses by themselves can make a negative statement w i t h 
absolute certainty i n a way w h i c h chemical analysis can never hope to do. 
If the lead isotope composit ion of an artifact falls w e l l outside the lead isotope 
field characteristic of a particular ore deposit then it is certain that the meta l 
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Figure 1. Lead isotope compositions for ores and slags from Cyprus, Kythnos, 
and Laurion. The fields overlap in this two-dimensional diagram but can be 

separated by using all three available lead isotope ratios. 
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τ Γ 

18.3L 

0.830 0.840 0.850 

2 0 7 p b / 2 0 6 p b 

Figure 2. The alternative lead isotope diagram for Cyprus, Kythnos, and 
Laurion fields. 
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CANONICAL VARIABLE 

Figure 3. Stepwise discriminant analysis by M. Pollard of all three measured 
had isotope ratios for ore samples from Cyprus, Kythnos, and Laurion ore 

deposits. 

for that artifact d i d not come from that ore source. This statement requires 
revision only i f there is evidence of perturbation of the lead isotope c om
position of the metal away from the lead isotope composit ion of the metal 
ore. This perturbat ion cou ld be caused by lead from the fuel and flux used 
i n smelt ing. I n the few cases examined so far by workers i n M a i n z and i n 
Oxford, evidence of such perturbat ion has not been found. 

F o r each ore deposit under investigation, the ore for lead isotope anal 
yses was col lected from various parts of the deposit to check the uni formity 
of the characteristic lead isotope composit ion w i t h i n the deposit. Various 
types of minerals were analyzed. If available, stratified archaeological m a 
terial representing byproducts of ancient metal product ion from that ore 
deposit (e.g., slags and litharge) were used for construction of a set of lead 
isotope ratios characterizing the ore source. T h e results of this approach for 
the C y p r i o t copper ores are shown i n F i g u r e 4, i n w h i c h the lead isotope 
ratios for each of the ind iv idua l C y p r i o t ore deposits clusters t ightly together, 
independent ly of the mineralogical type and spatial or ig in w i t h i n the deposit 
of the sample analyzed. 

In addit ion to the lead isotope analyses, it is necessary to take into 
account isotope geochemistry, metal lurgy, and ore deposit geology. I n seek-
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h 2 .06 

A Alestos 
AG AGROKIPIA 
AL Almyras 
AM Ayia Marina 
AP Apliki 
D Drapia 
Κ Kinousa 
ΚΑ Kataliondas 
Kl Kition 
L Limni 
M ΜΑΤΗΙΑΤΙ 
Ρ Peristerka 
ΡΕ Perevasa 
S SKOURIOTISSA 
SH SHA 
TR TROULLI 

0 .83 
_L 

φ Pyr i te /chalcopyri te 

• Rich sulphidic Cu ores 

• Oxidised Cu ores 

Ο Umbers 

φ Galena 

X Bronze Age slag 

+ 'C lass ica l ' slag 

2071 

0.84 

p b / 2 0 6 p b ^ 

J -

Figure 4. Lead isotope compositions for ores and copper slags from Cyprus. 
Copper ores, umbers, galena and copper slags have lead isotopic compositions 
falling into the same field. Error bars at the 9 5 % level for the lead isotope 
ratios are shown on this and subsequent figures. (Reproduced with permission 

from ref. 3. Copyright 1986 University of Birmingham.) 
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ing the provenance of copper it is necessary to compare only artifacts w i t h 
the lead isotope compositions of copper ore deposits. Pern i cka et a l . (42) 
compared copper artifacts w i t h p y r i t e - b l e n d e - g a l e n a ore deposits that con
tained no copper. In some cases, both copper and lead ores occur i n the 
same ore deposit (e.g., F u n t a n a Raminosa i n Sardinia). In such cases, the 
lead isotope compositions of the copper ores w i l l usually (in base metal ore 
deposits free of uran ium and thorium) be the same as those of the lead ores. 

A knowledge of the geology is important in order to determine the 
proportions of lead and copper and whether the copper and lead ores may 
have been so finely intergrown that it was impossible for Bronze Age peoples 
to separate or even recognize them. Aga in , careful investigations of isotopic 
homogeneity are necessary i n the case of ve in deposits of copper, i n w h i c h 
variable contamination by country rocks may have occurred. Caut ion is again 
indicated i f h igh U / P b ratios i n a given copper deposit are suspected. It is 
very helpful i f m i n i n g or metallurgical (slags) activities associated w i t h a 
given copper ore deposit can be dated and i f it can be established that nearby 
archaeological sites have used the ores at a known per iod . 

T h e application of lead isotope analyses to provenancing almost pure 
copper artifacts seems relatively straightforward i n most instances, but what 
of arsenical copper and t in bronze alloys? In pr inc ip le , the arsenic i n arsenical 
copper may have been der ived from high-arsenic minerals (such as tennantite 
or basic copper arsenates) containing lead of a different isotopic composit ion 
from that of the copper ore used to produce the copper. However , absolutely 
no archaeological or other evidence of proves that this was ever done i n the 
Bronze Age Aegean. O n the contrary, at Kythnos definite evidence shows 
that arsenical copper was produced i n E B I I times from arsenical copper ores 
of variable (sometimes zero) arsenic content but of uni form lead isotope 
composit ion. 

T i n bronze is another matter because, apart from rare copper ore de 
posits also containing t in (e.g., some of those i n Cornwal l ) , t in from a quite 
different source than the copper has almost always been added to copper to 
produce bronze. T h e only t in minera l that is l ike ly to contain lead is stannite, 
w h i c h is not c ommon except as a mineralogical curiosity. T i n has always 
been obtained i n very large quantities from cassiterite, w h i c h almost never 
contains even a trace of lead. T h e t in ingots found underwater off the coast 
of Israel contain no lead. O u r work on C y p r i o t Late Bronze Age bronzes 
indicates no perturbat ion away from the characteristic C y p r i o t lead isotope 
composit ion, even for bronzes containing 18% t in . 

T h e most serious potential prob lem for the use of lead isotope analyses 
for provenancing copper i n copper-based alloys is the possible remel t ing 
together of metal der ived from different ore sources. T h e effect of me l t ing 
together, i n various proportions, two copper artifacts of different lead isotope 
compositions is to generate a n u m b e r of objects having isotopic compositions 
fal l ing, i n the usual lead isotope diagrams, on a straight l ine j o in ing the two 
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end-member compositions. M e l t i n g together i n random ways a n u m b e r of 
objects, each of w h i c h has a different lead isotope composit ion, w o u l d gen
erate even more smeared-out isotope compositions. 

I f remel t ing together of scrap from diverse copper ore sources were 
common, then one w o u l d commonly observe "smeared-out" lead isotope 
patterns that covered larger areas than are characteristic of ore deposits. So 
far, we have not seen these lead isotope patterns i n our studies; this finding 
argues that remel t ing may not have been a common practice i n the Aegean 
Bronze Age . Some archaeological evidence that suggests that remel t ing may 
not have been a very common practice at any t ime i n the Aegean, where it 
was, at a l l t imes, common to bury metal objects w i t h the dead (7). 

F o r M i d d l e M i n o a n C r e t e , Jennifer M o o d y (39) has shown that metal 
objects are predominant ly found not i n settlements or palaces, but i n graves 
where they were largely safe from reuse. F u r t h e r , Branigan (40) has shown 
that the rer ivet ing of daggers was a common practice i n E a r l y and M i d d l e 
M i n o a n C r e t e , and some 15% of rer iveted daggers show clear evidence of 
having been rer iveted on two or more separate occasions. Branigan (40, p. 
46) comments that 

all the rerivetings are perhaps indicative of the trouble to which 
Minoans of the Early Bronze Age went in order to avoid scrapping 
their weapons, or even having them melted down and recast. 

I n fact, i t was always easier to repair r ivet ing or rework a damaged edge 
than to mel t d o w n and recast a tool or a weapon. E v e n i n the Late Bronze 
Age , the Aegean was unusual i n comparison to other parts of E u r o p e i n that 
the quantity of hoarded metal was very small i n absolute terms and also i n 
comparison to the amount of metal deposited i n graves (22). T h e quantities 
of metal deposited i n M y c e n e a n and M i n o a n graves were m u c h greater than 
i n most of E u r o p e . I n many cases, hoards of metal i n the Aegean were not 
metalworkers ' hoards but clearly metal possessions h idden away i n t ime of 
danger that the owner hoped to recover i n happier times. 

E v e n i f a l i m i t e d amount of mel t ing and mix ing of metal from discarded 
objects d i d take place, i t may not have caused m u c h confusion i n the lead 
isotope pattern. I f the various discarded objects i n a founder's hoard were 
a l l made from copper that der ived from the same ore source, then the m i x i n g 
together of the ir metal to make new objects w o u l d not alter the lead isotope 
composit ion characteristic of that ore source. Strong economic and technical 
arguments suggest that, at a g iven t ime, a particular site or area w i l l t end 
to receive copper predominant ly from one, or perhaps two, ore sources. F o r 
the Late M i n o a n II founder's hoard found i n the Unexp lo red M a n s i o n i n 
C r e t e , this seems to be the case. Eighty- f ive percent of the objects were 
made of copper from the L a u r i o n ore source, and 15% from other copper 
ore sources (41). 
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Pern i cka and his colleagues (42) have suggested a very valuable method 
to prove whether a g iven body of data exhibits mix ing . T h e method depends 
on having both lead isotope and trace e lement data for the metal artifacts 
i n question. Co l l inear i ty between three objects i n a particular lead iso
tope-trace e lement diagram admits the possibi l i ty that the midd le object 
may have been made of metal mixed from the other two. This hypothesis 
is negated if, i n another such diagram, for different trace elements, these 
three objects do not l ie i n a straight l ine . The method is laborious because 
all possible object combinations must be examined, but this could readily 
done by using a computer . W e have appl ied this technique to investigating 
whether the analyzed objects from Troy and the "Troas" (6, 42) were made 
from mixtures of remel ted objects: they were not. 

T h e question of the " remel t effect" is st i l l stressed by archaeologists 
who have not presented any proper ly discussed archaeological evidence that 
it was a common phenomenon i n the East Medi terranean Bronze Age . 

Ore Sources for the Bronze Age Mediterranean 

T h e three copper ore deposits ment ioned (Kythnos, L a u r i o n , and Cyprus) 
p layed important roles as copper sources i n the Eastern Medi terranean at 
different stages of the Bronze Age . A m o n g these deposits, only C y p r u s had 
the reputation as a copper source i n the archaeological l iterature at the outset 
of our research. Theories about the metal sources exploited i n Bronze A g e 
Greece var ied from the use of smal l sources local to any of the cul tural 
centers throughout Greece , (see references 43 and 44), to the theory of 
central ized copper product ion on C y p r u s (1) and the sudden introduct ion 
of metals and metal lurgy into the Aegean from the East [the "metal lsehock" 
theory introduced b y Schachermeyr (45)] i n E a r l y Bronze Age II t imes. 

E a r l y B r o n z e A g e . O u r work on the E a r l y Bronze Age metal sources 
started as an investigation of the sources of lead and si lver for the E a r l y 
Cyc lad i c people (5). T h e result of this work, as shown i n F i g u r e 5, was proof 
that the dominant source of s i lver and lead for the E a r l y Bronze Age Cyclades 
was the Cyc lad i c is land of Siphnos, and that i n the later part of the E a r l y 
Bronze Age the L a u r i o n l ead - s i l ve r deposits also prov ided these metals (16). 

Since 1982, we have extended our research to the possible sources of 
copper i n Greece and have surveyed many of the k n o w n copper deposits 
for any evidence of Bronze Age exploitation. In this research, perhaps the 
most rewarding site was discovered on Kythnos . 

Kythnos , a Cyc lad i c is land i n the neighborhood of K e a and Seriphos, 
came to our attention w h e n surveying the Cyc lad i c ore deposits. F i e d l e r , a 
G e r m a n emissary of K i n g Otto of Greece , ment ioned i n his report (46) an 
ancient i ron slag heap on Kythnos (46). After our field work on Kythnos i n 
1982, it became clear that the slag heap near Ayios Yoannis Bay contained 
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not i ron but copper slag and that most probably i t was the residue of E a r l y 
Bronze Age copper product ion (47). O n the basis of the lead isotope analyses 
of the slags and ores found w i t h i n the slag, as w e l l as other ores nearby, we 
have established the lead isotope field characteristic of the Kythnos copper 
ore deposit. D a t i n g the site was made possible by fragments of E a r l y Cyc lad i c 
II pottery found w i t h i n the slag heap. Kythnos is, therefore, the earliest 
proven copper smelt ing site k n o w n i n Greece . This archaeological evidence 
was conf irmed by the results of some lead isotope analyses of E a r l y Cyc lad i c 
copper artifacts. 

F igures 6 and 7 show the lead isotope data for the Kythnos H o a r d , a 
hoard of E a r l y Cyc lad i c tools now he ld i n the B r i t i s h M u s e u m (48), and 
E a r l y Cyc lad i c daggers from the A s h m o l e u m M u s e u m col lection. A l l tools 
from the Kythnos H o a r d and 12 out of 17 daggers from Amorgos were 
consistent w i t h the lead isotope ratio characteristic for K y t h n i a n slag and 
ore, as seen by comparing Figures 6 and 7. 

K y t h n i a n copper was d istr ibuted to other islands i n the Aegean. Several 
E a r l y Bronze A g e copper objects of K y t h n i a n or ig in were found on the is land 
of K e a (Figure 8), and pre l iminary work w i t h K . Davaras shows that the 
majority of metal objects from the E a r l y M i n o a n site of A y i a Phot ia i n Eastern 
C r e t e originate from K y t h n i a n copper. T h e latter is not too surpris ing be 
cause the general archaeological affinities of the A y i a Phot ia copper, ceramic, 
and marble finds are Cyc lad ic . 

C h e m i c a l analyses of slags and ores from the Ayios Yoannis slag heap 
on Kythnos y i e lded some interesting technological information. Fragments 
of ore found among the discarded slag at this site prove that the chie f copper 
ore smelted there was malachite plus azurite i n a ferruginous matrix. A n a l 
yses show that the ore sometimes contained a few percent of arsenic. Analyses 
of copper pr i l l s contained w i t h i n different fragments of the smelt ing slag 
show arsenic levels from zero to 4.5%. The arsenic levels prove that i n the 
t h i r d m i l l e n n i u m B . C . arsenical copper was sometimes accidentally pro 
duced i n the smelt ing of copper from its ores. Mos t l ike ly , the superior 
properties of some batches of this accidentally produced arsenical copper 
were recognized, and these batches of copper were selected for making 
weapons and tools. 

Acc identa l smelt ing of arsenical copper was l ike ly wherever copper was 
smelted and the ores used happened to contain some arsenic. T h e w i d e 
spread early use of arsenical copper could possibly be the result of accidental 
independent " i n v e n t i o n " i n many different copper-producing centers. So 
far, there is no evidence that copper was produced on Kythnos before or 
after E a r l y Cyc lad i c II t imes. 

T u r n i n g to another important Cyc lad i c site, the settlement of K a s t r i on 
Syros, first excavated by Tsountas (49) and systematically excavated later by 
Bossert (50), occupies the uppermost part of a barren tongue-shaped h i l l , 
surrounded by deep ravines. Across a very steep ravine from Kastr i lies the 
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4 AE 158 Amorgos, Kapros, 
Ag Bowl 

• AE 253 Amorgos, Ag Bracelet 

• AE 254 Amorgos, Ag Bracelet 

Φ AE 255 Amorgos, Ag Bracelet 

• AE 260 Amorgos, Ag Bracelet 

Φ AE 243 Amorgos, Arkesine, 
Pb object 

A 1929.26 Naxos, Pb Boat Model 

• 1938.725 Naxos, Pb Boat Model 

• 1938.726 Naxos, Pb Boat 
Model 

A 55-66-180 Naxos, Pb Boat 
Model 

n NM 5234 Syros, Kastri, 
Ag Diadem 

• NM 5144 Syros, Chalandriani, 
Ag Pin 

• NM 5323 Syros, Kastri, 
Pb Weight 

• NM 5240 Syros, Kastri, 
Pb Rivet 

Δ CHE Cheiromylos, Pb fragment 

m A Antiparos, Pb Figurine, 
BM 84, 12-13, 20 

• NM 11.310 Naxos, Pb Rivets 

Figure 5—Continued 

large necropolis of Cha landr ian i , also excavated by Tsountas. M o d e r n ar
chaeological studies show (51) that, whereas K a s t r i was occupied only for a 
short t ime i n E C I I I A times, the cemetery at Chalandr ian i was i n use both 
before and d u r i n g the occupation of the settlement of Kast r i . 

M a n y authors have referred to the occurrence of E a r l y Cyc lad i c t in 
bronze artifacts (e.g. 48, 52), but a closer examination shows that the only 
t in bronze objects from proven E a r l y Cyc lad i c contexts are those from Kast r i 
on Syros (6, pp . 41-42) . T i n bronze was not found at a l l i n our analyses of 
31 E a r l y Cyc lad i c objects from Amorgos , Paros, Kythnos , and Cha landr ian i 
on Syros (53). 

I n other ways, the nature of the Kas t r i settlement is not pure ly Cyc lad i c . 
Bossert (50, pp . 70-75) remarked that although it was difficult to find parallels 
between the finds at Kastr i and those i n the graves of Cha landr ian i , the 
differences were very apparent. A l though sauce boats found at Chalandr ian i 
po inted to connections w i t h the Greek mainland, they were complete ly 
absent at Kas t r i , where the distinctive pottery forms have clear Anato l ian 
comparisons at Troy I I . Notable features of the finds at Kas t r i are the metal 
objects and the evidence that metal lurgy was pract iced there. Tsountas (49) 
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Figure 6. Lead isotope compositions for the Kythnos Hoard and Early Cycladic 
copper-based alloy artifacts from Amorgos. 
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M8 . 4 
• Kythnos Hoard, tools. 

Δ Amorgos, daggers. 

M8 . 3 W 2 0 6 P b — 

0.83 
Ι 

Ο.84 

Figure 7. Alternative lead isotope diagram for the Kythnos Hoard and Early 
Cycladic copper alloy artifacts from Amorgos. 
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Figure 8. Lead isotope composition of the Early Bronze Age objects from Aghia 
Irini on Kea. 
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and Bossert (50) found crucibles containing traces of bronze and lead; molds 
for casting flat axes, arrowheads, swords, spearheads and chisels (54); SL s i lver 
d iadem and some lead objects (5); a few objects of arsenical copper; and 
many objects of t in bronze. 

A l though r i c h copper ores, particularly azurite, malachite, or cupr i te , 
can be smelted i n crucibles, the so-called "s lag" from Kast r i reported by 
Tsountas (6, pp . 31, 42) is, i n fact, a l u m p of arsenical copper meta l . W e 
concluded that there is no positive evidence of smelt ing at Kas t r i . T h e 
archaeological evidence is for me l t ing and casting metals only. 

H o w then the metal artifacts from Troy II compare w i t h those from 
Kast r i on Syros? C h e m i c a l analyses of 19 objects from Troy II (see also 
reference 42) revealed that 14 are h i g h t in bronzes (6, pp . 39-40) . T i n bronze 
was not common at this t ime i n Anato l ia , but i t seems to have been quite 
abundant i n Troy and i n T h e r m i on Lesbos (43). The lead isotope analyses 
of copper-based objects from Troy show that Troy obtained copper from a 
surpris ingly large n u m b e r of sources (see also reference 42). 

F i g u r e 9 shows the results of the lead isotope analyses of these objects 
compared w i t h the lead isotope composit ion of the objects from K a s t r i on 
Syros and Chalandr ian i . O n the basis of our measurements of the amount 
of variation i n lead isotopic composit ion found for other copper ore deposits, 
we have estimated approximate bounds for at least five different copper ore 
sources from w h i c h Trojan copper must have been der ived . As yet, there is 
not enough lead isotope data on the Anatol ian copper ore deposits to be able 
to d irect ly l ink the estimated lead isotope fields w i t h particular copper oc
currences. H o w e v e r , because the lead isotope composit ion is, to a first 
approximation, control led by the geological age of the ore deposit, these 
five different ore sources, of w ide ly different lead isotope compositions, must 
have been formed at quite different times. 

T h e rough geological age of ore formation corresponding to lead isotopic 
compositions that fall into various parts of a diagram, such as F i g u r e 9, can 
be calculated from models of the evolution w i t h t ime of ore lead isotope 
compositions (55). O n this basis, one can deduce the approximate geological 
mode l ages of the copper ore deposits associated w i t h the five groups of 
Trojan artifacts as follows: 

G r o u p A Pl iocene to Oligocène (2-34 m i l l i o n years ago) 
G r o u p Β Eocene to Triassic (34-200 m i l l i o n years ago) 
G r o u p C Triassic to D e v o n i a n (200-360 m i l l i o n years ago) 
G r o u p D Si lur ian to Precambrian (400-700 m i l l i o n years ago) 
G r o u p Ε Precambrian (700-900 m i l l i o n years ago) 

T h e Turk i sh M i n e r a l Research and Explorat ion Institute has classified 
T u r k i s h copper ores according to geological age. F i g u r e 10 shows eight 
different regions i n Anato l ia and one i n Bulgar ia where copper deposits exist 
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that may have been w o r k e d intensively for copper i n ancient t imes. Six of 
these regions were identi f ied by de Jesus (56). T h e Strandzha region i n 
Bulgar ia was discussed extensively by C h e r n y k h (57). There are a n u m b e r 
of copper ore deposits near Troy . Some of the regions of Turkey from w h i c h 
the copper ores may have come to produce the five lead isotope Trojan 
artifacts groups can now be predicted . R e l y i n g on the geological classifica
t ion , the associations are as follows: 

G r o u p A areas 7, 5, 2, and southern part of 6 
G r o u p Β areas 7, southern part of 3, 4, 5, 6, and 9 (9 on the basis 

o fre f . 58.) 
G r o u p C areas 1, 7, and 8 
G r o u p D areas 1, 7, and 8 
G r o u p Ε no k n o w n possible sources i n Anato l ia or Bulgar ia 

These associations are, at present, only tentative and assume a roughly 
single-stage lead isotope evolut ion, w i t h negligible contamination of the 
copper ore deposits by lead der ived from older country rocks. Nevertheless , 
this approach should be used as a basis for further field exploration of the 
areas i n question. T h e mines and ore deposits i n north and northwestern 
T u r k e y have recently been explored by a team from the M a x Planck Institute 
for Nuc lear Physics i n H e i d e l b e r g (42, 59), and we hope that there w i l l soon 
be more information available for the lead isotope " f ingerpr ints" of Anato l ian 
ore sources. Information available so far proves only that Troy d i d not get 
copper from its h inter land and does not identify its source. 

The lead isotope analyses of the copper-based objects from Kastr i on 
Syros, represented i n F i g u r e 9, show that none of these objects is made of 
copper from Kythnos , L a u r i o n , or any other source typical of indigenous 
E a r l y Cyc lad i c copper objects. Six of the Kas t r i objects cluster i n the Trojan 
lead isotope field D , eight i n field Β and two i n field A . T h e isotopic evidence 
suggests strongly that the objects from K a s t r i were made w i t h copper from 
ore sources that were also exploited in Troy i n E B I I t imes. Together w i t h 
the h igh t in content i n a l l of the Kast r i objects the evidence seems compel l ing 
that Trojan meta l sources were used to manufacture the tools and weapons 
found at Kast r i . 

Some of the objects from Kastr i fal l ing i n Trojan field Β need further 
discussion. F o u r of these objects (16167, 16169, 16171, and 16174) have lead 
isotope compositions that resemble the fingerprint of C y p r i o t copper ores; 
however , we have rejected the hypothesis that these metal objects at Kas t r i 
are C y p r i o t i n or ig in by comparing their trace e lemental composit ion, par
t icularly gold and si lver content, w i t h some C y p r i o t copper artifacts exca
vated on C y p r u s . T h e results of the neutron activation analyses of these 
objects are presented i n F i g u r e 11. 
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Figure 11. Gold and silver concentrations for objects from Kastri on Syros 
with Cypriot lead isotope composition compared with the gold and silver 
content of Cypriot artifacts. (Reproduced with permission from ref 6. Copy

right 1984 Basil Blackwell Publisher, Ltd.) 
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A l l of the objects from Kast r i whose lead isotope compositions were 
confused w i t h the C y p r i o t field fall i n the upper part (silver-rich) of the 
diagram, along w i t h those K a s t r i objects that fall i n Trojan isotope field B , 
w h i c h is quite different isotopically from the C y p r i o t isotope field. It seems 
clear that the 16 analyzed objects from K a s t r i are Trojan both i n alloy type 
and i n provenance of the copper; moreover, many of these objects are also 
of Trojan typology (50). The objects might have been made i n Troy and 
brought to K a s t r i as finished objects or perhaps, i n v iew of the metal lurgy 
pract iced i n K a s t r i , the metal was brought from Troy to Kas t r i and made 
into objects of Trojan type there. I n either case, thé objects are quite unl ike 
the two analyzed from Chalandr ian i , both i n alloy type and copper source. 
The combined archaeological and analytical evidence suggests very strongly 
that K a s t r i was a settlement of Anatol ians, most probably from Troy. 

Late Bronze Age. It seems very l ike ly that, at least i n the Late 
Bronze Age , the Minoans were invo lved i n a substantial metal trade, i f for 
no other reason than that metal deposits on Cre te are rare, but Late M i n o a n 
bronze objects are p lent i fu l . T h e nature and organization of the copper trade 
i n the Late Bronze Age is particularly intr iguing . 

Because it is k n o w n both that C y p r u s had large copper deposits and 
that copper metal lurgy was actively practiced on C y p r u s at these t imes, it 
has been most often assumed that the Myceneans and Minoans engaged i n 
trade w i t h C y p r u s to procure copper. 

F u r t h e r evidence caused Aegean archaeologists generally to accept the 
idea that C y p r u s was a very important source of copper for the Minoans and 
the Myceneans . That evidence is the appearance i n C y p r u s of M y c e n e a n 
and M i n o a n pottery. M o s t of this pottery was dated by Strom and others to 
the 14th and m u c h of the 13th century B . C . This pottery and its contents 
were taken to represent the C y p r i o t end of a trade route that was motivated 
by the M y c e n e a n and M i n o a n need of copper. So far, however , there has 
been no direct proof that the copper or bronze objects i n M i n o a n C r e t e 
were indeed made of C y p r i o t copper. N e i t h e r was there any direct proof 
that C y p r i o t copper ever left Bronze Age C y p r u s i n any quantity. 

Some have adduced that the widespread distr ibut ion of copper oxhide 
ingots is evidence of a vigorous external Late Bronze Age trade i n C y p r i o t 
copper. T h ey assume, however , that a l l such ingots were made of C y p r i o t 
copper, a fact not hitherto either proved or disproved. W h a t is the posit ion 
revealed by the pottery finds? I f we equate finds of C y p r i o t pottery overseas, 
as rev iewed b y C a t l i n g (60), w i t h C y p r i o t trade, then i n Late C y p r i o t I t imes 
the Cypr io ts cont inued to develop their trade w i t h the Levant and E g y p t 
wh i l e their relations w i t h the West remained insignificant. 

C y p r i o t pottery of this per iod is found i n considerable amounts i n Ugar i t 
and A l a l a k h i n N o r t h Syria , Gaza , T e l l e l A j j u l i n Palestine, and i n E g y p t . 
C y p r i o t pottery was hardly found at al l i n C i l i c i a or i n the Aegean. V e r y few 
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C y p r i o t objects are k n o w n i n the Bronze Age Aegean. C y p r i o t pottery abroad 
suggests strong C y p r i o t trade w i t h its coastal Eastern neighbors and very 
l i tt le trade w i t h the Aegean. 

Strom and others recorded (1979) large quantities of M y c I I I a and 
M y c I I I b pottery found i n E n k o m i , K i t i o n , H a l a Sultan Tekke , and M a r o n i . 
These pottery finds have been interpreted as evidence of a great M y c e n e a n 
trading expansion and have been l inked w i t h the fall of Knossos at about 
1380 B . C . I n fact, M i n o a n pottery also came to C y p r u s later i n the 14th and 
13th centuries B . C . T h e pottery came both as storage st irrup jars and as as 
fine L M I I I A 2 and L M H I B vases, from K o u k l i a i n south-west C y p r u s , near 
Larnaka and E n k o m i i n the south-east and at Akanthou on the north coast, 
and near M o r p h o u Bay at T o u m b a tou Skourou (60). 

Neopalat ial hoards show that i n Late M i n o a n l a times (1550-1500 B . C . ) 
Cre te was very rich i n bronze; most of the copper oxhide ingots found on 
C r e t e , i n particular those of Kato Zakro and A g h i a Triadha, are from this 
per iod . C a t l i n g (60) suggested that, on the basis of some L M I A M i n o a n 
pottery excavated i n the M o r p h o u Bay area i n northern C y p r u s , one cou ld 
expect that the nearby Skouriotissa mines were the source of copper for 
neopalatial C r e t e i n general and the L M I A oxhide ingots i n particular. 

Oxhide ingots have a special connection w i t h C y p r u s . Apart from the 
oxhide ingots and ingot fragments found on C y p r u s , two C y p r i o t openwork 
bronze stands contain offering bearers carrying oxhide ingots. Moreover , 
there is the bronze statuette of a female d iv in i ty standing on an oxhide ingot 
and the horned , armed god standing on an oxhide ingot excavated by Schaef-
fer at E n k o m i (both of these date to the 12th century B . C . ) . Oxhide ingots 
have a wide d istr ibut ion i n the Medi terranean . They are found in corpore 
from Sardinia and S ic i ly i n the West , through Cre te and mainland Greece , 
to Bulgar ia , C y p r u s , Syria , and Anato l ia i n the East. 

T h e importance of oxhide ingots i n reconstructing ancient trade i n the 
Medi terranean was shown by the discovery of the Cape Ge l idonya Bronze 
Age shipwreck (61) off the coast of Turkey that had on board 39 such ingots. 
T h e importance of this find has recently been highl ighted by the spectacular 
discovery of the Kas shipwreck that carried another cargo of oxhide ingots. 
A l l oxhide ingots appear to be long to the second m i l l e n n i u m B . C . and most 
to its second half. T h e y clearly represent a form i n w h i c h raw copper was 
transported i n the Late Bronze Age . 

So far, no oxhide ingots have been found i n western Cre te and c o m 
paratively few on mainland Greece . A few fragments of oxhide ingots were 
excavated i n A g h i a I r i n i on the Cyc lad i c is land of K e a , one whole ingot and 
several fragments i n Mycenae , and 19 were found i n the sea off the coast of 
Euboea . 

Samples from four different oxhide ingot fragments have been analyzed 
out of the total of 11 fragments found i n the Math ia t i hoard, as w e l l as 
samples from four different fragments found at Skouriotissa together w i t h 
tuyere and crucible fragments. A l l this material is i n the Nicos ia M u s e u m 
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on C y p r u s . The lead isotope data for a l l these ingots is consistent w i t h the 
lead isotope composit ion characteristic for C y p r i o t copper ores (Figure 1 2 ) . 
It w o u l d have been surpris ing i f any other result had been obtained. N i n e 
teen oxhide ingots were found together i n the Italian excavations at A g h i a 
Triadha. They represent, according to Buchhol tz , an early type and date 
approximately to late M M I or early L M I A (J); therefore, they were made a 
century earl ier than the oxhide ingots from C y p r u s . A t present, we have 
the results of lead isotope analyses of nine of the A g h i a Tr iadha ingots. 

2.09 

C Y P R I O T C O P P E R O X H I D E I N G O T S 

— — ι I 

0 8 3 0.84 0.85 

2 0 7 p b / 2 0 6 p b 

Figure 12. Lead isotope compositions of copper oxhide ingot fragments from 
Mathiati and Skouriotissa, Cyprus. (Reproduced with permission from ref 3. 

Copyright 1986 University of Birmingham.) 
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F i g u r e 13 shows that these ingots do not originate from C y p r i o t copper 
ores or L a u r i o n , nor are they made of copper from the E r g a n i M a d e n mines 
i n Turkey , w h i c h were frequently suggested as an important Bronze Age 
source of copper i n Anatol ia . T h e symbol T m (Figure 13) gives lead isotope 
mode l ages calculated theoretically. The mode l age for the E r g a n i M a d e n 

2.14 

/ J.K \ 

C O P P E R OXHIDE INGOTS / E A / 

/ A M / 
/ C A / 

/ / 
/ F A O / 

A \ ^ 

Β 
L T m ~ 3 7 5 M a 

Β patch 

Ν 

• G 

^ Tylissos, Crete LMIB 

T m ~ i o o M a ^ Hagia Triadha, Crete LMIA 

ι } / • Cyprus LBA 

V Kea LBA 

• Emporio, Chios LHIIIC 

C D T m i ~ i 3 6 M a Gournia, Crete LMIB 
ERGANI MADEN 

• Copper ores and slag, 
Ergani Maden 

0.85 0 . 8 6 

Pb/* o ePb 

Figure 13. Lead isotope compositions of copper oxhide ingots from Ayia 
Triadha, Crete, in relation to the lead isotope fields for ores from Cyprus and 
Ergani Maden, Anatolia. The fields outlined by hatched lines are not yet firmly 

established. 
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mine is i n the range of about 31.5 mi l l i on years. The C y p r i o t copper ore 
deposit was dated to about 80 to 100 m i l l i o n years. In contrast, the mode l 
age calculations suggest that eight of the A g h i a Tr iadha ingots were made 
of copper that came from a Precambrian ore deposit of about 6 4 0 - M a age 
and the n in th ingot came from a different ore deposit w i t h a mode l age of 
about 370 M a . These ingots are certainly not made from C y p r i o t copper. 

T h e lead isotope composit ion of L a v r i o n mines i n At t i ca is again quite 
different, so the possibi l i ty that the A g h i a Tr iadha ingots originate from 
L a v r i o n can be rejected. Is it possible that the ingots are made from C r e t a n 
copper? W e have sampled the scanty copper ores of Sklavopoulou and C h r y -
sostomos and were given some copper ores from M i a m o u , Lasaia, Panagia, 
and L e b e n a on the southern coast of Crete . The lead isotope data for these 
C r e t a n ores can be plotted i n the general region of the C y p r i o t copper ores 
(Figure 14); consequently, the A g h i a Triadha ingots are not made from any 
k n o w n C r e t a n ores. 

W e cannot yet identify the copper sources used to make the A g h i a 
Tr iadha ingots, but they may have been i n Anatol ia . I f the lead isotope data 
of some of the Anato l ian bronzes of an earlier date is compared w i t h w i t h 
those of A g h i a Tr iadha ingots, there are clear similarit ies ; however, the trace 
e lement compositions of these M i n o a n ingots are considerably different from 
those of the Anato l ian objects. 

The reason for this difference might be explained by the use of a different 
type of copper ore or different fluxes for smelt ing of the ore over the 500-
year t ime span that separates the ingots from the Anatol ian objects. W e have 
also analyzed two other groups of copper-based Late M i n o a n objects. The 
lead isotope analyses inc luded 23 bronze artifacts from the Late M i n o a n II 
destruction leve l i n the Unexp lo red Mans ion at Knossos and objects from 
the L M I I I B site of A r m e n o i i n West Crete . The lead isotope compositions 
of the objects from the Unexp lored Mans ion are given on F i g u r e 15. T h e 
results of lead isotope analyses indicate that most of the objects from this 
site originate from L a v r i o n mines ; however, there are also three objects 
consistent w i t h the C y p r i o t lead isotope fingerprint and three objects of a 
quite different lead isotope composit ion from an unknown ore deposit. 

F r o m western Cre te we analyzed objects from the L M I site of N e r o u 
K o u r o u . F i g u r e 16 shows that a l l these objects are consistent w i t h an or ig in 
from L a v r i o n copper ores. O t h e r objects from western Cre te that have been 
analyzed originated from the L M I I I sites of Samonas and A r m e n o i . A l l 
copper-based objects from these sites are consistent w i t h the L a v r i o n lead 
isotope composit ion and were certainly not made from C y p r i o t or C r e t a n 
copper. These results are not surpris ing. In contrast w i t h C y p r u s , L a v r i o n 
is not often ment ioned i n the geological l iterature as a copper source, but 
copper deposits i n this area are we l l -known to economic geologists, even i f 
i n modern times they are not economically important (62, 63). 

A body of evidence has accumulated (primarily on the basis of lead 
isotope and chemical analyses) that copper from L a v r i o n was exploited at 
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1 1 1 1 -pi 
(0.8β201,2.βββ21) 1 Τ [ 

CRETAN COPPER ORES Δ 

1-2.09 

Figure 14. Lead isotope compositions of Cretan copper ores. (Reproduced with 
permission from ref. 3. Copyright 1986 University of Birmingham.) 

least since M i d d l e M i n o a n times. C o p p e r slag of this date was excavated on 
the site of A g h i a I r i n i on the Cyc lad i c is land of K e a ; lead isotope analyses 
of these slag pieces, as w e l l as later slags and bronzes, are ful ly consistent 
w i t h the lead isotope composit ion characteristic of copper and silver ores 
from L a v r i o n (Figure 17). O n this diagram, the only couper object analyzed 
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Figure 15. Lead isotope compositions of copper-based alloy artifacts from the 
Unexplored Mansion, Knossos. 
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Figure 16. Lead isotope compositions for Late Bronze Age copper alloy artifacts 
from Armenoi, Samonas, and Nerou Kourou, West Crete. 
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from K e a w i t h an isotopic composit ion consistent w i t h C y p r i o t copper ores 
is a fragment of an oxhide ingot that dates to L M I A times. 

It is st i l l too early to draw sweeping conclusions from lead isotope 
evidence, but so far we have not analyzed an oxhide ingot that w o u l d be 
consistent w i t h the L a v r i o n lead isotope composit ion. Also , so far, we have 
no evidence that L a v r i o n copper traveled m u c h outside the borders of pres
ent day Greece . If, i n the Late Bronze age, copper from L a v r i o n was used 
chiefly to supply M y c e n e a n and M i n o a n markets, then perhaps there was 
no need to cast the metal smelted from L a v r i o n ores into an internationally 
recognized shape. It w o u l d be expected that i n the Late Bronze Age C y p r i o t 
copper was i n strong competit ion w i t h any other copper source i n the A e 
gean. I n fact, the lead isotope analyses of 6 L M I A objects from T h e r a (Figure 
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18) revealed that the copper metal at that t ime came from both L a v r i o n and 
C y p r u s . 

I n l ight of these results, the lead isotope composit ion of the objects 
from L M I and L M I I I West C r e t e (Figure 16) is surpris ing i n its uni formity . 
It is m u c h too early to say that no copper sources other than L a v r i o n were 
used i n western Cre te . Statistically, however, it may be significant that not 
even one of the 15 objects analyzed so far falls out of the L a v r i o n field. 

207 p b / 2 0 6 p b 

Figure 18. Lead isotope composition of the Late Bronze Age objects from the 
Cycladic island of Thera. 
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Summary 

C y p r i o t copper does not account for the majority of the metal i n Late Bronze 
Age copper-based objects from central and western C r e t e , Thera and K e a . 
W i t h the exception of western Cre te , several sources of copper reached 
these sites, but by far the major source i n the later phases of the L B A was 
L a v r i o n i n Att i ca . A l l Cre tan oxhide ingots analyzed so far and a fragment 
of an oxhide ingot from K e a originated from different copper deposits, and 
not L a v r i o n . These ingots are earlier, however, and date to L M I A . 

It is not surpr is ing that copper from L a v r i o n was found i n Cre te . A c 
cording to Schofield (64, 65) and Davis (66), a great deal of evidence shows 
that the Cyc lad i c islands of the western string ( including Thera , M i l o s , and 
Kea) formed part of a regular exchange network and that this was a major 
route by w h i c h C r e t a n goods and ideas were transmitted to mainland Greece . 
L e a d isotope data (16, 33, 41) shows that i n the Late Bronze Age lead and 
si lver came from L a v r i o n to C r e t e v ia K e a , M i l o s , and Thera . It is not 
surpris ing that copper should have come from the same source. 

Another route is possible by w h i c h metal supplies could have come to 
Cre te . Western C r e t e is near the southern coast of the Peloponesus and the 
is land of K y t h e r a , where there is archaeological evidence suggesting con
siderable trade w i t h Cre te . T h e connections between K y t h e r a and western 
C r e t e were noted by Co ldstream and H u x l e y (67) i n the similarities of pottery 
as early as E M U . This evidence suggests that i n the relations between the 
islands and the various C r e t a n centers, there were certain spheres of interest 
corresponding to the natural sail ing routes. 

T h e suggestion that L a u r i o n copper came to western C r e t e v ia K y t h e r a 
w o u l d get some archaeological backing i f it was possible to decide u n e q u i 
vocally that the L M I B pottery of the Al ternat ing Style originated i n western 
Cre te . E l i sabeth Schofield (64) concluded that 

Kastn on Kythera and Ayia Irini on Kea are two of the sites at 
which [Alternating Style pottery] figures most prominently, and 
at both it is considered by the excavators to be an import. The 
suggestion that it may have originated in western Crete receives 
some backing from the finding of considerable quantities at 
Chanta; where the excavators regard it as a local product. . . . 

T h e concentration of this apparently West C r e t a n pottery i n K y t h e r a 
and K e a is significant because i t is now accepted that A g h i a I r i n i on K e a 
was a d istr ibut ion center throughout the Bronze Age It w o u l d not be sur
pr i s ing i f A g h i a I r i n i d is tr ibuted silver and copper from L a v r i o n It is l ike ly , 
therefore, that the metal supplies for West Cre te were coming direct ly 
through this route and that there was no particular demand for more copper 
from elsewhere. 

C y p r u s was not a major source of copper for the L M objects found i n 
West C r e t e T h e majority of these objects are consistent w i t h having been 
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made of copper from the mines of L a u r i u m . It seems that C y p r i o t copper, 
even i n the Late Bronze Age , d i d not " f lood" the Aegean. M o r e lead isotope 
analyses of archaeological material from the Mycenaean w o r l d , from the 
Eastern Coast of the Medi terranean , Syr ia and Anatol ia , and also from the 
Cape G e l i d o n y a and Kas wrecks, are needed to determine the d istr ibut ion 
of C y p r i o t copper i n the Medi terranean . It is already clear that lead isotope 
provenance studies have a major role to play i n dec ipher ing the metal trade 
i n the Bronze Age Medi terranean . 

Abbreviations 
Late M i n o a n I L M I Late M i n o a n I 

E B I I E a r l y Bronze L M I B Late M i n o a n I B 
E C E a r l y Cyc lad i c L M I I I Late M i n o a n III 
E C I I I A E a r l y Cyc lad i c ΠΙΑ L M I I I A 2 Late M i n o a n I I IA2 
E M U E a r l y M i n o a n II L M I I I B Late M i n o a n M B 
L B A Late Bronze Age M M I M i d d l e M i n o a n I 
L M Late M i n o a n M y c I I I a Mycenaean ΠΙΑ 
L M I A Late M i n o a n I A M y c I I I b Mycenaean M B 
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10 
Instrumental Neutron Activation 
Analyses of Metal Residues Excavated 
at Tel Dan, Israel 

Mire la C . Manea-Krichten1, Nancy Heidebrecht2, and George E . M i l l e r 1 

1Department of Chemistry, University of California, Irvine, C A 92717 
2Department of Ancient Near Eastern Languages and Cultures, University of 
California, Los Angeles, CA 90024 

Instrumental neutron activation analysis was used to determine con
centrations of several major and trace elements in samples of heavily 
corroded residues found in crucible fragments excavated at Tel Dan, 
Israel. The residues were mostly hard, metallic phases admixed with 
nonmetallic inclusions that appeared to be ceramic material from the 
loose porous interior of the crucible itself. The objective was to iden
tify the metals that had been melted in these crucibles. A method is 
described that attempts to separate nonmetallic and metallic phase 
data. In comparison to previous reports on analyses of source ma
terials thought to have been used at Dan in this period (Late Bronze 
II Age-Early Iron I Age: 1400-1000 B.C.), high gold concentrations 
were found. These appear to be correlated to arsenic and antimony 
concentrations. This finding is discussed in relation to possible 
changes in the source of tin at this period. 

N̂EUTRON ACTIVATION ANALYSIS IS A VERY SENSITIVE TECHNIQUE for trace 
e lement determinations i n various samples. If there are no elements that 
mutual ly interfere, the pure ly instrumental vers ion of this method is often 
chosen for its established advantages such as accuracy, speed, sensitivity, 
simultaneous mult ie lement determinat ion, and sample preservation (J). F o r 
these reasons, instrumental neutron activation analysis (ΙΝΑΑ) was appl ied 
to samples taken from a series of metal -working residues excavated at T e l 
D a n , Israel , from 1985 to 1986. 

0065-2393/89/0220-0199$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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The city of T e l D a n , located at the border of what are now Israel and 
L e b a n o n , has been the center of m u c h archaeological interest. It is located 
on an established N e a r Eastern t in trade route that originated somewhere 
near Susa d u r i n g the M i d d l e Bronze Age (2). T h e same trade route suppl ied 
t in for Cre te . T h e source of copper throughout this t ime was postulated to 
be C y p r u s . T e l Dan 's inc lusion i n the M a r i texts attests to the significance 
of metal work ing at D a n (or L a v i s h as it was then known) (3-5). F u l l details 
of the archeological finds and context are reported elsewhere (6). 

A t T e l D a n , two metal -working areas have been located just inside the 
upper city gate system on the southern per imeter of the mound . A very 
large workshop (Area A - B ) has been dated to 1100-1000 B . C . Smal ler sub
sidiary work ing areas found sl ightly to the north (Area B - l ) indicate consid
erable continuity i n work ing metal at this site from E a r l y Iron I Age (ca. 
1100 B . C . ) back to the Late Bronze H a Age (ca. 1400 B . C . ) . The workshop 
contents discovered i n Areas B - l and A - B dur ing 1984 and 1985 inc lude 
steep-sided thimble-shaped crucibles w i t h residues; ceramic tuyeres; and 
stone, bone, and horn tools. I n A r e a B - l , the crucible work ing area was 
scattered on tamped earth surfaces. In A r e a A - B there was an extensive 
cobbled area w i t h crucible fragments i n situ among the cobbles (7). 

Mos t of the samples were taken from corroded, dense metal l ic residues 
found i n fragments of thick, flat-base porous ceramic crucibles, very s imilar 
to those descr ibed by Tylecote (see ref. 8, p. 20) as type B 4 excavated at 
sites near T i m n a and T e l Qasile (9, 10). T h e residues may be what Tylecote 
cal led " in terna l s lag" (8, I J , 12). As no evidence of smelt ing activity was 
noted, these residues were presumed to be from bronze al loying and p u 
rification activities for artifact product ion at D a n , even though no artifacts 
were located i n the v ic in i ty . Extensive al loying was needed before fashioning 
artifacts, as there was l i tt le benefit to the smelter i n carrying out extensive 
purif ication (13). T h e ore smelt ing site, be i t at D a n or elsewhere, is not 
established. T h e form of the samples, best described as a hardened " f r o th " 
of metal w i t h ceramic inclusions, was somewhat unusual and posed several 
challenges. 

Sample Identification 

• Samples 806, 807, 808, 809, 1006, 1008, 1009, 1010, 1011, and 
1014 are from workshop area A - B that was excavated i n the 
1985 season. 

• Samples 801, 802, 803, 804, 805, and 1015 are from area B - l 
(dated to Late Bronze Age I / L a t e Bronze H a Age transition 
period) that was excavated i n the 1985 season. 

• Sample 1012 is from a small p in-shaped metal fragment that 
was found i n connection w i t h the Late Bronze Age crucibles 
i n area B - l . 
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• Sample 1013 is s imilar to sample 1012 and was also found i n 
B - l , but i n an earlier M i d d l e Bronze II A g e / L a t e Bronze I Age 
destruction layer 

F o r comparison, s imilar types of materials from another site were sam
pled . Samples 1003 and 1004 are from T e l A k k o on the Medi terranean coast 
and are attr ibuted by the excavator to the Sherden , a group of coast-dwell ing 
peoples (1400-1200 B . C . ) . Sample 1003 is from A k k o V I , and 1004 is from 
A k k o V I I . 

Background 

T h e original interest i n these excavated samples s temmed from the important 
role of bronze and the historical implications of the extensive t in trade routes 
i n the M i d d l e Bronze Age (2200-1600 B . C . ) . As bronze metal lurgy deve l 
oped from the earl ier use of copper and arsenical copper, t in sources became 
vita l (14). B y the M i d d l e Bronze Age , the l i m i t e d distr ibut ion of t in deposits 
throughout the w o r l d and the ample supply of copper were we l l -known , and 
extensive t in trade routes had been established to supply the metal lurgical 
centers of the w o r l d w i t h this then-considered "prec ious" metal (15-16). 
The Ugar i t i c tablets from Ras Shamra, however, indicate a severe drop i n 
the value of t in around the Late Bronze Age (1400-1200 B . C . ) . It has been 
postulated (17) that this drop was related to the discovery of more accessible 
sources of t i n . 

General Considerations 

T h e pr imary objective of our research was the analysis of the mixtures of 
pottery (crucible wall) and corroded metal residue (slags) by I N A A i n an 
attempt to provide information on the metals used at D a n . In addit ion, two 
small metal fragments, w i t h l i t t le or no ceramic adhesion were sampled. A l l 
materials were h ighly corroded and showed various green, grey, and brown 
encrustations, and a complete absence of obvious metal l ic surface. 

As ment ioned earlier, the samples were very heterogeneous. E i t h e r 
the mel t ing process was incomplete and the higher me l t ing solids that re 
mained closest to the crucible walls were unevenly mixed and not repre 
sentative of the completely mel ted port ion that was decanted from the 
crucib le , or selective corrosion or fractionation of certain elements occurred. 

Thus , rather than undertaking a detai led metallurgical study, it was 
dec ided to attempt to provide as representative a sample as possible from 
each specimen. T h e heterogeneous mass was dr i l l ed w i t h a carbide b u r r 
from as many facets of the fragment as possible. Hardness inh ib i ted d r i l l i n g 
beyond approximately 5 m m from the surface. 

I n one case, (sample 1010) sufficient identifiable crucible was adher ing 
to the metal to al low the sampling of what could be representative ceramic. 
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T h e data from this sample were later used to estimate the amount of ceramic 
in each " m e t a l " sample (Table I). This estimation was done by assuming a 
constant composit ion for the ceramic component (mostly S i , A l , K , M g , and 
Na) and by assuming that a l l of the si l icon i n the composite was there by 
v ir tue of ceramic contamination. Thus , the total " ceramic " could be sub
tracted, and the remainder cou ld be assumed to be " m e t a l " . This process 
is not precise, but it d i d seem to account for the bulk of the A l , N a , K , and 
M g i n the samples. 

A l l e lemental concentrations i n this study were measured by us ing the 
comparator form of I N A A , i n w h i c h standards and samples are subjected to 
the same conditions of irradiat ion, decay, and counting. This method m i n 
imizes the errors due to geometry, flux gradients, detector efficiency, etc. 
This approach was val idated by employ ing standards s imilar i n physical and 
chemical composit ion to the samples. Nat ional Bureau of Standards (NBS) 
standard reference materials (SRMs) (37E, sheet brass; 872, phosphor 
bronze; 158A, si l icon bronze; and 1633, coal fly ash) were used i n duplicate. 
Two irradiations were made at different flux, decay, and counting t imes. 
Very smal l polyethylene vials (0.1-mL) were used to maintain good geometric 
reproducibi l i ty . 

To address a concern that there might be substantial quantities of unob
served elements, the total accountable mass of each sample was computed . 
O n l y one sample (804) had an accountable mass close to 100%. This mass 
was calculated without corrections for the possible corrosion of copper and 
i ron that contributes oxygen. T h e corroded appearance of the sample w o u l d 

Table I. Elemental Analysis of Sample 1010. 
1010 l 1010 

Metal 6- Ceramic Ceramic Metal0 

Element (0.214 g) (0.083 g) (0.198 g) 
A l (%) 1.9 ± 0.2 8.4 ± 0.07 0.6 ± 0.07 
As (ppm) 710 ± 70 15 ± 4 770 ± 70 
Au (ppm) 2.0 ± 0.04 2.2 ± 0.04 
C u (%) 26 ± 2 29 ± 2 
Fe (%) 6.8 ± 0.7 7.0 ± 1 7.3 ± 0.8 
K ( % ) 1.3 ± 0.2 1.5 ± 0.2 
L a (ppm) 14 ± 2 54 ± 4 15 ± 2 
M g (%). 1.3 ± 0.4 
M n (%) 0.09 ± 0.01 0.2 ± 0.02 0.1 ± 0.01 
Na (%) 0.26 ± 0.02 0.20 ± 0.02 
Sb (ppm) 82 ± 10 90 ± 9 
Sc (ppm) 3.7 ± 0.5 16 ± 2 4.0 ± 0.5 
Si (%) 2.9 ± 0.4 12 ± 1 
Sn (%) 12 ± 2 13 ± 2 
V (ppm) 66 ± 8 150 ± 20 71 ± 9 
Zr (ppm) 66 ± 9 250 ± 20 71 ± 10 
NOTE: All values are ± 1σ. (Errors based on a single analysis.) 
"Corrected eliminating "ceramic" contribution. 
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warrant such a correction. Perhaps the anomaly was caused by over-cor
rect ing for ceramic contamination. In a l l the other cases, this summation 
failed to total 100%, so an I N A A predict ion program developed at the U n i 
versity of Ca l i f o rn ia - I rv ine (UCI ) (18) was used to to help e l iminate possible 
addit ional components. T h e analytical methods could not exclude the pres
ence of substantial lead, n i cke l , or sulfur, but w o u l d exclude si lver, ca l c ium, 
cobalt, c h r o m i u m , t i tan ium, or z inc , as shown i n Table II . 

Experimental Procedure 
Material (50-500 mg) was removed from each specimen by drilling small holes (5 
mm deep) at various locations on each sample. Carbide drills were used to to minimize 
contamination. The sample drillings were collected on weighing paper. 

Polyethylene vials (2.66 mm high X 9.4 mm o.d., Type-Η container, Biologisch 
Laboratorium, Vrije Universiteit, Amsterdam) were cleaned with nitric acid followed 
by three deionized water rinses and a warm air dry. Samples were transferred into 
the preweighed clean vials with a Teflon [poly(tetrafluoroethylene)]-coated spatula. 
The vials were subsequently handled only with forceps or plastic-gloved hands. A n 
iron-coated tipped soldering iron was used to heat-seal the vials. The dril l bit and 
the spatula were rinsed after each sample to prevent sample-to-sample contamination. 
A n empty vial (cleaned, labeled, and sealed as if it contained sample) was processed 
in parallel. Portions (100-400-mg) of several different NBS SRMs were similarly 
encapsulated and analyzed with each group of samples. A small section of gold-doped 
aluminum wire (Reactor Experiments, Inc., San Carlos, CA), certified as 0.11% gold, 
was used as a gold standard. 

Two series of irradiations were made with the U C I 250-kW T R I G A Mark I 
reactor. The first run consisted of irradiation for 30 s at a thermal neutron flux of 
4.8 Χ 10 9 neutrons c m - 2 s _ 1 using the facility's pneumatic transfer system. Samples 
were permitted to decay for 1 min and then counted for 2 min on a G e - L i detector 
(21% efficiency) at a distance of 1.3 cm from the crystal and a gain setting of 0.8 keV 
per channel. Elements determined in this run were A l , M g , M n , Si , Sn, V, and Zr. 

Table II. Lower Limits of Detection (Sample 1006, 0.167 g) 
Energy Concentration Proportion Possible 

Element (KeV) W (M) (%) Major Component 
Ag 633 2.42 min 16 0.010 no 
Ca 3084.4 8.72 min 6900 4.2 no 
CI 2166.8 37.2 min 650 0.390 no 
Co 1173.2 5.27 years 0.7 4.2 x Ι Ο 4 no 
C r 320 27.7 days 24 0.014 no 
N i 1481.7 2.5 h 2.6 X 10 1 6 100 yes 
Pb 569.7 0.7 s 3.3 x 10 2 4 100 yes 
Rb 1076.6 18.6 days 9.4 5.6 Χ Ι Ο 3 no 
S 3102.4 5.05 min 3.0 x 10 5 100 yes 
Sr 514 64.8 days 170 0.10 no 
T i 320.1 5.76 min 300 0.18 no 
Zn 1115.4 243.8 days 22 0.013 no 
"Half-life. 
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The second run consisted of a 10-min irradiation at full power (250 kW) in a 
thermal neutron flux of 1.2 X 10 1 2 c m - 2 s _ 1 with the samples loaded in the facility's 
rotary specimen rack. Samples were allowed to decay for approximately 6 days. (A 
shorter decay was tried, but the observed dead time was prohibitive). Counts were 
made for 30 min each with a different G e - L i detector (11% efficiency), at the same 
crystal-to-sample distance and gain setting previously described. The concentrations 
of the remainder of the elements were determined as a result of this irradiation. 

Discussion of Results 

T h e e lemental concentrations determined i n the "metal l ic phase" are given 
i n Table III . The crudeness of the "ceramic correct ion" method just descr ibed 
adds addit ional uncertainty to some of these values (especially a l u m i n u m , 
manganese, and vanadium). M o s t values, however, are quite meaningful . 

T h e appreciable i r on content is expected i f substantial flux residue re 
mains i n the slag, as has been observed elsewhere (19). T h e h igh gold 
concentrations seen i n many samples were the most unexpected. Because 
the samples are dated to the t ime of the postulated change i n t in trade 
routes, and therefore t in source, it is t empt ing to suggest that the gold 
concentration values provide a valuable c lue. T h e "accepted" trade route i n 
the M i d d l e to Late Bronze Age serving this part of the w o r l d originated i n 
C o r n w a l l , E n g l a n d (20-21). Table I V compares our data w i t h data reported 
by R a p p (22) from analysis of smelts of C o r n w a l l t in . The discrepancy between 
these data suggests e ither a different source of t in or a l ink between gold 
and an element other than t in . However , Rapp obtained his data from 
C o r n i s h ores smelted in the present and not i n ancient t ime. 

E v i d e n c e presented by Ga le (23) us ing lead isotope data indicates a 
change i n Crete 's source of copper by the Late Bronze Age . T h e prox imity 
of D a n to C r e t e , as w e l l as the established parallels i n their trade routes, 
may be significant. Gale postulates a switch for the source of copper from 
C y p r u s to the L a u r i o n i n Greece . I f a change i n t in source is the cause of 
this unusual e lemental pattern (gold i n particular), it w o u l d be important to 
investigate the recently located si lver and gold mine i n the Taurus mountains 
i n Turkey , w h i c h has been reported to contain some t i n (24). Also m e r i t i n g 
further inqu i ry are the e lemental concentrations i n metals dating to the 
Bronze Age and found on the shipwreck off Cape Gal idonya (25). 

A l though absolute interpretat ion is r isky, further examination of this 
data indicates a n u m b e r of rough correlations. The first is the paral le l be 
tween arsenic and gold concentrations (Figure 1). Table V lists al l of the 
samples analyzed along w i t h their ratios of gold to other elements. E x a m i 
nation of the arsenic-to-gold ratios indicates that use of this ratio as a cr i ter ion 
w o u l d group many of these samples together, w i t h most fal l ing i n the range 
of 250-400:1 (As:Au). T h e fact that not a l l of the samples fall w i t h i n this 
range, is not surpris ing because there is no reason to expect that a l l of the 
excavated samples had the same source. Some samples may even have or ig 
inated from remel t ing older cast objects, a common practice. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
0

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



Ta
bl

e 
II

I. 
E

le
m

en
ts

 O
bs

er
ve

d 
in

 1
5 

Sa
m

pl
es

 o
f 

Re
si

du
es

 
10

06
 

10
10

 
10

11
 

10
14

 
10

15
 

80
2 

80
4 

80
6 

E
le

m
en

t 
0.1

67
 (

g)
 

0.
19

8 
(g

) 
0.

07
4 

(g
) 

0.
29

5 
(g

) 
0.

05
2 

(g
) 

0.
47

5 
(g

) 
0.

06
1 

(g
) 

0.
27

4 
(g

) 
Al

 (
%)

 
0.5

 ±
 0

.0
04

 
0.6

 ±
 0

.07
 

0.2
 ±

 0
.0

02
 

0.9
 ±

 0
.01

 
0.2

 ±
 0

.0
03

 
-

0.2
 ±

 0
.0

02
 

-
As

 (p
pm

) 
17

00
 ±

 2
00

 
77

0 
± 

70
 

17
00

 ±
 2

00
 

69
0 

± 
70

 
19

00
 ±

 2
00

 
22

00
 ±

 2
00

 
22

00
 ±

 2
00

 
62

0 
± 

60
 

Au
 (p

pm
) 

6.
9±

 0
.1

 
2.2

 ±
 0

.04
 

4.8
 ±

 0
.1

 
0.4

 ±
 0

.01
 

14
 ±

 0
.2

 
8.8

 ±
 0

.1
 

7.5
 ±

 0
.1

 
1.8

 ±
 0

.1
 

Cu
 (

%)
 

28
 ±

 2
 

29
 ±

 2
 

33
 ±

 4
 

12
 ±

 1
 

35
 ±

 4
 

54
 ±

 2
 

64
 ±

 4
 

42
 ±

 2
 

Fe
 (

%)
 

20
 ±

 2
 

7.3
 ±

 1
 

16
 ±

 2
 

22
 ±

 2
 

-
0.6

 ±
 0

.1
 

5.8
 ±

 1
 

4.3
 ±

 0
.6

 
La

 (p
pm

) 
21

 ±
 3

 
15

 ±
 2

 
64

 ±
 5

 
21

 ±
 2

 
-

-
44

 ±
 5

 
7 

± 
2 

M
n 

(%
) 

0.2
 ±

 0
.02

 
0.1

 ±
 0

.01
 

0.2
 ±

 0
.02

 
0.5

 ±
 0

.05
 

0.0
4 

± 
0.0

1 
-

0.2
 ±

 0
.02

 
0.0

3 
± 

0.0
1 

Sb
 (p

pm
) 

18
0 

± 
20

 
90

 ±
 9

 
13

0 
± 

10
 

38
 ±

 4
 

34
0 

± 
30

 
27

0 
± 

30
 

29
0 

± 
30

 
54

 ±
 5

 
Se

 (p
pm

) 
7.2

 ±
 0

.8
 

4.0
 ±

 0
.5

 
18

 ±
 2

 
7.7

 ±
 0

.8
 

7.9
 ±

 1
 

1.1
 ±

 0
.2

 
13

 ±
 2

 
2.

3 
± 

0.4
 

Sn
 (%

) 
5.5

 ±
 0

.9
 

13
 ±

 2
 

7 
± 

1 
1.5

 ±
 0

.4
 

7.9
 ±

 2
 

2.1
 ±

 0
.4

 
32

 ±
 2

 
4.1

 ±
 0

.7
 

V 
(pp

m
) 

11
0 

± 
10

 
71

 ±
 9

 
20

0 
± 

30
 

97
 ±

 1
0 

11
0 

± 
20

 
39

 ±
 5

 
22

0 
± 

30
 

11
0 

± 
10

 
Zr

 (p
pm

) 
64

 ±
 1

0 
71

 ±
 1

0 
24

0 
± 

20
 

75
 ±

 7
 

50
 ±

 2
0 

-
15

0 
± 

20
 

19
 ±

 7
 

0(
%

) 
16

 
10

 
15

 
13

 
9 

14
 

-
13

 
To

ta
l 

(%
) 

77
 ±

 5
 

60
 ±

 5
 

72
 ±

 7
 

50
 ±

 5
 

52
 ±

 5
 

70
.5

 ±
 2

 
10

2 
± 

7 
63

 ±
 3

 
Co

nt
in

ue
d 

on
 n

ex
t p

ag
e. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
0

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



1 

T
ab

le
 I

II
. C

on
ti

nu
ed

 

E
le

m
en

t 
80

7 
0.

16
3 

(g
j 

80
8 

0.
19

3 
(g

) 
80

9 
o.

ui
 (

g)
 

10
03

 
0.

11
7(

g)
 

10
04

 
0.

16
9(

g)
 

10
12

b 

0.
30

1 
(g

) 
(m

et
al

) 

10
13

h 

0.
20

0(
g)

 
(m

et
al

) 
Al

 (
%

) '
 

0.
5 

± 
0.

00
3 

0.
6 

± 
0.

00
4 

0.
3 

± 
0.

00
3 

0.
4 

± 
0.

01
 

0.
5 

± 
0.

00
4 

0.
4 

± 
0.

01
 

0.
6 

± 
0.

01
 

As
 (

pp
m

) 
17

00
 ±

 2
00

 
75

0 
± 

70
 

17
00

 ±
 2

00
 

16
00

 ±
 2

00
 

13
00

 ±
 1

00
 

28
00

 ±
 3

00
 

12
00

0 
± 

10
00

 
Au

 (
pp

m
) 

1.8
 ±

 0
.1

 
0.

3 
±

0
.1

 
0.

8 
±

0
.1

 
12

 ±
 0

.1
 

3.
1 

± 
0.

1 
60

 ±
 0

.3
 

14
 ±

 0
.1

 
Cu

 (
%

) 
25

 ±
 2

 
21

 ±
 2

 
36

 ±
 3

 
68

 ±
 4

 
16

 ±
 2

 
62

 ±
 3

 
71

 ±
 3

 
Fe

 (
%

) 
20

 ±
 2

 
20

 ±
 2

 
22

 ±
 3

 
-

6.
0 

± 
0.

9 
0.

6 
± 

0.
2 

_ 
La

 (
pp

m
) 

28
 ±

 2
 

25
 ±

 2
 

17
 ±

 3
 

-
23

 ±
 2

 
_ 

_ 
M

n 
(%

) 
1.0

 ±
 0

.1
 

0.
05

 ±
 0

.0
1 

0.
5 

± 
0.

1 
-

0.
1 

± 
0.

00
1 

_ 
Sb

 (
pp

m
) 

13
0 

± 
10

 
12

0 
± 

10
 

85
 ±

 8
 

11
0 

± 
10

 
95

 ±
 9

 
21

0 
± 

20
 

48
0 

± 
50

 
Sc

 (
pp

m
) 

6.
1 

± 
0.

8 
7.

8 
± 

0.
8 

4.
4 

± 
0.

9 
-

7.
9 

± 
0.

8 
1.

3 
± 

0.
2 

_ 
Sn

 (
%

) 
4.

5 
± 

0.
8 

14
 ±

 0
.9

 
7.

2 
± 

1 
5.

4 
± 

1 
12

 ±
 2

 
3.

2 
± 

0.
6 

-
V 

(p
pm

) 
14

0 
± 

20
 

99
 ±

 1
0 

16
0 

± 
20

 
82

 ±
 1

0 
17

0 
± 

10
 

30
 ±

 5
 

39
 ±

 6
 

Zr
 (

pp
m

) 
93

 ±
 1

0 
82

 ±
 1

0 
72

 ±
 1

0 
21

 ±
 1

0 
83

 ±
 9

 
_ 

_ 
0

(%
) 

15
 

14
 

19
 

17
 

7 
16

 
18

 
To

ta
l (

%
) 

66
 ±

 5
 

69
 ±

 5
 

85
 ±

 6
 

91
 ±

 5
 

41
 ±

 5
 

82
 ±

 3
 

91
 ±

 3
 

NO
TE

: C
ol

um
n 

he
ad

in
gs

 a
re

 s
am

pl
e 

nu
m

be
rs

. 
A

ll
 va

lu
es

 a
re

 ±
 1

σ 
(e

rr
or

s 
ba

se
d 

on
 a

 si
ng

le
 a

na
ly

si
s)

. V
al

ue
s 

no
t 

de
te

ct
ed

 i
nd

ic
at

ed
 b

y 
-

"A
ss

um
in

g 
pu

re
 C

uO
 a

nd
 F

e 2
0 3

. 
b 

M
et

al
 f

ra
gm

en
t 

sa
m

pl
es

, 
n

o 
ce

ra
m

ic
 c

or
re

ct
io

n 
ap

pl
ie

d.
 

> S3
 

>
 

m
 

Ο
 

r ο
 

ο
 ο >
 

r Ο
 Η
 

g 3 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
0

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



10. M A N E A - K R I C H T E N E T A L . Metal Residues: INAA 207 

Table IV. Trace Element Concentrations in Cassiterite 
(Sn0 2) Smelts from Cornwall , England, Deposits and 

Mean Values Obtained in Residues from Tel Dan , Israel 
Element Cornwall (ppm) Tel Dan (ppm) 
Ag 9 — 

Au 0.11 9.2 
C r 66 -Fe 1000 121,000 
H g 9 -N i 670 
Ru 20 
Se 39 _ 
Ta 2 
W 15 -
SOURCE. Adapted from reference 22. 
NOTE: - indicates not detected. 
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Figure 1. Correlation plot of gold relative to arsenic concentration. 

Corre lat ion of the t in-to-gold and copper-to-gold concentrations is not 
as good (Figures 2 and 3). This result may indicate that the arsenic, rather 
than t i n or copper, was the source of the gold i n the residue (assuming that 
h igh arsenical copper ore was not used i n this period). Th is idea seems to 
be supported by the degree of correlation found between the antimony and 
gold values (Figure 4). Ratios of 25-40 :1 (Sb:Au) are seen for the correlated 
group. M o s t l ike ly , antimony w o u l d enter as an impur i ty w i t h added arsenic 
along w i t h m u c h of the gold. However , d u r i n g high-temperature work ing , 
m u c h arsenic is commonly lost because of the l ow subl imation temperature 
of the metal and its compounds relative to antimony. Perhaps at the tern-
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10. M A N E A - K R I C H T E N E T A L . Metal Residues: INAA 2 0 9 

Figure 2 . Correlation plot of gold relative to tin concentration. 

Figure 3. Correlation plot of gold relative to copper concentration. 

peratures reached w h e n these materials were worked an e q u i l i b r i u m was 
possible that l e d to a relatively stable arsenic concentration i n the residues. 

Sample 1013 is a corroded piece of metal that showed no ceramic con
tamination (macroscopically or chemically) and contained no detectable t i n . 
If this were a copper ingot, or p i n result ing from the mel t ing of a p la in 
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720 

Figure 4. Correlation plot of gold relative to antimony concentration. 

copper ingot, the h igh gold, arsenic, and antimony concentrations (despite 
the lack of tin), w o u l d strengthen the idea that the gold content is not related 
to the t in content and therefore cannot be used to infer a change i n t in 
source. 

T h e h igh l eve l of arsenic seen i n these samples and i n the L a u r i o n 
samples (23), i n forms i n w h i c h it may have been incorporated into copper 
metal , indicates copper, rather than t i n , as the al loying metal source most 
responsible for the unusual data observed. A m u c h smaller amount of gold 
cou ld have been a characteristic of the t i n , but it w o u l d have been masked 
by the higher concentration apparently res id ing w i t h the arsenic -copper 
component. 

Conclusion 

The overal l data may not be used i n such an absolute sense as i n analysis of 
a bronze casting, but they do provide some interesting information. Sub 
stantial concentrations of gold and arsenic were observed that appear to 
correlate w i t h one another and w i t h antimony concentration. F u r t h e r work 
is needed to find authentic sources of the copper, t i n , fluxes, and other 
materials used at these sites. Apparent ly , measurement of gold concentra
tions cannot be used to answer questions about a change i n the sources of 
t in d u r i n g this per iod . 

Examinat ion of these samples to determine addit ional trace e lement 
concentrations continues. F u r t h e r examination of the nature of the ceramic 
materials is proceeding. 
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11 
Chemical Composition of Copper-Based 
Coins of the Roman Republic, 
217-31 B .C . 

Giles F. Carter and Hossein Razi 

Department of Chemistry, Eastern Michigan University, Ypsilanti, M I 48197 

Twenty-two coins from the years 217 to 31 B.C. of the Roman Re
public were analyzed by X-ray fluorescence for Fe, Co, Ni, Cu, Zn, 
As, Ag, Sn, Sb, and Pb. No evidence was found for widespread 
remelting of coins. The early coins are remarkable for their relatively 
high Co contents. Several coins have exceptionally high Pb, As, or 
Sb contents. Generally, the compositions of these Roman Republican 
coins are very different from those of Roman Imperial coins. Although 
few coins were analyzed, their compositions correlate reasonably well 
with time. Further analyses are required to determine whether com
position varies with denomination and whether coins may be dated 
to within a few years by their chemical compositions. Microstructures 
of two Roman Republican coins containing lead are presented. 

( j H E M I C A L A N A L Y S E S O F S E V E R A L H U N D R E D C O P P E R - B A S E D C O I N S of the 

Roman E m p i r e have contr ibuted to the solutions of numismatic problems 
such as debasement and quality control (see refs. 1-6). F o r example, de
basement of the brass coinage of the Roman E m p i r e has been studied by 
Ca ley and Riederer (5, 6), who found a progressive decrease i n zinc contents 
over the course of more than 100 years beg inning w i t h the re ign of Nero . 
Carter has been able to arrange four issues of Augustan quadrantes i n relative 
chronological order on the basis of chemical compositions (2). De ta i l ed 
knowledge of the chemical compositions may be used to date an u n k n o w n 
issue (4). In addit ion, information may be obtained concerning ancient tech
nology on the basis of the knowledge of chemical compositions and meta l 
lurgical microstructure of ancient coins. 

0065-2393/89/0220-0213$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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214 A R C H A E O L O G I C A L C H E M I S T R Y 

Unfortunately , only scattered, incomplete , and sometimes unrel iable 
analyses have been reported for copper-based coins of the Roman Repub l i c 
(7-10). M a n y Republ i can copper-based coins were large and rather ugly. 
T h e y obviously were not made of h igh pur i ty copper, bronze, or brass. 
W h e n Augustus, the first Roman emperor , began str iking copper-based coins 
from relatively pure copper or from the new alloy, brass (ca. 23 B . C . ) , his 
coins must have made a deep psychological impression on the populace. T h e 
Romans probably considered that such a vast improvement i n the copper-
based coinage indicated a better form of government. 

Experimental Procedure 

Twenty-two copper-based coins of the R o m a n Repub l i c were analyzed for 
F e , C o , N i , C u , Z n , A s , A g , S n , Sb, and P b by using X - r a y fluorescence 
according to the procedures descr ibed by Car ter and Booth (11). Genera l ly , 
X - r a y fluorescence determines elements only i n a th in surface layer, about 
5 -10 μπι deep, so i t was necessary to clean coins for analysis i n such a way 
that the surface layer was as representative of the entire co in as possible. 
F i r s t , the coins were c leaned by electrolytic reduct ion i n a hot solution of 
sodium carbonate. Next , the coins were abraded i n an air stream containing 
finely d iv ided a l u m i n u m oxide powder to remove about 10 to 15 μπι of 
metal . Car ter and Booth descr ibed the c leaning procedure i n detai l as w e l l 
as the X - ray fluorescence parameters (11). 

Fluoresc ing X-rays from most elements i n a coin are almost complete ly 
absorbed by 5 - 1 0 μπι of copper. I f the composit ion of the surface layer is 
significantly different from that of the inter ior , inaccurate results w i l l be 
obtained by X - r a y fluorescence analysis. Car te r and K i m i a t e k (12) reported 
that concentration gradients apparently are uncommon i n copper and brass 
coins. H o w e v e r , leaded bronzes often have concentration gradients because 
of segregation of lead-r ich or t in - r i ch phases dur ing solidification. T h e lead-
rich phase is l i q u i d to a m u c h lower temperature than copper. U p o n cool ing 
of a l i q u i d c o p p e r - l e a d alloy, the lead can move away from the surface of 
the metal as i t freezes. H o w e v e r , i f the coin flan solidifies qu ick ly , the 
gradient may be m i n i m a l . 

A second prob l em w i t h surface inhomogeneities i n metals is the deple 
t ion of a more chemical ly active phase i n contact w i t h a less chemical ly active 
phase. W h e n two metal l ic phases are i n electrical contact, the more c h e m 
ically active phase of the alloy corrodes m u c h more rapidly than normal , 
even w h e n it is exposed to even a m i l d l y corrosive environment . I f a co in 
has two phases exposed at the surface, such as copper and lead, then the 
more active metal , namely lead, w i l l corrode preferentially. H o w e v e r , cor
rosion stops locally as soon as a given lead particle is consumed. T h e copper 
matrix then prevents further corrosion of lead because the copper phase 
must first corrode before addit ional lead is exposed at the surface. H e n c e , 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
1

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



1 1 . C A R T E R & R A Z I Coins of the Roman Republic, 217-31 B.C. 2 1 5 

removal of a t h i n layer of metal at the surface of a co in usually exposes metal 
that is representative of the composit ion of the entire co in (12). T h e pr imary 
exception is leaded bronze, of w h i c h there are several coins i n this study. 
The analyses of leaded bronzes by X - ray fluorescence are l ike ly to be some
what inaccurate. H o w e v e r , we feel that useful information is st i l l obtained 
by the X - r a y fluorescence analysis of such coins. T h e lead and t i n concen
trations, although not accurate, do provide a fair indication of the concen
trations of these elements. F u r t h e r m o r e , knowledge of the concentrations 
of minor and trace elements i n leaded bronzes is useful. 

Because surface roughness reduces the n u m b e r of fluorescing X-rays 
that leave a surface, the concentrations were normal ized to 100%. E lements 
such as oxygen and si l icon were not determined , but we assume that these 
concentrations were very low (probably less than a total of 0.5%). N o r m a l 
ization to 100% resulted i n a sl ightly h igh value for copper. 

Nat ional B u r e a u of Standards (NBS) alloys w i t h certif ied compositions 
were used as standards along w i t h C e n t r e Technique des Industries de la 
Fonder i e ( C T I F ) standards. These standards cover a fairly wide range of t in 
and lead concentrations. W h e n no standards were available that had com
positions close to those of the coins, corrections for the effect of lead and t in 
contents were calculated on the basis of the presence of these elements i n 
various standards. 

Physical Measurements 

Table I lists the weights, densities, max imum and m i n i m u m diameters, 
max imum thicknesses, and die orientations of the coins. The coins are i d e n 
tif ied by Crawford n u m b e r (10). Because the coins have been nondestruc-
t ively analyzed, the ir physical measurements w i l l identify the coins at any 
t ime unless the coins are del iberately altered. 

Because Republ i can coins were made for such a long t ime , the d e n o m 
inations of coins changed w i t h respect to weight and metal content. M o s t 
denominations were made very sporadically. A l though asses were made for 
a long t ime , i n some instances there were gaps i n product ion of many years. 
The weights of asses decreased as a function of t ime by at least a factor of 
2. T h e chemical compositions also changed markedly w i t h t ime. Poor qual i ty 
control must have been exercised because the coins var ied i n weight and 
chemical composit ion even w i t h i n a few years. D u r i n g the 200 years of co in 
product ion i n the Roman Republ i c , the variations i n the weight and com
position of asses were so great that i n some instances, one can scarcely be 
confident that the denominat ion has been correctly assigned. T h e late brass 
asses are probably wor th twice the value of an as because of the p r e m i u m 
placed on brass. Crawford has stated that these coins have a value of at least 
a dupondius, a co in of the Roman E m p i r e w i t h a value of two asses (10). 
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T h e densities of many of the lead-containing coins are higher than the 
density of copper (8.93 g / cm 3 ) . However , bronze ( C u - S n alloy) and brass 
( C u - Z n alloy) both have densities be low that of pure copper, and indeed , 
the measured densities of our coins reflect this fact. H o w e v e r , some of the 
cast coins have densities somewhat lower than expected from their chemical 
compositions. This low density is probably caused by inter ior porosity, w h i c h 
is rare i n Roman Imper ia l coins (the hot str iking of these coins w o u l d tend 
to close internal pores). The density of co in T-1600 is 7.79 g / c m 3 . This very 
low density is caused by extensive interior corrosion of the coin. In fact, the 
co in seems to have noticeably expanded because of corrosion along grain 
boundaries into the inter ior of the coin. 

The weight , diameter, and thickness of an unknown coin may be used 
to he lp date the coin. F u r t h e r m o r e , the chemical composit ion can indepen 
dent ly be used to approximately date coins of the Republ i c . 

F i g u r e 1 shows two cast asses 0anus on the obverses and a p row of a 
ship on the reverse of A -51 and three prows on the reverse of A-931). These 
coins are k n o w n to have been cast i n a long row because junctions between 
coins are v is ible along the tops and bottoms of the coin obverses (see F i g u r e 
1). A - 9 3 has many smal l bubbles on the surface; this bubb l ing is typical of 
many cast coins. The two brass coins, A -130 (struck by Julius Caesar) and 
A - 7 5 , are shown i n F igure 2. 

Chemical Compositions 

T h e chemical compositions of 22 Republ i can coins are given i n Table II . 
A l though many more analyses are needed before a fu l l understanding of 
Republ i can coinage is obtained, some general observations are possible. 

Figure 1. Cast coins A-51 (left) and A-93 (right). The length of the smallest 
division on the scale is 1.0 mm. 
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218 A R C H A E O L O G I C A L C H E M I S T R Y 

Figure 2. Brass coins A~75 (left) and A-130 (right). The length of the smallest 
division on the scale is 1.0 mm. 

Table II. Chemical Compositions of Copper-Based Coins of the Roman Republic 
Date 

Coin" (B.C.) Fe Co m Cu Ζη As Ac Sn Sb Pb 

X-45 217-215 0.056 0.117 0.041 95.3 0.02 0.17 0.032 3.75 0.023 0.51 
H-46 217-215 0.037 0.064 0.071 91.0 0.02 0.37 0.033 8.2 0.065 0.13 
T-48 211-210 0.116 0.181 0.053 87.5 0.04 0.28 0.041 9.0 0.106 2.7 
S-49 After 211 0.212 0.175 0.048 82.9 0.02 0.27 0.037 5.4 0.060 10.9 
A-273 189-180 0.054 0.154 0.056 86.1 0.01 0.18 0.028 6.1 0.037 7.3 
A-51 169-158 0.126 0.122 0.040 83.6 0.01 0.48 0.052 3.9 0.124 11.5 
S-52 149 0.047 0.032 0.055 81.5 0.01 2.3 0.18 3.0 2.4 10.5 
A-53 148 0.025 0.018 0.060 72.1 Ν 2.5 0.10 1.9 2.5 20.8 
Q-90 134 0.066 Ν 0.036 99.1 0.03 0.01 0.33 0.13 0.15 0.12 
U-89 108-107 0.091 0.013 0.072 93.3 0.03 0.07 0.081 6.1 0.075 0.14 
S-91 90 0.183 0.021 0.67 85.0 0.01 0.32 0.21 7.3 1.4 4.9 
A-93 90 0.021 Ν 0.106 96.8 0.01 Ν 0.105 2.7 0.18 0.01 
A-92 88 0.055 Ν 0.074 95.9 0.01 Ν 0.28 1.8 0.53 1.4 
Q-54 86 0.015 Ν 0.25 98.4 Ν Ν 0.15 0.52 0.29 0.36 
A-130 45 0.120 Ν 0.007 78.8 20.8 Ν 0.066 0.081 Ν 0.12 
A-75 32-31 0.188 Ν 0.006 82.9 15.7 0.01 0.091 1.07 Ν 0.02 
A-601 ? 0.20 0.077 0.095 87.5 0.01 0.14 0.068 7.7 0.17 4.0 
A-275 ? 0.34 0.056 0.040 86.8 0.09 0.93 0.094 3.2 0.50 7.9 
A-271 ? 0.044 0.080 0.055 81.2 0.02 0.84 0.078 3.3 0.61 13.8 
S-1601 ? 0.019 0.027 0.026 88.3 0.01 0.16 0.034 11.5 0.018 0.02 
T-1600 ? 0.023 0.084 0.022 69.1 0.01 0.28 0.013 2.7 0.034 27.7 
A-274 ? 0.080 0.062 0.040 83.8 0.02 2.4 0.29 1.9 1.3 10.1 
NOTE: All element concentrations are given in weight percent. Ν means none detected (less 
than 0.01% for all elements). 
"The coin denominations are given by the letter: X, Sextans; M , Semuncia; U, Uncia; T, Triens; 
S, Semis; A, As; and Q, Quadrans. 
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11 . C A R T E R & R A Z I Coins of the Roman Republic, 217-31 B.C. 2 1 9 

Iron concentrations are given as a function of t ime i n F i g u r e 3. O n l y 
the compositions of coins of known or approximately known date are pre 
sented i n F igures 3 -10 . T h e i ron concentrations are relatively h i g h i n the 
two brass coins, A - 7 5 and A-130. Brass coins of the Roman E m p i r e usually 
have higher i ron contents than copper or bronze coins, presumably either 
because of the ores used or the procedures used for produc ing the alloys. 
M a n y of the i ron concentrations are comparatively low. Iron concentrations 
are h ighly variable and apparently do not correlate w i t h other elements, 
date of manufacture, or denomination. Anc ient bronzes often contain rather 
low concentrations of i r on , possibly because lower temperatures were used 
to prepare coin flans (4). 

The amounts of cobalt found i n Roman Republ i can coins are extremely 
interest ing because they are so different from those of Roman Imper ia l coins, 
w h i c h rarely contain detectable cobalt. (The lower detection l i m i t of cobalt 
by X - r a y fluorescence analysis is about 0.002% ). Republ i can coins made 
before 135 B . C . a l l contain detectable cobalt, often i n relatively h igh con-
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Figure 3. Iron content of various coins. 
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Figure 4. Cobalt content of various coins. 

60 20 

centrations (i.e. greater than 0.04%; see F i g u r e 4). Co ins of the first century 
B . C . rarely contain detectable cobalt. Cobal t i n coins of the Roman Repub l i c 
came from a particular ore source. T h e absence of cobalt from most later 
coins indicates that they were made from a new ore source, rather than from 
remel ted coins or other metals. 

Cobalt is a useful e lement for dating coins* F o r instance, coin A - 6 0 1 , 
w h i c h ostensibly was made i n 38 B . C . , contains cobalt. O n close inspection, 
this co in was found to be an overstrike of an o lder coin. W e bel ieve that the 
coin was overstruck on an as that was probably at least 100 years o ld at the 
t ime. 

Before 100 B . C . , the n i cke l concentrations i n coins usually var ied w i t h i n 
a fairly narrow range from 0.03 to 0.07% (see F i g u r e 5). However , the two 
coins struck shortly after 100 B . C . are relatively h igh i n N i , a fact possibly 
indicat ing the that the Roman m i n t used a different ore source for a short 
per iod of t ime. Car te r has reported two other periods of t ime (ca. 2 3 - 1 5 
B . C . and A . D . 22-30) , d u r i n g w h i c h the n i cke l contents of Imper ia l coins 
are greater than 0 .2% (I). W i t h the two exceptions just ment ioned , the 
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Figure 5. Nickel content of various coins. 

nicke l contents of the two late brass coins are quite low, as are the n i cke l 
contents of early Imper ia l coins (23 B . C . to A . D . 66). 

The copper contents are not very meaningful because copper was the 
matrix metal . A n y standards of product ion probably specified how many 
parts by weight of an al loying element (or ore) such as t in or lead w o u l d be 
added to copper. 

Z inc was detected only at very low concentrations i n most Republ i can 
coins. It was usually present as a trace impur i ty . However , two coins were 
del iberately made of brass; the earl ier one was made by Julius Caesar. These 
are the earliest k n o w n Roman coins made of brass (13). Brass was a new and 
rather expensive alloy because it was necessary to make i t by diffusion of 
z inc vapor into copper. Z inc was not prepared i n metal l ic form by the Romans 
or other ancient peoples because of its volati l i ty . 

Undoubted ly , the s imilar i ty of the colors of brass and gold made brass 
unusually valuable to ancient people. Carter has calculated the value added 
by z inc to the Neron ian coins. These coins showed the most complex use 

._ 0.30 
ζ 

0.20 

0.10 

0 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
1

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



222 A R C H A E O L O G I C A L C H E M I S T R Y 

2.4 r 
• 
Ο 

Ο Semis 
• As 
• Quadrans 

A Other 

1 .6h 

- ι ι •• • • · · 
220 180 140 100 

Date, B . C . 

Figure 6. Arsenic content of various coins, 

60 
β t ι 

20 

of various denominations of copper-based coins made by any Roman emperor 
(14). 

Arsen ic occurred i n rather h igh concentrations (0.2% to about 0.4%; 
see F i g u r e 6) i n the coins struck before about 135 B . C . F r o m about 160 to 
135 B . C . (an approximate date that marks a rather important change i n co in 
compositions i n general), the arsenic contents of four coins are greater than 
0.8% (assuming that coins A-275 and A -271 , w h i c h have the prow of ships 
as found on other R o m a n Republ i can asses but w h i c h cannot be specifically 
identi f ied , are dated w i t h i n this period). Probably arsenic was del iberately 
added to these four coins (or perhaps an ore exceptionally r i c h i n arsenic 
may have been used). A lmost a l l of the coins made after 135 B . C . contain 
relatively low concentrations of arsenic. 

F r o m about 150 to 80 B . C . , most of the coins contained m u c h higher 
si lver concentrations than normal ly found i n copper-based Roman coins (see 
F i g u r e 7). There is no indicat ion that si lver was del iberately added to any 
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Figure 7. Silver content of various coins. 

of the coins that were analyzed. A l l the si lver levels are consistent w i t h the 
si lver contents of copper ores. I f scrap metall ic objects were occasionally 
me l ted to supply part of the metal for the coins, then once i n a great w h i l e 
some si lver-containing metal may inadvertently have been mel ted w i t h cop
per , and a somewhat higher than normal concentration of s i lver resulted. 

T i n was del iberately added to a l l the coins, w i t h three probable excep
tions (see F i g u r e 8). H e n c e , most of the coins are true bronzes. T i n content 
generally ranged from about 3% to 9%. T h e t in determinations b y X - r a y 
fluorescence are of questionable accuracy because of inhomogeneities i n the 
coins. O n e coin w i t h a low t i n content ( to w h i c h t i n was del iberately added) 
contains h igh concentrations of antimony and arsenic. T h e antimony and 
arsenic were e ither inadvertent or intended substitutes for t i n . It is impos 
sible to conclude from these data whether t in contents were set at different 
levels for various denominations of coins. H o w e v e r , both quadrantes contain 
no del iberately added t in . 

A n t i m o n y contents are moderate to very h igh compared w i t h the con
tents of Imper ia l coins. F o u r coins from the midd le of the second century 
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Figure 8. Tin content of various coins. 
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B . C . contain very h igh antimony concentrations, and two of these are sem-
isses (only four semisses were analyzed). T h e coins from the earliest per i od 
to about 160 B . C . contain moderate amounts of antimony (see F i g u r e 9). 
M o s t of the coins made from around 160 to 80 B . C . have relatively h igh 
antimony contents; these same coins also were relatively h igh i n si lver. T h e 
latest two coins have the very low antimony contents typical of coins m i n t e d 
i n the early R o m a n E m p i r e . 

T h e coins made before 135 B . C . are almost a l l leaded bronzes (Figure 
10). H o w e v e r , the two earliest coins, made i n the late t h i r d century B . C . , 
have low lead contents. T h e lead contents increased rapidly w i t h passing 
t ime , u n t i l exceptionally h i g h lead contents were found i n the coins of three 
denominations: semisses, asses, and a triens, a l l of the midd le of the second 
century B . C . T h e reported lead contents of some of these coins are probably 
lower than the actual contents because of the segregation and surface de
p let ion of lead. Apprec iab le amounts of lead were not frequently added 
to coins after roughly 100 B . C . A marked change i n the composit ion of 
coins occurred both before 135 B . C . and after about 100 B . C . (Only one 
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Figure 9. Antimony content of various coins. 

coin from 135 to 100 B . C . was analyzed, and information from this per iod 
is unavailable). 

Metallographic Examination of Two Coins 

C o i n A-275 was ground, pol ished w i t h a l u m i n u m oxide, and then etched by 
continuous swabbing w i t h a solution of 20 m L of 1:1 ammonia and 5 drops 
of hydrogen peroxide. The cross section was several mi l l imeters from the 
edge of the coin. Twins are alternate l ight and dark etched crystals i n the 
same grain. Twins are crystals of closely related orientation separated by a 
boundary surface w h i c h is planar i n nondeformed twins. As shown i n F i g u r e 
11, twins were present i n almost every grain. T h e large gray particles are a 
lead-r ich phase. Because the twins are not bent, the coin is not i n the as-
struck condit ion. T h e copper matrix of this co in is fairly soft: 74 to 102 
Vickers hardness number ( V H N ) . A l though there were many small lead 
particles present, a few large lead particles were evenly d istr ibuted through-
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Figure 10. Lead content of various coins. 

out the coin. T h e hardness of the lead-r ich phase was less than 17 V H N 
(extremely soft). The microhardnesses measured at the edge of the coin were 
the same as inter ior microhardnesses. E i t h e r this co in was cast or it was 
annealed after str iking. 

C o i n A-271 (see F i g u r e 12) contained a few relatively large lead particles, 
as w e l l as some small lead particles. T h e large lead particles tended to 
concentrate at the inter ior of the coin; no large particles were at the surface 
of the coin. T h e large lead particles contain small copper dendrites that 
prec ipitated as the l i q u i d lead cooled. F i g u r e 13 shows the l ight colored 
copper dendrites. T h e microhardness of the copper-r ich phase ranged from 
105 to 130 V H N . The lead was extremely soft at 17 V H N . The lead i n this 
co in is undoubtedly present i n a higher concentration than that reported by 
X - r a y fluorescence. C o i n A-271 apparently was cast and not subsequently 
struck, otherwise the large lead particles w o u l d have been appreciably flat
tened. 
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Figure 11. Microstructure of coin A-275. The length of the smallest division 
on the scale is 2.5 \Lm. 

Figure 12. Microstructure of coin A-271 showing a large particle of lead. The 
length of the smallest division on the scale is 20 μπι. 
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Figure 13. Copper dendrites inside a large particle of lead in coin A-271. The 
length of the smallest division on the scale is 2.5 \im. 

Comments on Individual Coins 

The brass as of Q . Oppius (A-75) shown i n F igure 2, has not been dated 
w i t h any certainty. It has been assigned a date of 3 2 - 3 1 A . D . , but Crawford 
(10) is inc l ined to ascribe this issue to about 88 B . C . T h e chemical analyses 
support the later date. T h e very low antimony and the low n i cke l content 
both w o u l d place this co in i n the late Repub l i c , not i n 88 B . C . It is possible 
that the coin cou ld have been produced i n a mint far from Rome, but the 
advanced technology necessary to produce brass w o u l d make this unl ike ly . 

T h e as of Augustus and Jul ius Caesar (A-601) is an overstrike on a m u c h 
older coin. T h e overstrike accounts for the presence of cobalt as w e l l as 
other anomalies i n the composit ion of this co in (e.g., relatively h i g h n i cke l 
and antimony contents). 

The dates of the coins, A -271 , A-274, A-275 , S-1601, and T-1600, are 
unknown. T h e fol lowing dates are estimated on the basis of their chemical 
compositions and weights: A-271 (ca. 160 B . C . ) , A-274 (ca. 150 B . C . ) , A -
275 (ca. 160 B . C . ) , S-1601 (ca. 160-180 B . C . ) , T-1600 (ca. 180-200 B . C . ) . 

Conclusions 

1. N o evidence supports the widespread reme l t ing of coins. T h e 
later coins contain m u c h lower concentrations of several e le 
ments than earlier coins. Cer ta in ly most of these elements, 
especially cobalt, w o u l d have appeared i n relatively h igh con-
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centrations i n remelted coins. However , coins that contained 
low cobalt concentrations could have been made from a m i x 
ture of o ld coins that contained cobalt and new metal made 
from ore that contained no cobalt. 

2 . Chemical compositions correlate reasonably well with time. 
Coins may be dated approximately from their compositions. 
T h e compositions of coins made before about 135-100 B . C . 
are considerably different from al l later coins. Co ins made 
around 80 B . C . are different w i t h respect to their contents of 
several elements w h e n compared w i t h compositions of coins 
from other t imes. T h e late Republ i can coins also have unique 
compositions. F i v e coins were approximately dated on the 
basis of their chemical compositions and weights. 

3. Chemical compositions of Republican copper-based coins are 
markedly different from those of Imperial coins. I n the t ime 
of Augustus, the coin compositions changed considerably from 
those of earl ier Republ i can coins. The coins of Augustus that 
were m i n t e d i n Rome were m u c h purer ; they were struck i n 
two materials: i n essentially pure copper and i n brass (15). 

4. Early Republican coins are remarkable for their high cobalt 
contents and many for their exceptionally high lead, arsenic, 
or antimony contents. T h e cobalt contents are un ique ly h igh 
i n early Republ i can coins compared w i t h a l l Roman coins made 
from about 135 B . C . to A . D . 400. Some late Imper ia l R o m a n 
coins contain h igh amounts of lead, but not as h igh as i n the 
early Republ i can semisses and asses. 

5. Additional analyses are required before one may reliably 
conclude that chemical composition correlates with denom
ination. There are indications that composit ion correlates w i t h 
denomination (e.g., the exceptionally h igh lead contents of 
mid-second-century B . C . semisses and asses and the low lead 
contents of quadrantes). H o w e v e r , larger numbers of coins 
must be chemical ly analyzed to obtain a thorough understand
ing of the Roman Republ i can copper-based coinage. 

Denominations 

The as was the largest denomination of copper-based coins of the R o m a n 
Republ i c . T h e values of the other coins were as follows: 
• two semis equal one as # six sextans equal one as 
• three triens equal one as # twelve uncia equal one as 
• four quadrans equal one as 

Various denominations were not continually struck; there were long 
periods dur ing w h i c h no coins were struck for each of the denominations. 
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12 
Two Medieval Enameled Objects 
Studied by X-ray Fluorescence 

Philip K. Hopke1, Wendell S. Williams2, Henry Maguire3, and David Farris3 

Program on Ancient Technologies and Archaeological Materials, University of 
Illinois at Urbana-Champaign, Urbana, IL 61801 

The composition of colored enamels used on late 12th-century copper 
articles associated with Limoges, France, is of interest to ceramic 
scientists and art historians. We analyzed a Limoges enamel cross 
from the World Heritage Museum of the University of Illinois by 
using X-ray fluorescence (XRF). The cross comprises a cast copper 
corpus and an enameled cross-shaped copper plaque that serves as 
a ground to which the corpus is attached. Enamel colors are light 
blue, dark blue, green, red, white, and yellow. Nondestructive ele
mental analysis of the enamel was carried out with a 1-Ci 241Am source 
in the secondary mode with a Mo target. Metal masks of Sn isolated 
specific colored regions. The resulting XRF spectra indicated the 
presence of copper in all the colored enamels after the Cu background 
was subtracted from the substrate. The dark blue and green areas 
also showed strong peaks for lead, and the light blue, red, and white 
areas showed weak lead peaks. If we assume that the Pb is a con
stituent of the glass, all the colors can be attributed to various mineral 
compounds of copper. A similar study of reliquary from the Indi
anapolis Museum of Art showed quite different enamel compositions. 

'Also with Institute for Environmental Studies, University of Illinois at Urbana-
Champaign. 

2 Current address: Department of Materials Science and Engineering, Case 
Western Reserve University, University Circle , Cleveland, OH 44106. 

3Also with Art History Division, School of Art and Design, University of Illinois 
at Urbana-Champaign. 
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T H E G L O R I O U S M E D I E V A L S T A I N E D - G L A S S W I N D O W S of E u r o p e a n cathe
drals have been the subject of several chemical analyses to support conser
vation projects, to identify workshops and their practices, and to attempt 
the association of colors w i t h specific metal ions i n various oxidation states. 
H o w e v e r , l i t t le information of this sort has been generated from the beau
ti ful ly decorated, enameled, and g i lded copper ecclesiastical objects used 
i n medieva l cathedrals that are recognized under the generic name of L i m 
oges enamels. 

A notable exception is an important technical study of medieval enamels 
from the Boston M u s e u m of F i n e Arts contr ibuted recently by E n g l a n d (I). 
The versatil ity of copper as a color ing agent was noted as follows: " C o p p e r 
is responsible for a range of c o l o rs—blue , turquoise, green and r e d . . . . " Th is 
statement supports our earl ier finding (2) that copper is the pr inc ipa l co lor ing 
agent i n the enamels of a L imoges cross at the Univers i ty of I l l inois . This 
chapter gives the pert inent details of that study. 

W e carried out an X - r a y fluorescence ( X R F ) study of two museum ob
jects, a cross and a re l iquary, said to be medieval L imoges enamels. F r o m 
the perspective of archaeological chemistry, the pr imary objective of the 
study was to identify the metal ions i n the glass matrix responsible for the 
characteristic and intense blues, greens, reds, and yellows of the enamels. 
Another objective was to determine whether the enamel composit ion of the 
re l iquary was sufficiently different from that of L imoges enamels to al low a 
discr iminat ion to be made. T h e findings w i l l supplement scholarly infor
mation on the per iod and the workshop of a given object and aid i n the 
detection of modern forgeries. 

Examples of Limoges Enamels 

The objects examined i n this study were fabricated from flat sheets of cast 
and hammered copper partial ly scooped out to receive the glass frit (cham-
plevé process). F i r i n g i n air oxidizes the copper surface and fuses and bonds 
the glass to produce the characteristic enameled surfaces. T h e objects were 
g i lded over the unenameled copper, as w e l l . These objects are r i c h i n color 
and i n symbol ism. 

W h e r e were these objects made? Documentary evidence from the M i d 
dle Ages has established that the city of L imoges , i n southwest France , was 
an active center of E u r o p e a n enamel workers as early as the 12th century 
(3). However , it is difficult to determine from the wr i t ten evidence the 
precise form taken by the industry that produced Limoges enamels, opus 
lemovicensis i n medieval sources. W e do not know, for example, to what 
extent L imoges was a center of manufacturing or a center for the tra in ing 
of artisans who worked elsewhere. N o r do we know how m u c h trade there 
was i n the colored glasses used by enamelers. E v e n the chemical composit ion 
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12. H O P K E E T A L . Medieval Enameled Objects 235 

of these enamels has not been w e l l documented u n t i l recently, and the study 
of enamel composit ion is the central concern of the present investigation. 

Objects Studied 

Cross. T h e pr inc ipa l object studied i n this investigation is shown i n 
F i g u r e 1, a previously unpubl i shed photograph of a champlevé-enameled 
copper cross w i t h a re l ie f figure of Chr i s t . T h e cross is i n the col lection of 
the W o r l d Heri tage M u s e u m of the Univers i ty of I l l inois at U r b a n a - C h a m -
paign. 

This object belongs to an important group of crosses made i n Western 
E u r o p e dur ing the h igh M i d d l e Ages (4). These crosses were first classified 
by Thoby (5) i n 1953, using a methodology based on style, shape, technique 
of manufacture, use of artistic m e d i u m , and choice of motif. 

The cross measures 25.5 by 18.5 c m . The pr inc ipa l colors of the enamel 
are dark b lue , green, l ight b lue , yel low, and red . T h e enamel ground is 
d iv ided into three sectors: an inner cross of green, an outer cross of dark 
b lue , and an outside border of b lue and white . W i t h i n the inner cross is the 
figure of Chr i s t . Above Christ ' s head is the dexter a Domini i n reserve. It 
extends downward to the monogram of C h r i s t ( IHS X P S ) , also i n reserve. 
B e h i n d the head of C h r i s t is a n imbus of red , l ight b lue , and white . B e l o w 
Christ ' s feet is an abstracted white skul l , and around his arms and head, 
there is a scrol l ing v ine i n reserve. 

W i t h i n the outer cross are three roundels formed by concentric circles 
of yel low, green, dark b lue , and r e d and filling three of the angles of the 
cross. T h e remain ing field of the outer cross is punctuated by smaller circles 
composed of whi te , b lue , ye l low, and green enamel . The appliqué figure of 
C h r i s t is made of cast and chiseled copper; it retains traces of g i ld ing around 
the neck, forehead, hair, torso, and lo in c loth. F u r t h e r g i ld ing remains 
randomly around the border of the cross. T h e figure is bo l ted to the enamel 
plaque by four copper nails at the hands and feet. 

The iconographie program of the group of enamel crosses to w h i c h our 
example belongs demonstrates the results of serial product ion. B y the late 
12th century, L imoges enamels assumed a more industr ial character i n style 
and iconography. T h e earlier crosses depicted the crucif ied C h r i s t on a 
styl ized green tree, as for example i n the cross at the Metropo l i tan M u s e u m 
of A r t , N e w York, executed between 1185 and 1190 (4). A t the base of the 
earlier crosses, there is an image of either Adam's sku l l or a hal f figure of 
A d a m emerging from a sarcophagus. T h e tree refers to the Tree of L i f e , and 
the skul l refers to Adam's death. These images symbolize the reb i r th of 
A d a m through Chr i s t . In some crosses, the green tree becomes a v ine motif, 
as evident i n an example at the L o u v r e . I n other examples, the enameled 
leaves of the v ine are replaced by circles or rosettes. O n the cross i n the 
W o r l d Her i tage M u s e u m , the reserve strip of copper i n the green inner 
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Figure 1. Limoges enamel cross, late 12th century A.D., World Heritage Mu
seum, University of Illinois, Urhana. 
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cross represents the v ine on the Tree of L i f e , and the skul l of A d a m appears 
i n a s impl i f ied form beneath the feet of Chr i s t . 

Reliquary. The other object studied is a h inged copper box, g i lded 
and enameled on the outside w i t h two cast, g i lded figures r iveted to one 
side (Figure 2). A p ierced , flat crown surmounts the ridge of the peaked l i d . 
T h e object is on loan from the Indianapolis M u s e u m of A r t . The re l iquary 
is 27 c m long, 6.5 c m wide , and 13 c m high . T h e p ierced decoration on top 
adds another 4.5 c m to the height. 

The enamel ing was done i n red , l ight b lue , dark b lue , green, and white . 
Considerable g i ld ing remains on the unenameled copper. T h e enamel layers 
are appreciably th inner than those on the cross just described. 

Chemistry of Colored Medieval Glass 

E n g l a n d (I) rev iewed the l i terature of the chemistry of medieval glass and 
enamel , inc lud ing excerpts from the writ ings of Theophi lus , the medieva l 
scholar. C o p p e r is ment ioned as an important colorant. 

B r i l l (6) summarized the information on the chemical basis of medieva l 
glass colors as follows: red/orange opaque enamels, cuprite ( C u 2 0 ) w i t h lead 
additions beneficial for opacity; white opaque enamels, e ither t in oxide opa-

Figure 2. Medieval enameled reliquary, Indianapolis Museum of Art, Indi
anapolis, IN. 
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cifier or ca lc ium antimonide at 5 - 8 % ; l ight b lue , 1% copper or a small amount 
of cobalt (0.05%); ye l low, minute flakes of standard ye l low opacifiers 
( P b 2 S b 2 0 7 or P b S n 0 3 at 5-8%); green, opaque ye l low plus copper; and dark 
purp le , M n . 

I n an early X R F study of the chemical composit ion of cathedral glass, 
m u c h of it medieval , B r i l l (7) obtained data for the elements M n , F e , C u , 
Z n , R b , Sr, Z r , A g , S n , B a , and P b . The measured values were converted 
into weight percentages of the corresponding oxides that w o u l d have been 
the form i n w h i c h the e lement was introduced into the glass composit ion. 
T h e concentrations of the oxides ranged from 0.01 to 1% among the several 
colors sampled: green, ruby , amber, pale b lue , dark b lue , and ye l low amber. 
P b O was present at 0 . 1 % for al l colors, but presumably, it was associated 
w i t h the basic glass composit ion. However , this value went up to 2 - 3 % for 
ruby glass from U l m made circa A . D . 1400 G r e e n glass from Canterbury , 
c irca A . D . 1200-1225, contained 2 . 1 % M n O , 1.1% F e 2 0 3 , and 0.05% C u O , 
whereas ruby glass from the same source contained 0 .9% M n O , 0.6% F e 2 0 3 , 
and 0 .4% C u O . 

A study of ancient transparent and opaque glasses by B r i l l and M o l l (8), 
using electron probe microanalysis, l ed to the association of metal oxides 
and color given i n Table I. A l t h o u g h not marked as a colorant or opacifier, 
P b O gave a strong signal for opaque red (29.0) and opaque ye l low (21.5%). 
These values are m u c h greater than the general proport ion of lead oxide i n 
glass (0.2%). 

A n extensive study of ancient glass (first m i l l e n n i u m , from Britain) was 
carr ied out by Sanderson, H u n t e r , and W a r r e n (9) using X R F . Because these 
specimens were only l ight ly t inted , the interests of the authors were focused 
on the chemistry of the glass composit ion and the appl icabi l i ty of X R F to 
its determination rather than to the identification of the coloring agents. 

I n a study of medieval glass, O l i n and Sayre (10) noted that different 
levels of alkalis and even a different specific a lka l i—potass ium rather than 
sodium, from beechwood ash—dis t ingu i sh medieval glasses from glasses of 

Table I. Metal Oxides Associated with Colors 
of Medieval Glasses 

Color Metal Oxides 
White opaque S b 2 0 5 , 8.9% 
Dark blue transparent CuO, 0.3%; CoO, 0.13% 
Dark blue opaque S b 2 0 5 , 8.1%; CoO, 0.05% 
Light blue opaque S b 2 0 5 , 5.8%; C u O , 3.7% 
Red opaque C u a O , 1.7% 
Yellow opaque S b 2 Q 5 , 2.2% 
NOTE: The composition of the hypothetical parent glass is as follows: 
Si0 2 , 67%; CaO, 5.0%; K 2 0 , 0.4%; MgO, 0.5%; A l 2 0 3 , 2.0%; 
Fe 2 0 3 , 0.4%; Sb 2O s , 1.0%; and PbO, 0.2%. 
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the Roman per iod . H o w e v e r , after comparing the average compositions of 
colorless, amber, and b lue glasses from the Rouen Chateau , O l i n and Sayre 
(10) concluded that " F o r most elements the standard deviation ranges of 
concentrations encountered i n al l three colors overlap, and hence the average 
concentrations i n each of the colors were not significantly different from each 
other . " T h e authors found that cobalt, i r on , thor ium, and c h r o m i u m con
centrations were higher for the b lue glasses than for the other two types of 
glasses and suggested that a Co-containing material had been del iberately 
added for coloration. The elements copper and lead were not inc luded i n 
their study. 

Accord ing to Bamford (11), copper oxide normal ly imparts to soda 
l ime-s i l i ca te glass a blue coloration that is associated w i t h divalent copper 
ions. H e also notes that " L e a d silicate glasses containing copper are green, 
their shade deepening w i t h increasing lead oxide content. . . . T h e most c om
m o n blue color is achieved by the addit ion of cobalt oxide to the clear base 
glass, r equ i r ing approximately 330 p p m of C o 3 0 4 . A n alternative shade is 
possible w i t h copper oxide (approximately 1% by weight) me l t ing under 
oxidiz ing conditions to ensure complete conversion to the cupr ic f o r m . " 
Explanations for the observed optical absorption associated w i t h various 
metal ions i n glass are given by Bamford (11) i n terms of l igand field theory. 

Elemental Analysis 

M e t h o d . I n the present study, X R F was used to identify major e le 
ments i n the enamel and the substrate of the cross and re l iquary descr ibed 
i n a previous section. W e used an X R F system w i t h a 1 -Ci 2 4 1 A m source i n 
a N e w E n g l a n d Nuc lear holder . T h e source was used i n the secondary mode 
w i t h , i n this case, a m o l y b d e n u m target. The output of the S i - L i detector 
was analyzed by a Nuc lear D a t a 6620 computer-based mult i channel analyzer. 
The downfacing detector -source -exc i ter system was posit ioned above the 
objects to permit nondestructive analysis whi le the objects remained h o r i 
zontal. 

A pre l iminary analysis of the mult ico lored area above the right arm of 
the cross revealed pr imar i l y copper and lead i n the enamel . T h e substrate 
of the cross (Figure 3) and the copper corpus (Figure 4) showed no detectable 
zinc or t i n . 

A more detai led examination of the composit ion of the variously colored 
enameled areas was then carr ied out by masking a l l but the regions under 
study w i t h double layers of 0.007-in. (0.18-mm) t in sheet of h igh pur i ty . T h e 
t in by itself showed no peaks other than that of t in i n the X R F spectrum, 
even w h e n placed on a copper substrate. H e n c e the t in masks cannot have 
contr ibuted to the observed peaks, nor can any of the signals detected have 
come from areas under the t i n masks. S imi lar masking was performed for 
regions on the rel iquary. 
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Figure 3. XRF spectrum from the cross. The exposed area of copper showed 
only copper peaks. 
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Figure 4. XRF spectrum from the gilded cast figure on the cross showing major 
copper and gold peaks and small lead peaks. 
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Table II summarizes the results of the X R F study of specific regions of 
the cross. T h e X - r a y emission spectra for these several regions are shown 
graphically i n Figures 5 -10. Two spectra of regions on the re l iquary are 
shown i n Figures 11 and 12. 

Results. A l l of the enameled regions of the cross invest igated—red , 
ye l low, green, dark b lue , l ight b lue , and whi te—gave strong copper peaks. 
The dark blue and green areas also showed strong peaks for lead. Weak 

Table II. X-ray Fluorescence Analysis of Champlevé 
Limoges Enamel Cross in the World Heritage Museum, 

University of Illinois at Urbana-Champaign. 
Sample Cu Pb Cr/Mn Au 

Enamel 
Red Χ χ χ 
Yellow Χ χ 
Green Χ X 
Dark blue Χ X 
Light blue Χ χ 
White Χ χ 

Metal 
Figure Χ χ Xa 

Cross X χ X°_ 
"Surface gliding still available. 
NOTE: Abbreviations used: X , major amounts; x, minor amounts. 

Figure 5. XRF spectrum from the cross. The green enamel near the upper arm 
showed major copper and lead peaks. 
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Figure 6. XRF spectrum from the cross. The dark blue enamel above the left 
arm showed major copper and lead peaks. 
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Figure 7. XRF spectrum from the cross. The light blue enamel below the left 
arm showed only copper peaks. 
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Figure 8. XRF spectrum from the cross. The white enamel skull beneath the 
feet showed major copper peaks and minor lead peaks. 

Figure 9. XRF spectrum from the cross. The yellow enamel circle below the 
arm showed major copper peaks and minor lead peaks. 
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Figure 10. XRF spectrum from the cross. The red enamel area in the nimbus 
behind the head of Christ showed major copper peaks, minor lead peaks, and, 

possibly, minor peaks for chromium or manganese. 
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Figure 11. XRF spectrum of the red enameled spot on the reliquary showing 
only the major copper peaks. 
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Figure 12. XRF spectrum of a light blue enameled region on the reliquary 
showing the major copper peaks and the Ka peak of iron. 

peaks for lead were obtained from the l ight b lue , r ed , and white areas. I n 
addit ion, the r e d region showed broad peaks i n the region of energy appro
priate for manganese and c h r o m i u m (Figure 1 0 ) . N o cobalt was detected i n 
any of the spectra. 

X R F spectra were also taken from the copper corpus attached to the 
cross and from an exposed region of the copper substrate from w h i c h a smal l 
piece of enamel had fallen away (Figures 3 and 6). O n l y copper and a small 
amount of lead were detected i n the corpus, whereas the exposed substrate 
contained a h igh amount of copper w i t h a very small amount of lead (about 
1%). 

T h e enamel on the re l iquary , w h i c h is th inner than that on the cross, 
gave strong copper signals i n a l l cases. T h e r e d spot showed only copper, 
and the l ight b lue enamel contained i ron ; the spectrum of the green enamel 
showed small peaks for n i cke l and gold. N o lead was detected i n any of the 
enameled areas on the rel iquary. 

Discussion 

T h e present study suggests that the color ing agents i n the enameled copper 
cross examined, judged to be medieva l from stylistic considerations, may be 
pr imar i l y compounds of copper. However , there was also a strong back-
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ground signal from the copper substrate, judg ing from the appearance of 
C u peaks i n the X R F of the white enamel containing no copper. Never the 
less, two arguments support the association of a port ion of the copper X - r a y 
signal w i t h the co lor ing agents i n the enamel : (1) N o other potential colorants 
(metal species) were detected by X R F (except P b , probably a ye l low opacifier 
and a glass constitutent, and M n and C r i n the red enamel); and (2) various 
copper compounds can account for a l l the colors observed. Possibly, other 
metal oxides i n l ow concentration, be low the l i m i t of detection of X R F ( ~ 1 % ) , 

or of l ow atomic n u m b e r are responsible for the observed colors. However , 
the present finding is consistent w i t h evidence from other sources. 

Conclusions 

1. O n the basis of X R F studies, the colors of a typical medieval 
L imoges enamel cross are attributable to copper compounds 
added to the glass composit ion. 

2 . T h e copper sheet beneath the enamel cross contains l i t t le lead; 
z inc and t in are not present. 

3. O n the basis of X R F studies, the enamels of a medieva l r e 
l iquary are recognizably different, a fact suggesting that the 
object was made i n a different workshop tradit ion, although 
its the stylistic features are typical of enameled medieval ob
jects. 
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Ancient Gold Solders: What Was 
Chrysocolla? 

G . Demortier 

LARN, Facultés Universitaires Notre-Dame de la Paix 22, Rue Muzet, 
B-5000 Namur, Belgium 

Arguments are presented for reconsidering the meaning of the name 
"chrysocolla," used in ancient textbooks on metallurgy, and for iden
tifying chrysocolla as cadmium sulfide (greenockite), a yellow natural 
mineral. Several results from thousands of nondestructive analyses 
by proton-induced X-ray emission (PIXE) of solders on gold artifacts 
cannot be interpreted if chrysocolla is either green copper carbonate 
(malachite), as generally assumed until now, or blue hydrated copper 
silicate, the mineral now called chrysocolla. Several paragraphs of 
the 33rd book of Natural History of the Elder Pliny (1st century Α.D.) 
are critically analyzed in light of these analytical results. 

EARLY ARTISANS USED SEVERAL RECIPES to prepare gold solders. These 
recipes inc luded natural chrysocolla (from the G r e e k krysos and kolla, or 
gold solder) as w e l l as other compositions prepared from alloys containing 
metals such as copper, si lver, and gold. T h e use of chrysocolla was descr ibed 
i n considerable detai l i n the 1st century A . D . by P l i n y the E l d e r i n his 
Natural History. As can be expected from its etymological or ig in , the name 
chrysocolla meant i n antiquity any material used to j o in parts of gold jewelry . 
A t the beg inning of his 33rd vo lume, P l i n y wrote, " G o l d is dug out and, 
w i t h i t , also chrysocolla, w h i c h continues to bear a name der ived from the 
t e rm gold in order that its value may appear greater. " This special attention 
to chrysocolla indicates its importance i n ancient goldsmithery. 

Braz ing alloys that contain cadmium have been used extensively since 
mid-19th century. A small amount of cadmium i n a gold matrix can lower 
the mel t ing point be low that obtained by adding equivalent concentrations 

0065-2393/89/0220-0249$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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of copper or si lver to the same gold matrix. It is commonly be l ieved that 
cadmium or c a d m i u m compounds were not used i n antiquity (cadmium ores 
are indeed rare i n nature), and that objects containing cadmium, e i ther i n 
the solder or as an impur i ty i n the gold alloy, were recently manufactured 
or restored. Nevertheless , cadmium was detected i n a solder on a monetary 
medal l ion excavated several years ago i n H o u m e a u , France by an official 
staff of F r e n c h archaeologists (J). Several experts i n ancient j ewelry question 
the authenticity of the gold j ewe lry that we analyzed, because the artifacts 
were not found d u r i n g official excavations and several of the artifacts have 
been declared by us as fakes or recent restorations on the basis of our analyses 
and our cr i ter ia of authentification. 

A l though it is usually present at lower concentrations, cadmium is some
times present i n concentrations up to several percent i n regions where 
soldering was necessary to j o in elements i n pieces of apparently ancient 
jewelry . W e have shown (2-7) that the amount of cadmium found i n such 
j ewe lry (generally from Iran, Syr ia , or southern Italy) is related to the 
amounts of copper and silver present, but i n completely different proportions 
from those observed i n modern soldering alloys. Analyt ica l results (2, 4, 6, 
7) col lected d u r i n g analyses of numerous artifacts, from museums as w e l l as 
from private owners, have l e d us to propose several cr i ter ia upon w h i c h to 
dist inguish modern from ancient j o in ing procedures that used c a d m i u m -
based materials and to indicate a new interpretation of o ld metal lurgical 
descriptions. W e suggest that ancient Iranian goldsmiths smelted greenock-
ite (a natural ye l l ow cadmium ore) simultaneously w i t h copper ores and gold 
to obtain an alloy suitable as a solder at l ow temperatures. 

Iranian Goldsmithery from the 4th Century B.C. 

T h e h igh leve l of workmanship of ancient goldsmiths can scarcely be matched 
even today. A m o n g the several h u n d r e d items of Iranian and Syrian j ewelry 
that we have studied (2-7), the wonderful Achemenide pendant of the 4th 
century B . C . , w h i c h belongs to the Department of Iranian Ant iqui t ies of 
the Museé d u L o u v r e , clearly illustrates the ski l l of ancient Iranian gold
smiths. The pendant is shown i n F igure 1 and is accepted as genuine (8). 
T h e total w i d t h of the disk decorated i n repoussé is 5.5 c m . T h e surrounding 
ornaments were made w i t h 28 identical motifs. E a c h of them includes a 
ho l low cy l inder and two hemispherical caps. T h e detai l of the top r ight part 
(Figure 2) shows clearly vis ible solders. These areas were nondestructively 
analyzed for composit ion, and the results are summarized i n Table I. A l l 
measurements were performed w i t h proton- induced X - ray emission ( P I X E ) 
i n a microprobe assembly (9). 

O u r P I X E microprobe facility, the Laboratoire d 'Analyse par Réactions 
Nucl ia ires ( L A R N ) , allows the irradiation of small regions of a sample i n a 
vacuum. The vacuum chamber i n w h i c h the artifact is placed was designed 
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Figure 1. Achemenide pendant of the 4th century B.C. 

Figure 2. Detail of the Achemenide pendant showing regions of analysis. 

to accept pieces of j ewelry whose dimensions may reach 30 cm. The i t em 
is fixed on an X - Y frame that can be moved i n the proton beam by stepping 
motors. A small computer controls mechanical displacement (with a reprod 
uc ib i l i ty better than 2.5 μπι after a translation of several centimeters) and 
col lection of data from the photon and electron detectors and carries out 
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Table I. Composition of Different Regions of the Achemenide Pendant 

Region 
Cu 
% 

A g 
% 

Au 
% Description 

1 5.6 ± 0.3 11.6 ± 0.6 82.8 ± 1.2 repoussé area 
2 f 9.8 ± 0.6 f 15.6 ± 0.8 I 74 .6 ± 1.5 brazing 
3 5.2 ± 0.3 12.6 ± 0.7 82.2 ± 1.0 vertical sheet 
4 Î 7 . 5 ± 0.5 f 13.9 ± 0.8 i 78.6 ± 1.1 brazing 
5 5.7 ± 0.4 11.7 ± 0.7 82.6 ± 0.9 cylinder 
6 4 3.1 ± 0.3 i 6 . 8 ± 0.3 Î90 .1 ± 1.5 local melting 
7 7.0 ± 0.4 16.6 ± 0.9 76.4 ± 1.3 internal hemisphere 
8 Î 12.7 ± 0.7 i 14.6 ± 0.8 4 7 2 . 7 ± 1.3 copper diffusion 
9 7.2 ± 0.4 15.6 ± 0.9 77.2 ± 1.4 external hemisphere 
NOTE: The arrows indicate increased (or decreased) concentrations at solders 

numerous calculations. A t present, up to 128 simultaneous images can be 
col lected, each invo lv ing up to 1600 analyzed points. T h e typical accumu
lation t ime is 1-5 s per point. 

F o u r joins were made from regions 2 to 8 of F i g u r e 2, over a distance 
extending less than 5 m m . T h e elemental compositions at solder sites 2, 4 , 

6, and 8 show that three different j o in ing procedures were performed. A t 
site 6, the gold content is significantly greater than i n the neighbor ing regions 
and indicates that the j o in was made by we ld ing without the addit ion of 
external material . T h e end of the cy l inder and the bottom of the first h e m 
ispherical cap were simultaneously heated to an early stage of fusion. I n this 
process, metals l ike copper and silver were selectively e l iminated , main ly 
by oxidation, so that gold content was enhanced. T h e temperature was 
around 1000 °C. 

A t site 8, an increase i n copper concentration was observed s imulta 
neously w i t h a decrease in gold and silver concentrations. The two caps, 
previously wel l - f i t ted, were j o ined by the process known as solid-state dif
fusion bonding w i t h copper salts i n a reducing atmosphere. T h e process took 
place at about 890 °C (10). The relatively low temperature permit ted j o in ing 
at site 8 without desoldering the j o in at site 6, only 1.5 m m distant. This 
j o in ing method was wide ly used by the Etruscans i n their famous granulation 
work. 

A n increase i n copper and si lver and a decrease i n gold were s imulta 
neously observed at sites 2 and 4 , a result indicat ing that at both sites a 
braz ing alloy had been used. T h e lower concentration of gold indicated that 
the temperature of fusion of the alloy used at site 2 was lower than that used 
at site 4 (possibly around 820 and 860 °C, respectively). These temperatures 
are close to 890 °C, the soldering temperature at site 8; however, the latter 
j o in d i d not desolder. T h e process of diîusion bonding produces a j o i n that 
cannot be desoldered. Reheat ing after j o in ing results i n further copper dif
fusion and gives a local decrease i n copper content w i t h a consequent increase 
i n local me l t ing temperature. T h e temperature difference of sites 2 and 4 
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seems to indicate that the 28 attached elements were soldered to the gold 
sheet before the sheet was j o ined to the decorated disk, because the alloy 
used at site 4 had a higher me l t ing point than that at site 2. 

T h e h igh degree of workmanship displayed i n a piece as complex as the 
Achemenide pendant shows that the goldsmith of 2500 years ago recognized 
and used different temperatures for various j o in ing processes. 

Later Iranian Goldsmithery 
I n any human activity, alternate means are sought to achieve a given end. 
E a r l y goldsmiths must have tested and used a number of different j o i n i n g 
materials and methods. A m o n g Iranian and Syrian items from the 1st to the 
9th century A . D . , we have, at t imes, found significant amounts of c a d m i u m 
i n solders. F o r most people concerned w i t h archaeological j ewelry , the pres
ence of cadmium suggests forgery or modern repair. However , i n several 
investigations conducted since 1983, we have shown that ancient solders 
containing c a d m i u m may sometimes be differentiated from modern solders 
(4, 6, 9, 11). 

I f several closely spaced joins are present on a piece of j ewelry , solders 
w i t h different me l t ing points may be necessary, depending on the order of 
construction. M o d e r n commerc ia l solders are characterized by compositions 
i n w h i c h si lver and copper concentrations are retained i n a constant pro 
port ion (direct correlation) d u r i n g the soldering procedure (Figure 3). O n 
the other hand, for ancient solders, a strong correlation exists between 
copper and c a d m i u m concentrations (Figure 4). O u r pr inc ipa l cr i ter ion by 
w h i c h we dist inguish modern from ancient solders containing c a d m i u m ap
plies only to j ewe l ry artifacts that show several regions of solders. T h e artifact 
is recognized as ancient i f relative concentrations of copper, s i lver, and 
cadmium i n a l l solders are correlated l ike those i n F i g u r e 4. T h e artifact is 
considered to be a forgery or a restored piece i f these relative concentrations 
are correlated l ike those i n F i g u r e 3. N o cr i ter ion for authenticity is available 
i f the number of solders is not sufficient to draw a l ine across the points. 

O t h e r cr i ter ia may be used to dist inguish ancient from modern cad
mium-conta in ing solders. These cr i ter ia inc lude 

a. The frequent presence of i ron i n ancient solders. M o d e r n 
brazing alloys (for fine gold jewelry) sold by precious metal 
suppliers or made by j ewelry craftsmen i n their own shops 
contain only gold, s i lver , copper, and sometimes z inc and 
cadmium. These metals are al loyed from pure metal ingots, 
whereas ancient solders were made w i t h rough materials, gen
e r a l l y b y d i r e c t s m e l t i n g o f o res l i k e c h a l c o p y r i t e (an 
i r o n - c o p p e r ore w i t h a color e l c _ to that of gold). I ron is 
therefore expected to be present i n ancient artifacts but not 
i n modern jewelry . 
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Figure 3. Ternary composition diagram for Cu-Ag-Cd in modern soldering 
alloys. Analytical results indicate that when the cadmium amount vanes, the 

ratio of copper on silver remains constant. 

b. A luminescence can be induced by the P I X E proton beam on 
ancient solders. This effect is probably due to the presence of 
microinclusions of slag retained by the metal produced b y a 
crude smelt ing technique. This optical luminescence is i n 
duced only i n insulators, not i n metals, and does not appear 
i n modern goldsmithery i n w h i c h only metals are involved . 

c. Differences i n relative concentrations of z inc and cadmium 

d. The presence of sulfur 

Appl i cat ion of these cr i ter ia is i l lustrated i n the fol lowing study of a ho l low 
gold pearl (Figure 5) found i n Syr ia along w i t h other more prestigious objects 
(necklaces, pendants, phials) studied earl ier (3, 4, 6). 

M o s t of these artifacts were found d u r i n g excavations i n H a u r a n for the 
dra in ing of L a k e Orantes i n the 1950s. Some of this j ewelry was acquired 
by museums, such as the Staatlishe M u s e e n i n B e r l i n . Several pieces of the 
treasure, first considered as authentic by curators and archaeologists, were 
then classified as fakes or restored items after cadmium had been detected 
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Figure 4. Ternary composition diagram for Cu-Ag-Cd in regions of solders 
on an Iranian necklace of the 1st century Α.Ό. (See ref. 2 for details). Here, 

the copper concentration increases with the cadmium concentration. 

Figure 5. Hollow pearl of the 6th century A.D. excavated with other more 
prestigious objects of Byzantine jewelry. Total width is 8.5 mm. 
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by our P I X E method and analyzed according to our cr i ter ia to dist inguish 
modern from ancient pieces (6, 7). This identif ication of modern w o r k m a n 
ship l ed to suspicion of other genuine artifacts of the treasure. 

A n electron micrograph (Figure 6) of a region near two soldered granules 
clearly shows that a braz ing procedure had been used to j o in both granules 
to a th in gold base that was then soldered to the main hol low sphere. Scans 
across large areas were per formed w i t h the L A R N proton probe (50 μηι 
wide) ; narrower scans i n characteristic regions were also obtained (II). Maps 
of copper, gold, s i lver , and c a d m i u m (Figure 7) clearly indicate the presence 
of c a d m i u m only i n solders between the granules and between the m a i n 
hol low sphere and each granule. The local decrease of s i lver and gold at 
each site where c a d m i u m was present, and a slight increase of copper at 
that site, point out a direct correlation between copper and cadmium con
tents. T h e corresponding ternary diagram indicates that the results are l o 
cated i n the left bottom corner, far away from the regions characteristic of 
modern j ewe l ry (see F i g u r e 3). 

W h e n a solder such as the one just ment ioned is irradiated i n a c a d m i u m -
rich region w i t h 1 . 9 - M e V deuterons, the proton spectrum indicates traces 
of sulfur (around 30 ppm) (12). T h e presence of sulfur suggests that c a d m i u m 
sulfide cou ld have been used as a component of the brazing material . Th is 
possibi l i ty has been examined i n our laboratory and has been conf irmed (13, 
14). Add i t i ona l solder characterization was accomplished b y using the se-

Figure 6. Electron micrograph of detail on the pearl in Figure 5. Brazing 
procedures are clearly indicated. 
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Figure 7. Maps of Cu, Ag, Au, and Cd obtained by PIXE microprobe analysis. 
Correlation of copper and cadmium is obvious. 

lective excitation of Z n Κ X-rays without excitation of gold L X-rays . It was 
found that z inc is also present, at trace levels (about 300 ppm) (15). 

Sulfur and z inc determinations may be added to the main cr i ter ia of 
characterization of ancient solders: c o p p e r - c a d m i u m correlation and pres
ence of i ron , to give a total of four differences between solders on the ancient 
ho l low pearl and solders made w i t h commercia l brazing alloys containing 
cadmium. Sulfur at a 30 -ppm leve l i n a region where cadmium is present 
at 3% indicates that, i f C d S had been used as al loying material w i t h gold, 
at least 9 9 % of the sulfur w o u l d have been e l iminated dur ing the al loying 
process. This proport ion was also observed i n our experimental archaeolog
ical tests (15, 19), w h i c h are summarized i n the next section. 

F i n e modern cadmium-based brazing alloys are zinc-free or contain z inc 
and cadmium i n a ratio of about 1:5. W h e n C u - A g - Z n - C d - A u alloys are 
mel ted to make solders, c a d m i u m is selectively e l iminated because of its 
h igh volati l ity. T h e final relative concentration of z inc to cadmium i n modern 
joins is then st i l l zero or h igher than 1:5. I n the ho l low pearl (and also i n 
other jewelry) this ratio lies between 1:25 and 1:300. T h e range of these 
ratios is either too low to be attr ibuted to the use of modern alloys containing 
z inc or too h igh to be interpreted as impurit ies i n metals used for al loying. 
These amounts of z inc i n ancient jewelry items are understandable because 
greenockite (a natural cadmium ore) appears as a ye l low coating on zinc 
blendes. The z inc content i n ancient soldering processes is attr ibuted to the 
imperfect procedure of separation of greenockite from the z inc blende. 

Rudimentary Preparations of Low-Melting Brazing Alloys 

E a r l y attempts to prepare l ow-mel t ing alloys w i t h cadmium sulfide (its nat
ural form, greenockite, is orange-yel low) encouraged further investigation 
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to check whether this process might have been used i n antiquity. Pre l iminary 
results (13) indicate that the product ion of brazing alloys by a procedure of 
"soft meta l lurgy , " w h i c h can give a soldering whose composit ion can be 
more easily control led than the one frequently used by modern jewelers 
(14). 

A few mil l igrams of gold was mel ted to form a small sphere. Powdered 
cadmium sulfide was then poured onto the mel ted gold. The powder dis 
solved rapidly and gave a small sphere of alloy that was then analyzed 
microscopically. E a c h sphere of alloy appeared approximately homogeneous. 
The centers of the spheres contained less cadmium than the surfaces, but 
the difference i n concentration between the center and the surface was less 
than 20%. D e p e n d i n g on several conditions (i.e., temperature, crucible 
shape, addit ion of copper and i ron ores), the solubil i ty of cadmium from 
cadmium sulfide reached saturation w h e n the al loyed cadmium content was 
between 1% and 10%. In a l l cases, the addit ion of copper or copper ores to 
molten gold enhanced the solubi l i ty of cadmium. This observation leads to 
a direct correlation between copper and cadmium contents. W h e n powdered 
cadmium sulfide is mixed w i t h chips of gold and the mixture is heated to 
melt ing , the dissolution takes longer than w h e n greenockite is added to 
l i q u i d gold. F u r t h e r m o r e , the alloy obtained by this last procedure is less 
homogeneous than the alloy made w i t h cadmium sulfide poured onto the 
mol ten gold. T h e sphere of g o l d - c a d m i u m alloy sometimes appeared to 
consist of two different parts: a gold-r ich alloy formed at the bottom of the 
crucible and a black coating that appeared at the top (Figure 8). C a d m i u m 
and copper correlatipns were observed i n the gold-r ich material as w e l l as 
i n the black earthy coating (see ref. 13). 

C a d m i u m sulfide was used i n this work as part of an archaeological 
argument: the mixture by ancients of materials of nearly the same color. 
D i r e c t a l loying of metal l ic cadmium w i t h mel ted gold, a modern procedure, 
results i n a violent interaction w h e n the metal l ic cadmium is placed i n the 
melt because the bo i l ing point of cadmium (765 °C) is far be low the mel t ing 
point of gold (1063 °C). T h e mel t ing point of cadmium sulfide is so h igh 
(above 1750 °C) that its incorporation i n the molten gold is not violent . N o 
cadmium vapor is produced w h e n the amount of greenockite added to gold 
is be low the saturation concentration. Above this l imi t , wisps w i t h the color 
of cadmium sulfide appear floating above the crucible . 

Analysis of the Elder Pliny s Natural History 

N o n e of the original manuscripts of P l i n y is now available. The modern 
translation of P l iny ' s book often refers to the Bambergensis manuscript (10th 
century) and less often to the Parisinus Lat inus (12th century). T h e two 
versions are very s imilar , but several terms are different. A l l comments i n 
the E n g l i s h (16) and F r e n c h (17) translations refer to the Bambergensis 
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Figure 8. Gold-cadmium-copper alloy obtained by "dissolution" of CdS in 
molten Au-Cu alloy. The black earthy deposit is easily separated from the 

golden region. 

manuscript , for w h i c h the E n g l i s h chemist K . C . Bai ley gave technical c om
ments on al l scientific subjects (18). 

T h e 26th paragraph of the 33rd book i n both versions (Bambergensis 
and Parisinus Latinus) describes the or ig in of chrysocolla: 

G o l d solder is a l i q u i d found i n the shafts we spoke of, flowing 
down along a ve in of gold, w i t h a sl ime that is solidif ied by the 
co ld of w inter even to the hardness of pumice stone. A more 
highly spoken of variety of the same metal has been ascertained 
to be formed i n copper mines, and the next best i n si lver mines. 
A less valuable sort also w i t h an element of gold is also found i n 
lead mines. In a l l these mines however an artificial variety is 
produced that is m u c h inferior to the natural k i n d referred to: 
the method is to introduce a gentle flow of water into the v e i n 
al l w inter and go on t i l l the beginning of June and then to dry it 
off i n June and July , clearly showing that gold solder is nothing 
else than the putrefaction of a ve in of metal 

The next sentence i n the Bambergensis is, i n the L a t i n version, "Nativa 
duritia maxime distat; uvam vocant" w h i c h is translated as " N a t u r a l gold 
solder, known as 'grapes' differs very greatly from the artificial i n hardness" 
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(16). O n the other hand , i n the Parisinus Lat inus one finds: "Nativa duritia 
maxime distat, luteam vocant" w h i c h is now translated as " N a t u r a l gold 
solder is the best as far as its hardness is concerned; it is cal led yellow 
chrysocolla." 

T h e next sentence i n both versions is "Et tamen ilia quoque herba, 
quam lutum appellant, tingitur" w h i c h is translated as "Nevertheless i t is 
st i l l dyed w i t h a plant cal led yellow-weed" 

If, i n the translation of the Bambergensis , uvam refers to the shape of 
grapes, one cannot understand w h y Pl iny 's text continues w i t h Et tamen 
(Nevertheless). This sentence refers to the color of the material , and "never 
theless" does not make sense, i f the reference to grapes concerns shape. 
This interpretat ion has l e d translators and chemical archaeologists (18) to 
identify chrysocolla w i t h green malachite, w h i c h sometimes occurs as green 
"grapes." 

In the Parisinus Lat inus vers ion, uvam becomes luteam, and luteam 
means yellow, ye l l ow l ike gold (19). W e think that i n the Bambergensis 
version, " u v a m " can be connected not w i t h the shape but w i t h the color of 
grapes; specifically the color of Italian grapes (muscat), w h i c h are golden 
ye l low i n fu l l maturity . Chrysoco l la is then ye l l ow (like gold). 

C o l o r seems to be one of the reasons for the use of chrysocolla not only 
in gold j ewelry , but also as a dye and i n medic ine . This use of a ye l low plant 
to improve the ye l low color of an alloy is difficult to understand w i t h our 
present knowledge of materials science. E v e n ancient goldsmiths had ob
served that vegetables submitted to temperature treatments w o u l d undergo 
complete change i n their shape and color. T h e usefulness of this ye l low w e e d 
i n the soldering procedure may probably be better understood i n the context 
of the fo l lowing paragraph of P l iny ' s descript ion of ur ine be ing added to a 
recipe of goldsmithery. Reasons for adding ur ine may have been 

a. to l iberate carbon as reductor 

b. to l iberate nitrogen, w h i c h increases the solubil ity of cadmium 
from C d S i n gold as observed i n a previous work (13) 

c. to emit a ye l low substance i n nonmetal lurgical applications 
(27th and 28th paragraphs of Pl iny 's book). 

Accord ing to the foregoing interpretation, chrysocolla of ancient times 
is nei ther malachite nor a blue copper silicate (the minera l now cal led chry 
socolla) but is a ye l low substance, possibly the yel low minera l c a d m i u m 
sulfide, w h i c h appears as a coating on other minerals , chiefly z inc sulfide. 
This descript ion fits P l iny ' s text, w h i c h describes gold solder (chrysocolla) 
as a l i q u i d that "flows from several mines to give a sol id deposit . " 
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The 29th paragraph of P l iny ' s book deals w i t h the use of chrysocolla by 
goldsmiths. I n the Bambergensis version: 

"Chrysocollam et aurifices sibi vindicant adglutinando auro, et inde omnes 
appeUatas similiter virentes dicunt", or " T h e goldsmiths also use a special 
gold solder of the ir own for soldering gold, and according to them it is from 
this that a l l the other substances w i t h a similar green color take the n a m e . " 
The translation of "v i rentes" as green is the most evident, but "v i rentes " 
may be also understood not as a color, but as the property of brightness that 
can be attr ibuted to a l l metals that reflect l ight. 

In the Parisinus Lat inus , this sentence is "Chrysocolhm et aurifices sibi 
vindicant adglutinando auro: et inde omnes appellatam similiter utentes 
dicunt" or " T h e goldsmiths also use gold solder for soldering gold, and all 
the users [goldsmiths] call w i t h the same name any substance suitable for 
this purpose . " This sentence gives no new information, but rather s imply 
recalls that the meaning of chrysocolla refers to its use as gold solder. 

O n this use of chrysocolla by goldsmiths, both versions are ident ical at 
the e n d of the paragraph: 

Temperatur autem ea cypria aerugine, et pueri impubis urina, 
addito nitro. Teritur cyprio aere in cypriis mortariis: santernam 
vocant nostri . Ita ferruminatur aurum> quod argentosum vocant. 
Signumque est, si addita santerna nitescit. Ε diverso aerosum 
contrahit se, hebetaturque, et difficulter ferruminatur. Ad id 
glutinumfit, auro, et septima parte argenti ad supradicta additis, 
unaque contritis" 

w h i c h is translated as 

They [goldsmiths] make the mixture with copper verdigris and 
w i t h ur ine of a boy who has not yet reached puberty and some 
soda [sodium carbonate]. It is ground w i t h a copper pestle i n a 
copper mortar. They cal l this preparation santerna. In this way 
they can solder argenteous gold. A sign of its having been so 
treated is if the application of santerna gives a brilliant colour. 
On the other hand coppery gold shrinks in size and becomes 
dull a n d is difficult to solder. F o r this purpose a solder is made 
by adding gold w i t h one seventh of si lver into the above material 
and they gr ind them together. 

Surpris ingly , we have found no comment on this sentence. I f chrysocolla 
is malachite (copper carbonate), w h y can cuprous gold not be soldered w i t h 
a brazing alloy containing copper, w h e n copper can be dissolved i n gold i n 
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any proport ion? I f chrysocolla is malachite, w h y this dual use of the copper 
minerals verdigris and malachite? I f chrysocolla is greenockite (cadmium 
sulfide); however , this situation is explained by our results on soldering alloys 
prepared w i t h copper salts, cadmium sulfide, and gold showing a black earthy 
deposit i n addit ion to the golden alloy (13, 14). 

Except for our investigations, no systematic study of cadmium i n j ewe lry 
has been undertaken. Several relevant experiments by other investigators 
using the electron microprobe demonstrated an increase of copper and some
times si lver at solders (20). S i lver was determined w i t h L X - ray l ines. W e 
have demonstrated, however , that cadmium cannot be determined w i t h an 
electron microprobe (21) i n the presence of a h igh concentration of s i lver; 
thus, an actual simultaneous increase i n copper and cadmium i n solders may 
be interpreted as a s imple increase i n copper i n experiments where c a d m i u m 
cannot be determined . Results of electron microprobe studies nei ther con
firm nor rule out the supposition that cadmium means a modern or ig in . 

Conclusions 

C o p p e r minerals were used by early goldsmiths to perform intricate sol 
der ing operations on jewelry . O t h e r procedures, perhaps invo lv ing cadmium 
sulfide, may have been used later. C a d m i u m sulfide seems to have been 
used only i n Iran and Syr ia , from the 1st to the 9th century A . D . W e analyzed 
about 100 pieces of j ewelry from those regions, and of that per iod . A b o u t 
30 of them contain cadmium. T h e cr i ter ia to dist inguish restorations and 
fakes from ancient processes can only be appl ied on about 20 of those items. 
The other items contain cadmium i n too few solders to identify the ir au 
thentic i ty by the appropriate ternary C u - A g - C d diagram. About 150 other 
items of Roman , Greek , M e r o v i n g i a n , C e l t i c , Byzant ine , and A m e r i c a n j e w 
elry from var ied periods also were investigated w i t h the same analytical 
method, but c a d m i u m , even at trace l eve l , was never detected i n any of 
them. U n t i l now, only a small part of the results on these pieces were 
pub l i shed (22, 23). 

F u r t h e r study is indicated, especially under experimental conditions 
that al low the detection of cadmium i n the presence of h igh concentrations 
of si lver. The controversy surrounding the possibi l i ty of the use of cadmium 
compounds by goldsmiths of antiquity could more easily be elucidated i f 
other analytical research teams were invo lved i n analyses of j ewelry of u n 
questionable authenticity from the same per iod and or igin as those reported 
here. A more extensive study of ancient textbooks by both linguists and 
scientists w o u l d probably shed addit ional l ight on the subject. 
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Questions about Medieval Manuscripts 

Mary Virginia Orna1, Patricia L. Lang2, J. E. Katon3, Thomas F. Mathews4, and 
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Fourier transform infrared microspectroscopy applied to Byzantine 
manuscripts in the Special Collections Department of the University 
of Chicago Library revealed the use of numerous additives to the 
paint mixture including kaolin, hide glue, egg yolk, and other pro-
teinaceous materials. Some evidence suggests that cochineal was used 
as a red pigment. 

Pigment Analysis 

Aims of Pigment Analysis. F o r the art historian, the chemical anal 
ysis of pigments serves two main purposes: for authentication, that is, to 
confirm or deny the alleged attr ibution or dating of a paint ing on the basis 
of comparison w i t h the k n o w n paint ing practices of the artist or per iod ; and 
as a key to understanding the work of a g iven artist or per iod . T h e latter 
use of p igment analysis is less glamorous (nothing makes better news than 
to declare an accepted masterpiece a fake), but in the long r u n , it is the 
more important enterprise. A l t h o u g h art historians rely pr imar i l y on style 
to describe the interrelationships of artists and schools, this task can also be 
approached from the point of v i e w of the artist's materials. 

M u c h progress has been made i n analyzing the paintings of the R e n 
aissance and later periods i n terms of materials. It has been demonstrated, 

0065-2393/89/0220-0265$07.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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for example, that Tintoretto 's reputation as an innovative colorist has a very 
real foundation i n the way he used pigments (J). N o t only d i d Tintoretto 
use the widest range of pigments available i n Venice at that t i m e — f o u r 
different blues, for e x a m p l e — b u t he also used pigments i n mixtures and 
layers quite unparal le led i n the work of his contemporaries. Thus , through 
the chemical analysis of p igment samples, i t is possible to infer how the 
paints were prepared and, consequently, gain an insight into the artistic 
technique itself. O u r knowledge of medieval pigments, however, is st i l l very 
slight. 

Rationale for the Approach. L i k e the medieval naturalist who 
preferred to speculate on the n u m b e r of teeth i n a horse's jaw rather than 
to inspect the beast, the modern art historian has taken a decidedly theo
retical approach to the study of artists' materials i n the M i d d l e Ages. R e l y i n g 
on artists' recipe books, several of w h i c h survive from those times, art h i s 
torians have generally left to speculation the question of w h i c h part icular 
pigments were used i n a g iven work of art. 

A n approach more empir i ca l than the use of such recipe books was 
devised by Roosen-Runge and W e r n e r (2, 3) i n their examination of the 8 th -
century Lindis farne gospels. T h e i r method invo lved a visual comparison of 
the various p igment surfaces contained in the manuscript w i t h pigments 
manufactured according to the medieval painters ' manuals. T h e prepared 
pigments were painted on small pieces of parchment, and the microscopic 
structures of the pigments i n the manuscript were then compared w i t h the 
known samples by using polar ized l ight , supplemented w i t h visual obser
vation i n ultraviolet l ight. 

Another approach is whole-manuscr ipt neutron activation analysis 
( N A A ) i n a nuclear reactor, fo l lowed by gamma-ray analysis and autoradiog
raphy (4). Gamma-ray analysis permits identif ication of the elements con
tained i n the manuscript , and autoradiographic analysis indicates the specific 
locations of these elements. A similar approach appl ied to art objects of 
historical interest is energy-dispersive X - r a y fluorescence ( X R F ) analysis, 
w h i c h permits nondestructive semiquantitative e lemental analysis (5). 

A l though these methods are nondestructive in the sense that a m a n u 
script remains intact after analysis, they have some serious shortcomings. 
T h e method of Roosen-Runge and W e r n e r involves the use of reasonably 
intel l igent guesses made on the basis of several assumptions. The other 
methods involve remov ing the manuscript from its location and subjecting 
it to mul t ip le handlings and neutron or X - ray bombardment . B u t the most 
serious drawback is the fact that N A A and X R F provide information only 
regarding the elements contained i n the pigments but no information re 
garding chemical formulas of compounds. 

G i v e n the availabil ity of samples from a manuscript , there is no sub
stitute for the standard methods of analysis of microscopic particles. G r a n t e d 
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that the methods just descr ibed are nondestructive, the removal of p igment 
samples from a manuscript can be equally nondestructive. T h e use of p i g 
ment samples from manuscripts for analysis is preferable for various reasons. 

1. Sampl ing does not require the removal of the manuscript from 
its permanent location. 

2. A we l l -p lanned sampling is a one-t ime operation that need 
never be repeated. 

3. Sampl ing involves m u c h less handl ing of the manuscript than 
the other methods. 

4. O n l y the samples, and not the entire manuscript , are sub
jected to high-energy irradiation. 

5. T h e samples can be taken i n such a way that the lacunae left 
by excision of the p igment particles are not discernible by the 
naked eye. 

However , the most compel l ing reason for taking samples is the weal th of 
information that can be obtained from their analysis, in c lud ing unambiguous 
chemical identif ication of p igment components. O f course, it is also necessary 
to identify cooperative curators. 

Analysis of Medieval Manuscripts. A n ongoing project (6-8) dea l 
ing w i t h medieval manuscripts has had as its objective the application of 
small-particle-analysis techniques to the study of pigments i n medieval A r 
menian (Greater Armenian) , C i l i c i a n (Lesser Armenian) , and Byzant ine 
manuscripts. T h e M i d d l e Eastern materials are an ideal starting point be 
cause many of the manuscripts are dated and can be located by colophons 
and inscriptions. This work has begun to shed more l ight on several art 
historical problems, inc lud ing the tracing of l ines of influence or intercon
nection between medieval centers of manuscript product ion and the c lar i 
fication of periods of k n o w n usage of several important artists' p igments. 

A t present, several dozen manuscripts from museums and centers such 
as the Walters A r t Ga l l e ry ; the F r e e r Ga l l e ry of A r t ; the Pierpont M o r g a n 
L i b r a r y ; the Special Col lect ions of the Univers i ty of Cal i fornia at Los Angeles ; 
the Spencer Co l l e c t i on of the N e w York C i t y Pub l i c L i b r a r y ; the A r m e n i a n 
Patriarchate of St. James, Jerusalem; and the Monastery of San Lazzaro , 
Venice , have been sampled and analyzed. Some of the data and results have 
been publ i shed i n representative journals. 

This chapter is a progress report on the analysis of particles taken from 
Byzant ine i l luminated manuscripts from the Univers i ty of Chicago L i b r a r y 
Special Col lect ions . Because Byzant ine manuscripts have, heretofore, never 
been analyzed chemical ly (9), this report is the result of in i t ia l i nqu i ry into 
a large and complex subject. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
4

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



268 A R C H A E O L O G I C A L C H E M I S T R Y 

Another objective of this chapter is to introduce the use of F o u r i e r 
transform infrared ( F T - I R ) microspectroscopy for the analysis of pigments 
and to provide some background about the technique. 

F T - I R Microspectroscopy 

Background. IR spectroscopy has long been used as an analytical 
tool for the identif ication of unknown materials because it provides selective, 
molecular information. H o w e v e r , IR spectroscopy has not been wide ly used 
to analyze historic artwork i n the past pr imar i ly because the m i n i m u m sample 
size needed to obtain transmission spectra was in the order of microgram 
quantities (10). T h e development of F T - I R spectrometers, w i t h their i n 
herent advantages over grating instruments (II) , has increased the usefulness 
of this technique for the analysis of works of art. T h e enhanced spectral 
throughput of F T - I R instruments and their abil ity to average many scans 
have al lowed the analysis of m u c h smaller samples, i n the order of nanogram 
quantities. 

In 1983, Shearer and co-workers (10) used F T - I R i n conjunction w i t h 
a beam-condensing accessory to analyze the paint chips removed from Virgin 
and Child, an Italian paint ing i n the C l a r k Institute col lection. T h e i r spectral 
data supported the art conservators opinion that the paint ing was either an 
imitat ion of an earl ier work or a heavily reworked fragment. T h e recent 
coupl ing of F T - I R spectrometers w i t h microscope accessories has further 
al lowed the analyst to obtain spectra from picogram quantities of samples 
and, moreover, to obtain the spectra quick ly and easily (12, 13). 

Microscope Accessory for F T - I R Analysis. T h e basic exper i 
mental design of a microscope accessory is shown i n F i g u r e 1. A beam of 
I R radiation is focused by a mirror to a spot approximately 0.5 m m i n 
diameter. T h e focus is fixed on top of a 1-mm K C 1 window. T h e transmitted 
I R radiation is col lected and magnified 15 times by a cassegrainian lens. This 
lens is made of reflective materials, and it is used because tradit ional m i 
croscope objectives, w h i c h are made of glass, absorb I R radiation. A n iris 
located i n the focal plane of the magnif ied image (called an adjustable field 
stop) allows the analyst to define the sample area under observation. T h e 
transmitted radiation is finally focused by another mir ror onto a mer 
c u r y - c a d m i u m te l lur ide ( M C T ) detector. T h e high sensitivity of the M C T 
detector increases the overal l performance of the system. 

A flip m i r r o r (not shown) allows the sample to be v i ewed through a 
10 X ocular and brought into focus. T h e optical elements of this accessory 
have been al igned so that the vis ible focus is coincident w i t h the focus of 
IR radiation. 
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Figure 1. Optical diagram of a typical FT-IR microscope accessory. 

Materials and Methods 

M a t e r i a l s . A t the Univers i ty of Chicago, 10 decorated manuscripts 
were sampled by processes previously descr ibed (6-8). These manuscripts 
represent a broad chronological span ranging from the 10th century u n t i l 
the post-Byzantine era (16th century or later). T h e earliest book is the E l f l e d a 
B o n d Goodspeed Gospels, decorated solely w i t h headpieces and initials and 
l i n k e d w i t h the Chrysostomos manuscripts i n Paris and Rome (14). T h e 
second manuscript sampled was the celebrated Rocke fe l l er -McCormickAfeu? 
Testament, a book redated to the second hal f of the 12th century by C a r r 
(15) and associated w i t h manuscripts from C y p r u s or Palestine. 
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T h e t h i r d Univers i ty of Chicago manuscript was the Chrysanthus gos
pels, a potential ly interest ing book because i t may be attr ibuted to the same 
per iod as the R o e k e f e l l e r - M e C o r m i e k New Testament and shares w i t h it 
various stylistic and iconographie details, thus making a comparison of the 
pigments used a most interest ing endeavor. I n addit ion, the manuscript is 
valuable because miniatures were added to it dur ing the post -Byzantine 
per iod , possibly because the or ig inal i l luminations had begun to flake. 

T h e fourth Univers i ty of Chicago manuscript , known as the "Archa i c 
M a r k " , is a book of dec idedly modest qual ity but of undeniable interest to 
philologists. As A l l i s o n noted i n an unpubl i shed description of the manuscript 
(16) , some readings find parallels i n the early Codex Vaticanus, and others 
are unique . O n e scholar was so dazzled by the textual evidence that he 
thought that the Univers i ty of Chicago M a r k might contain the text of the 
Gospe l of M a r k " i n a more pr imi t i ve form than any other k n o w n manuscr ipt " 
(17) . O n the other hand, others have suggested that its rare text may have 
been taken from a 19th-century pr in ted version of the G r e e k gospels, and 
some have even questioned the authenticity of the manuscript . 

T h e prob lem of the Archa ic M a r k is quite complex. Its miniatures are 
based on the cycle i n a late 12th-century gospel book i n the Nat ional L i b r a r y 
i n Athens , codex 93 (18). There exists also a set of fragmentary gospels i n 
the Hermitage M u s e u m i n L e n i n g r a d that must have been made b y the 
same scribe and i l luminator , because the similarities i n script, i n i t i a l ; , and 
paint ing style can hardly be fortuitous. T h e L e n i n g r a d manuscript is i l lus 
trated i n reference 19, and its contents and unusual text are described i n 
reference 20. B o t h the Univers i ty of Chicago and the L e n i n g r a d manuscripts 
are fragments. 

T h e L e n i n g r a d codex has only eight folios from the e n d of the G o s p e l 
of M a r k and the beg inning of the Gospe l of L u k e ; the Univers i ty of Chicago 
manuscript contains the Gospe l of M a r k only. B o t h have the last few chapters 
of the Gospe l of M a r k , and consequently, these passages could be profitably 
studied to determine i f they are identical . Because of the shared texts, the 
two manuscripts, made by the same scribe and i l luminator , cannot be frag
ments from a single gospel book. F u r t h e r m o r e , the page sizes do not agree. 
T h e L e n i n g r a d vo lume measures 170 by 126 m m , whereas the Archaic M a r k 
measures 119 by 84 m m . These numbers suggest that the smaller Univers i ty 
of Chicago manuscript is to the larger L e n i n g r a d manuscript as an octavo is 
to a quarto. Thus the two manuscripts may have been made out of the same 
batch of parchment sheets, and the folios were formed by folding and re 
folding. 

T h e six remain ing Univers i ty of Chicago manuscripts sampled were the 
H a s k e l l gospels (attributed to Theodore Hagiopetrites) and the Georgius 
gospels, both of the late 13th century; the lectionary of Constantine the 
reader and the lectionary of St. Menas the wonder worker , both of w h i c h 
are late-12th-century works i n the C y p r i o t style; a 12th-century Greek gospel 
book; and the early-12th-century Nicolaus gospels, dated A . D . 1133 
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T h e pert inent information about the manuscripts reported i n this chap
ter are summarized i n Table I. 

Sampling Procedure. T h e manuscripts just descr ibed were sam
p l e d by abstraction of p igment samples w i t h a fine surgical scalpel and several 
sampling needles of various thicknesses under a 40 X binocular microscope. 
In some cases, samples were taken from offsets of p igment that had trans
ferred onto the opposite page; thus a relatively large amount of sample could 
be removed without d is turb ing the corresponding miniature . I n several other 
cases, p igment flakes that had fallen into the gutter of the manuscript were 
taken. I n those cases w h e n samples were excised direct ly from the paintings, 
the lacunae were hardly discernible even at 40 X magnification. 

E a c h sample was coded according to hue, folio number , and x-y co
ordinates i n mi l l imeters , w i t h the bottom outside corner of the manuscript 
page as the or ig in . F o r example, a code of R.45v(35,65) identifies a r e d 
sample taken from folio 45 verso, 35 m m from the left edge and 65 m m from 
the bottom of the page. T h e locations of the samples were also marked on 
photographs made of each page of the manuscripts (Figure 2). 

T h e average size of the offset samples was 50 -100 μπι; the sizes of other 
samples ranged from 4 to 40 μπι. A n attempt was made to sample the 
complete range of hues i n each manuscript . H u e s were differentiated b y 
both visual assessment and by comparison w i t h color chips from The Munsell 
Book of Colors (21). 

Sample Analysis. T h e samples were ini t ia l ly analyzed by polar ized 
light microscopy and X - r a y diffraction by the methods out l ined by M c C r o n e 
and D e l l y (22, 23). T h e microscope was an O l y m p u s P O S - 1 equ ipped for 
photomicrography i n transmitted l ight. T h e opaque samples were photo
graphed at 180 X magnification i n reflected l ight on a Reichert M e F 2 
metallograph. T h e X - r a y diffraction patterns were obtained by mount ing 

Table I. University of Chicago Special Collections Manuscripts Analyzed 
by F T - I R 

Manuscript Number Name Date 
972 Archaic Mark ? 
1054 Elfleda Bond Goodspeed Gospels 10th century 
965 Rockefeller-McCormick New Testament late 12th century 
131 Chrysanthus gospels late 12th century 
232 Greek gospels 12th century 
46 Haskell gospels late 13th century 
129 Nicolaus gospels 1133 
727 Georgius gospels late 13th century 
879 Lectionary of Constantine the reader late 12th century 
948 Lectionary of St. Menas the late 12th century 

wonder worker 
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272 A R C H A E O L O G I C A L C H E M I S T R Y 

Figure 2. Moses Receiving the Law, Rockefeller-McCormick New Testament, 
University of Chicago MS 965, folio 6 verso. The open circle indicates the 
place where the miniature was sampled. BR6v(127,108) indicates the code for 
brown sample, page 6v, 127 mm to the right and 108 mm from the bottom left 

page corner. 
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14. O R N A E T A L . Infrared Microspectroscopy 273 

the sample particles on a glass filament i n a 114.59-m m-diameter D e -
b y e - S c h e r r e r powder camera and irradiat ing w i t h C u K a X-rays for 24 h at 
30 k V and 15 m A . A l though these methods enabled the specific identif ication 
of the minera l pigments i n the manuscripts, the organic pigments could be 
classified only generally. 

Samples that were organic i n nature were subjected to the microchem-
ical tests described by Hofenk-de Graaff (24) and subsequently analyzed b y 
F T - I R microspectroscopy. 

T h e microspectroscopic analysis proceeded as follows. Sample particles 
were transferred from the precleaned glass microscope slides w i t h a fine 
po inted metal probe under a 30 X binocular microscope to a K C 1 w i n d o w 
measuring 6 m m i n diameter and 1 m m thick. The K C 1 w i n d o w was sup
ported by a center-holed metal microscope slide that fits readily onto the 
stage of the F T - I R microscope accessory. Once on the stage, the sample 
was visual ly brought into focus, and the c ircular field stop was closed d o w n 
around the sample image. T h e ratio of the sample spectrum to that of a 
background spectrum previously obtained at a similar aperture setting was 
obtained. 

H o w e v e r , sampling i n the manner just descr ibed sometimes resulted 
in low-qual i ty spectra w i t h many absoipt ion bands that cou ld not be d i s t in 
guished from the background noise. This effect is largely caused by the 
inherent tendency of many p igment samples to scatter m u c h of the trans
mi t ted I R signal away from the optical path leading to the detector. I n such 
cases, spectral qual i ty was i m p r o v e d by mix ing a few particles of the p igment 
sample w i t h a smal l crystal of K B r and flattening the mixture w i t h a probe 
t ip into a microscopic K B r plate measuring approximately 3 0 - 5 0 μηι across. 
T h e quantities of the pigment samples were insufficient to allow the use of 
a conventional K B r disk or even a microdisk accessory. 

A n Analect A Q S - 2 0 M system consisting O f an fx-6260 F T - I R spectrom
eter and an fXa-515 microscope module was used to obtain 4-ern ^-reso lut ion 
spectra. Replicate spectra of each p igment sample were obtained whenever 
sample quantity al lowed. T h e n u m b e r of signal-averaged scans was var ied 
depending on the apparent scattering abi l i ty of each pigment. In general , 
the better the scattering abi l i ty , the more scans were needed to reduce the 
noise i n the spectrum. Peaks were located by using a cursor and then re 
corded. 

Reference spectra were obtained from standard organic pigments from 
the Forbes col lection of the Conservat ion Center , Institute of F i n e A r t s , 
N e w York Univers i ty , and from a few organic and inorganic pigments from 
various sources. Add i t i ona l reference spectra were obtained from compounds 
reportedly used as medieval paint additives, such as dr i ed egg yolk, egg 
white , ca lc ium carbonate, and kaol in . T h e spectroscopic identif ication of 
compounds i n p igment samples from the manuscripts that we report here in 
was based on a comparison of sample spectra w i t h these reference spectra. 
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274 A R C H A E O L O G I C A L C H E M I S T R Y 

Results and Discussion 

The pre l iminary results of the X - ray , microscopic, and microspectroscopic 
analyses are summarized i n Tables II and III . 

Interpretation of I R spectra was complicated by the fact that the p igment 
samples often contained several components i n addit ion to the pigment . 
These additives often served as b i n d i n g m e d i a — t h i c k e n i n g agents or ex
tenders, for example. Because the amount of p igment is presumably smal l 
relative to the amounts of these nonpigment components, the spectral bands 
of the p igment are often difficult to dist inguish from interfering spectral 
bands of nonpigment components. Chromatographic separation pr ior to 
spectroscopic analysis was not feasible because of the insolubi l i ty and l i m i t e d 
quantity of the samples. Spectral subtraction was used i n many cases as a 
means to "separate" the components. 

F o r example, F i g u r e 3 shows a representative spectrum obtained from 
a ye l low p igment sample from manuscript (MS) 46 (Haskel l gospels). Several 
bands can be attr ibuted to egg yolk, a typical m e d i u m used i n medieva l 
times (25), as w e l l as ca lc ium carbonate and kaol in. Subtraction of the spectra 
of egg yolk and calc ium carbonate from the spectrum of a replicate ye l low 
p igment y i e lded the spectrum shown i n F i g u r e 4. (No kaol in was observed 
i n the replicate run.) T h e absorption bands at 3382, 3298, and 1600 c m " 1 

suggest that a pr imary amine is present. Putrescine (1,4-diaminobutane), an 
amine found i n decaying proteinaceous matter, has s imilar spectral features. 
Because parchment (being of animal skin origin) w o u l d be subject to putre 
faction i f not proper ly preserved, the amine i n F igure 4 could be a product 
of bacteriological degradation. Obvious ly , any such sample degradation 
w o u l d complicate the interpretat ion of spectral data even further. 

A l though the p igment was not successfully identi f ied i n this case, the 
information that egg tempera is present as the b ind ing m e d i u m is a valuable 
characterization by itself. E g g yolk was also identi f ied i n spectra obtained 
from a different-colored p igment sample from the same manuscript. 

A different b i n d i n g m e d i u m was identi f ied i n M S 965 (Rockefel-
l e r - M c C o r m i c k New Testament), however. F i g u r e 5 shows the spectrum 
obtained from a sample of the manuscript 's s iz ing material . A l though the 
spectrum is c learly not that of egg yolk, it has the features of a predominant ly 
prote in component. T h e protein-containing binders used i n that per iod are 
presumed to inc lude casein, egg whi te , and hide glue (25). T h e spectrum 
closely matches that of h ide glue (26). 

T h e spectrum obtained from a magenta sample removed from the b i n d 
ing of the same manuscript indicates a prote in substance and addit ional 
unident i f ied component(s). T h e addit ional component(s) h inder identi f ica
t ion of the prote in . A l though the prote in present could be hide glue, it could 
also originate from pigments extracted from insect sources. 

P igment components have also been identi f ied from their I R spectra. 
F i g u r e 6 shows the spectrum obtained from a purp le p igment removed from 
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14. O R N A E T A L . Infrared Microspectroscopy 275 

M S 965. O n e can readi ly assign bands to ultramarine b lue and white lead. 
I n addit ion , an occasional, isolated blue chip was found i n the sample. T h e 
spectra of these b lue chips matched reference spectra of ultramarine b lue 
obtained from the Forbes Co l lec t ion . Therefore, a red p igment must be 
present w i t h the b lue to obtain a purp le color. 

T h e spectrum i n F i g u r e 7 is the result of the subtraction of the spectra 
ultramarine b lue and white lead. S imi lar spectral features are present i n 
F i g u r e 8, a reference spectrum of crude cochineal (from Peruv ian Coccus 
cacti). This reference spectrum was taken from the darker red , almost black, 
part of the dr i ed insect. A n important consideration is that i f the region from 
1400 to 1800 c m " 1 is expanded, a pair of doublets become evident at 1465 
and 1472 c m 1 and at 1708 and 1734 c m 1 . These same bands appear i n the 
reference spectrum at 1463 and 1472 c m " 1 and at 1708 and 1734 c m " 1 . T h e 
fact that the frequencies of these doublets match suggests that the r e d p i g 
ment may very w e l l be cochineal. 

The frequencies of al l absorption bands observed could not be matched, 
and the spectral differences may be caused by the presence of an addit ional 
component(s), the chemical differences between N e w W o r l d (reference) 
cochineal and the O l d W o r l d variety (the red p igment obtained from Coccus 
ilicis and k n o w n as " k e r m e s " [25]), or differences between current extraction 
procedures and those of medieval t imes. Spectra obtained from the br ighter 
r e d insect parts and those obtained from the dr i ed extracted cochineal are 
notably different from each other and from that i n F i g u r e 8. This difference 
is due to the inhomogeneity of the reference sample, a fact indicat ing that 
extra care i n sampl ing is required . The darker red part of the insect that 
gave rise to the spectrum i n F i g u r e 8 is definitely a minor constituent of 
the whole insect. F o r the sake of comparison, the spectrum of the ground 
whole insect is shown i n F i g u r e 9. 

F lesh-co lored and red pigments removed from M S 232 (Greek gospel 
book) have spectral features s imilar to those i n F igures 7 and 8. This s imilarity 
suggests that cochineal was also used as the red p igment i n this manuscript . 

Another example of p igment identif ication b y IR microspectroscopy is 
shown i n F i g u r e 10. T h e bottom spectrum was obtained from a b lue p igment 
from M S 972 (Archaic Mark ) ; the top spectrum is a reference spectrum of 
Prussian b lue . T h e band corresponding to the feN of ferric ferrocyanide 
is common to both spectra. Replicate spectra of b lue pigments removed from 
different locations i n M S 972 indicate that the average frequency of this band 
is 2083 ± 6 c m " 1 . T h e ubiquitousness of an i ron b lue i n this manuscript 
raises doubts about the authenticity of this manuscript . 

T h e i ron blues are the first of the artificial pigments w i t h a k n o w n history 
and an established date of first preparation. T h e color was made by the 
B e r l i n color maker Diesbach i n or around 1704. Moreover , according to 
Gettens and Stout (25), the material is so complex i n composit ion and method 
of manufacture that there is practically no possibi l i ty that it was invented 
independent ly i n other times or places. This fact, i n addit ion to the evidence 
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Table III. Nonpigment Components of Manuscripts 
Color or 
Component 

Pigment Manuscript Number Color or 
Component 

Pigment 
972 1054 965 131 232 46 129 727 879 948 

Black Formic acid salts ο 
Egg yolk ο 

Blue Formic acid salts 0 
Calcium Sulfate 0 

Brown Formic acid salts 0 
Kaolin ο 0 0 
Calcium carbonate ο 

Magenta Protein ο 
Formic acid salts 0 

Red Formic acid salts 0 ο 
Calcium carbonate 0 

Yellow Egg yolk 0 
Kaolin 0 ο 
Calcium carbonate ο 
Formic acid salts ο 

Ink Protein ο 
Size Hide glue ο 
ΝΟΤΕ: The components were analyzed by FT-IR microspectroscopic analysis. 

indicat ing that both the Archa i c M a r k and the L e n i n g r a d gospel fragment 
were copies of the Athens codex 93, suggests that these manuscripts or ig i 
nated some t ime m u c h later than their purported 12th-century fabrication. 
F u r t h e r m o r e , ne i ther of these manuscripts has a genealogy that can be traced 
pr ior to about 1930, a fact suggesting that their or ig in may very w e l l be 
d u r i n g the flurry of A then ian forgeries that came to the market i n the 1920s. 

Bands due to ca lc ium sulfate and sodium formate are also evident i n 
F i g u r e 10. T h e sodium formate bands are at 773, 1362, 1591, 2716, 2830, 
and 2954 c m - 1 (27). Sod ium formate bands are evident i n various spectra 
from almost a l l of the manuscripts that were analyzed by F T - I R micro -
spectroscopy. I n addit ion, the presence of sodium formate could not be 
associated w i t h any one particular color of p igment. Because formic acid is 
a compound used i n the more -modern tanning processes, we in i t ia l ly spec
ulated that the formate i n the samples originated from the medieval parch
ment -making process as w e l l , very l ike ly serving as a preservative. H o w e v e r , 
we recently identi f ied sodium formate as a residue on precleaned glass 
microscope slides, presumably left from the manufacturers c leaning process. 

Conclusions and Further Work 

The analyses c i ted previously (6-8) indicate that the palette of the A r m e n i a n 
artist was largely of minera l or ig in and contained ultramarine, orp iment , 
v e r m i l i o n , white lead, and w h i t i n g as the staple pigments. T h e present work 
on Byzant ine manuscripts, although far from conclusive because of the l i m 
i ted n u m b e r of manuscripts examined, suggests that Byzant ine i l luminators 
re l i ed more heavi ly on organic pigments and that ultramarine and vermi l i on 
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were the only two minera l pigments used consistently. Add i t i ona l Byzant ine 
manuscripts w i l l have to be examined to verify this pattern of usage. I n 
addit ion, other artists of the Medi terranean , part icularly those who pract iced 
i n the Islamic and Crusader kingdoms, developed their o w n traditions and 
techniques. A n examination of manuscripts from these later sources may 
shed l ight on patterns of p igment usage throughout the medieva l M i d d l e 
East . 

Acknowledgments 

This work was performed at the Mo lecu lar Microspectroscopy Laboratory, 
M i a m i Univers i ty , Oxford , O H . 

This work was supported i n part by grants from the Hagop K e v o r k i a n 
F u n d , Nat ional M u s e u m s Act , the Facul ty F u n d of the Col lege of N e w 
Rochel le , and the N e w York Univers i ty Research Chal lenge F u n d . 

W e also thank Norber t S. Baer and Lawrence J . Ma jewsk i of the C o n 
servation Center , Institute of F i n e A r t s , N e w York Univers i ty , for supply ing 
many of the reference materials from the Forbes Co l l e c t i on and A n d r e 
Sommer, Assistant D i re c to r of the Mo lecu lar Microspectroscopy Laboratory , 
M i a m i Univers i ty , for his technical assistance and expertise. 

References 
1. Plesters, J.; Lazzarini, L . In Conservation of Paintings and the Graphic Arts, 

Lisbon Congress, 1972; International Institute of Conservation of Historic and 
Artistic Works: London, 1972; pp 153-160. 

2. Roosen-Runge, H . ; Werner, A. E . A. In Evangeliorum Quattuor Codex Lin-
disfarnensis; Kendrick, T. D., Ed.; Urs Gras: Lausanne, Switzerland, 1960; Vol. 
2, pp 263-272. 

3. Roosen-Runge, H . Farbgebung und Technik Frühmittelalterlicher Buchmalerei; 
Deutscher Kunstverlag: Munich, Federal Republic of Germany, 1967; Vol. 1, 
pp 11-17. 

4. Muether, H. R.; Balazs, N. L.; Cotter, M. J. Abstracts of Papers, 68th Annual 
Meeting of the College Art Association of America, New Orleans, L A ; College 
of Art Association: New Orleans, 1980; p 133. 

5. Carriveau, G . In Archaeological Chemistry—III; Lambert, J . B., Ed.; Advances 
in Chemistry 205; American Chemical Society: Washington, D C , 1984; pp 
395-402. 

6. Orna, M. V.; Mathews, T. F. Stud. Conserv. 1981, 26, 57-72. 
7. Cabelli, D . ; Mathews, T. F. J. Walters Art Gallery 1982, 40, 37-40. 
8. Cabelli, D . ; Orna, M.  V.; Mathews, T. F. In Archaeological Chemistry—III; 

Lambert, J . B., Ed.; Advances in Chemistry 205; American Chemical Society: 
Washington, D C , 1984; pp 243-254. 

9. Demus, O. Die Palette 1967, 26, 3. 
10. Shearer, J . C.; Peters, D . C.; Newton, G . H . T.; Anal. Chem. 1983, 55, 

874A-880A. 
11. Griffiths, P. R.; deHaseth, J . A . Fourier Transform Infrared Spectrometry; 

Wiley; New York, 1986; Vol. 83. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
4

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



288 A R C H A E O L O G I C A L C H E M I S T R Y 

12. Katon, J. E.; Pacey, G. E.; O'Keefe, J . F. Anal. Chem. 1986, 58, 465A-481A. 
13. Lang, P. L.; Katon, J. E.; O'Keefe, J . F.; Schiering, D . W. Microchem. J. 1986, 

35, 319-331. 
14. Madigan, S. Abstract of Papers, 8th Annual Byzantine Studies Conference; 

Byzantine Studies Conference: Chicago, 1982; p 49. 
15. Carr, A. W. Dumbarton Oaks Papers, 1982, 36, 44. 
16. Department of Special Collections, Joseph Regenstein Library, University of 

Chicago; unpublished notes. 
17. Ibid., p. 9. 
18. Marava-Chatzinicolaou, Α.; Toufexi-Paschou, C. Catalogue of the Illuminated 

Byzantine Manuscripts of the National Library of Greece; Publications Bureau 
of the Academy of Athens: Athens, 1978; Vol. I, pp 224-243. 

19. Iskusstvo vizantii ν sobranijah SSSR; Sovetskij Xudoznik: Moscow, 1977; Vol. 
2, p 58. 

20. Treu, K. Die Grieschischen Handschriften des Neuen Testaments in der USSR; 
Akademie-Verlag: Berlin, 1966; pp 229-230. 

21. The Munsell Book of Color, cabinet ed.; Macbeth Division of Kollmorgen Corp.: 
Baltimore, 1958. 

22. McCrone, W. C.; Delly, J. G . The Particle Atlas, 2nd ed.; Ann Arbor Science: 
Ann Arbor, 1974 (Vols. I-IV) and 1978 (Vols. V and VI). 

23. McCrone, W. C.; McCrone, L . B. ; Delly, J . G . Polarized Light Microscopy; 
Ann Arbor Science: Ann Arbor, 1978. 

24. Hofenk-De Graaff, J . H. Natural Dyestuffs for Textile Materials: Origin, Chem
ical Constitution, Identification; Central Research Laboratory for Objects of Art 
and Science: Amsterdam, The Netherlands, 1967; pp 13-15. 

25. Gettens, R. J.; Stout, G . L . Painting Materials: A Short Encyclopaedia; Dover 
Publications: New York, 1966; pp 20-21. 

26. Ibid., p 123. 
27. Hummel, D . O.; Scholl, F. Atlas of Polymer and Plastic Analysis; Carl Harser 

Verlag: Munich, Federal Republic of Germany, 1984; Vol. 2, Part a/II. 
28. The Coblentz Society Desk Book of Infrared Spectra, 2nd ed.; Graver, C. D . , 

Ed.; Coblentz Society: Kirkwood, M O , 1977. 

RECEIVED for review June 11, 1987. ACCEPTED revised manuscript March 8, 1988. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
4

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



15 
Archaeological Sites as Physicochemical 
Systems 

Macroarchaeometry of the Tomb of Nefertari, 
Valley of the Queens, Egypt 

G. Burns, Κ. M. Wilson-Yang, and J. E. Smeaton 

Department of Chemistry, University of Toronto, Toronto, Ontario, M5S 1A1, 
Canada 

Major archaeological monuments are considered macroarchaeomet-
rically as physicochemical systems coupled to their environment and 
surroundings. These edifices can be studied with the tools of analyt
ical, environmental, and physical chemistry, as well as those of re
lated disciplines. One of the aims of macroarchaeological chemistry 
is to identify the principal physicochemical processes in archaeolog
ical systems. This approach is illustrated by studies in the tomb of 
Nefertari, Valley of the Queens, Egypt, which now exists in a desic
cated, fragile state. As a first step, a computerized hygrothermograph 
coupled to a minicomputer was developed and placed in the closed 
tomb. This instrument can make measurements for 1 year. Four 
processes that affect the humidity of the tomb were identified. In a 
parallel set of experiments, samples collected from the tomb were 
analyzed. The results were compared with those of an analysis of 
plaster from the tomb of Horemheb, Valley of the Kings. A tentative 
plan for the reconstruction, restoration, and conservation of Nefer
tari's tomb is proposed. 

TTHE TECHNIQUES OF CONSERVATION and conservation science and the 
techniques of anthropology, archaeology, and art history are often used to 
solve very specific problems such as the removal of efflorescent materials 
from the surface of a wa l l paint ing or the determination of the provenance 

0065-2393/89/0220-0289$06.50/0 
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of pottery. A l t h o u g h this approach is often very effective, specific problems 
are only components of a larger picture . E a c h monument , site, object, or 
any other archaeological system exists i n dynamic physicochemical inter 
action w i t h its environment , as defined by a complex and changing set of 
conditions. These conditions may be chemical , c l imatic , geological, geo
graphical , or physical . In some cases, changes i n these conditions may be 
dramatic , such as those occurr ing immediate ly after excavation of an ar
chaeological monument w h e n it undergoes a severe ecological shock or as 
a result of some natural or human-made catastrophe. 

T h e identif ication of these conditions is one of the pr imary tasks of 
archaeometry, a disc ipl ine i n w h i c h the methods of the natural sciences are 
used to interpret archaeological or conservation science data. In a mul t id i s -
c ip l inary field such as archaeometry, archaeological chemistry occupies a 
central role because its various branches inc lude analytical , computational , 
and physical chemistry , as w e l l as chemical physics (Figure 1) . 

Macroarchaeometry 

Macroarchaeometry, the study of archaeological -physicochemical systems 
w i t h their surroundings (J), provides a more comprehensive approach to 
investigations of ancient materials. Macroarchaeometric investigations, w i t h 
their central core of macroarchaeological chemistry, are particularly useful 
i f the physical size of an archaeological system is large; a physical ly large 
system makes it possible to identify t ime - and space-dependent physico-
chemical gradients w i t h i n the system. 

However , no sharp d i v i d i n g l ine exists between archaeometry and m a 
croarchaeometry, or between archaeological chemistry and macroarchaeo
logical chemistry , because the effect of the environment may be more 

MACROARCHAEOMETRY 
(System and Surroundings) 

CONSERVATION 

CONSERVATION 
SCIENCE 

(Stabil ization 
of materials 
in situ, in vitro) 

ARCHAEOLOGICAL 
CHEMISTRY 
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(System Conditions) 
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ART HISTORY 

ANTHROPOLOGY 

ARCHAEOLOGY 

(fundamental 
data ) 

CONSERVATION 

CONSERVATION 
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Figure 1. Interrelationship between archaeological chemistry and other fields 
of study. 
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important i n one system than i n another. I n some eases, the interaction of 
an archaeological system w i t h its environment may be negl igible , and stan
dard archaeometric techniques can be readily appl ied . In other cases, such 
as the study of large archaeological monuments that cover square ki lometers 
of area and that interact i n a complex manner w i t h the environment , a 
comprehensive macroarchaeometric approach is needed. 

In any case, macroarchaeometry provides understanding of the funda
mental mechanisms i n historical monuments ; these mechanisms manifest 
themselves as specific problems. Problems such as accelerated degradation 
or long-term chemical reactions leading to compositional change are ex
p la ined and can therefore be dealt w i t h more successfully. 

T h e macroarchaeometric approach is evident i n various chapters of this 
vo lume; the importance of the macroarchaeometric component varies from 
case to case. T h e processes of degradation i n bones and teeth (2) and i n 
fibers (3) are discussed w i t h respect to bur ia l environments . T h e processes 
of radiogenic and thermal ly der ived free-radical product ion i n solids (4, 5) 
and amino acid racemization (6, 7) also depend on the system and the e n 
v ironment i n w h i c h they are studied. 

The macroarchaeometric approach has wide applicabil i ty . C l i m a t i c s tud
ies i n the caves of Lascaux, France (8), and A l t a M i r a , Spain (9), are but two 
examples. This approach is now particularly useful i n studies of the excavated 
and unexcavated ancient sites of the N i l e R i v e r Val ley because of the recent, 
accelerated deterioration of many of its monuments . It has already been 
appl ied to several ancient Egypt ian archaeological sites (10-21). 

Recent Environmental Changes in the Nile Valley 

The cl imate of the N i l e Val ley was stable and predictable pr ior to the con
struction of the Aswan h igh dam. A l though the effects of annual inundations 
were removed w i t h the construction of the dam, the ensuing c l imatic changes 
ushered i n a new set of phenomena that threaten the N i l e Bas in and its 
people, from Alexandr ia to Aswan. O u r investigations (to be published) 
indicate that, because of overal l increased irr igat ion, this threat now extends 
as far south as K h a r t o u m . 

These adverse phenomena inc lude increases i n soil salinization ( I I , 12), 
relative humid i ty , and rainfall . Such changes make ancient E g y p t i a n sites 
more vulnerable to thé ever-present danger of seismic activity, w h i c h is 
expected to increase because of the interaction of annual water l eve l changes 
i n the Aswan reservoir and the fault zones of the N i l e Val ley (22). Conse 
quently , the establishment of the macroarchaeometric physicochemical con
ditions of Egypt ian archaeological sites located at a distance of more than 
1500 k m along the N i l e R i v e r is becoming increasingly important. In this 
chapter, we il lustrate these points w i t h a report on our studies, using m a -
croarchaeological chemistry methods, of the physicochemical processes i n 
the tomb of Nefertar i and their consequences for its conservation. 
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Physical Condition of Nefertari's Tomb 

T h e tomb of Nefertar i (number 66, Val ley of the Queens , Thebes, U p p e r 
Egypt) is a designated Egypt ian national treasure. It was constructed ap
proximately 3250 years ago for the favorite queen of Ramesses II (23). Its 
w a l l paintings are noted internationally for their str iking design and are an 
excellent example of E g y p t i a n art and technology at the height of the ir 
development d u r i n g the 19th dynasty. I n a large port ion of the tomb, the 
murals are st i l l relatively intact, unper turbed over the mi l l ennia . T h e y have 
retained their colors and appear more attractive than the murals i n many 
other ancient tombs i n E g y p t ; even i n the Val ley of the K i n g s , many murals 
have suffered severe damage because of the changing environment and h u 
man intrusion. 

After its discovery and early repair i n 1904 (24), the tomb became a 
we l l -known tourist attraction, and reproductions of its murals were p r o m i 
nent ly displayed i n early guidebooks (25, 26). It acquired such eminence 
that today E g y p t i a n tourist posters are often reproductions of its various 
murals . 

T h e tomb was cut from very poor qual i ty l imestone that is ve ined w i t h 
sodium chloride. Some of these veins are several meters long and about 2 
c m thick. T h e walls of the tomb were plastered w i t h a 3 -5 -em-thick mortar, 
carved i n low relief, and coated w i t h a th in white layer (27). F r o m recent 
carbonate analyses, we found that this th in white layer consists of ca lc ium 
carbonate whitewash. This whitewash was painted d u r i n g the final stages of 
the tomb's construction. 

Almost a l l decoration remains i n the upper chambers of the tomb, 
whereas there are areas of massive loss i n the lower chambers. T h e paint 
film, where it exists, appears to be i n good condit ion, but i n damaged areas, 
the layer is e i ther broken or destroyed (Figure 2). T h e support ing plaster 
has lost its cohesion, and sodium chloride crystals are v is ible throughout the 
tomb. Some crystals are as large as 1 c m (Figure 3). Some parts of the tomb 
are covered b y smaller crystals that sparkle under i l luminat ion . The gypsum-
based plaster was dehydrated through the loss of chemical ly bound water 
(27-29). Because the tomb was discovered i n an already fragile state, it is 
clear that this dehydrat ion took place over an extended per iod pr ior to 1904. 
T h e tomb of Nefertar i is therefore sensitive to perturbations i n temperature 
and especially sensitive to changes i n humid i ty , w h i c h affect the movement 
of sodium chlor ide and may induce changes i n the dehydrated plaster. 

O n the basis of wr i t t en descriptions (24, 29 , 30), photographs (23, 24, 
30), and physical evidence, the evolution of the t o m b s condit ion as a function 
of t ime can be traced. Pre l iminary progress i n this d irect ion has been made 
(28). There is no evidence of smoke deposits on the walls , a fact that impl ies 
that the tomb was never inhabited . The complete absence of any C o p t i c or 
Arab i c graffiti suggests that the tomb was not often vis i ted at the t ime w h e n 
many E g y p t i a n tombs underwent particularly pronounced deterioration be-
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Figure 2. Paint layer damage in the tomb of Nefertari. The image recorded 
on a 35-mm negative is one-third that of the original. 

Figure 3. Salt crystal from the ceiling in the tomb of Nefertari. The image 
recorded on a 35-mm negative is the actual size. 
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cause of such h u m a n activities. T h e tomb has been robbed i n antiquity and 
flooded probably more than once i n its history, but it then remained largely 
isolated, physical ly and c l imatical ly (28), from the external environment u n t i l 
its discovery i n 1904 (24). 

Progressive Deterioration of the Tomb 

T h e condit ion of the murals at the t ime of the tomb's discovery i n 1904 (24) 
appeared deceptively s imilar to their condit ion i n 1980, w h e n our group 
began its studies (28). However , the tomb exists i n a desiccated state, is 
very fragile, and is therefore part icularly susceptible to ecological changes; 
loss and fragmentation of the paintings i n the Nefertar i tomb are evident 
(Figure 2 ) . T h e tomb now requires detai led macroarchaeometric studies 
because its future is very m u c h inf luenced not only by the physicochemical 
processes w i t h i n , but also b y minute , subtle interactions w i t h the env i ron 
ment , in c lud ing nearby irr igated fields and the N i l e R i v e r situated about 5 
k m away (Figure 4). 

Progressive deterioration occurred i n the tomb after its discovery, and 
one of us (G. B.) found evidence i n the tomb that partial restoration was 
attempted i n 1935 to retard this deterioration. In about 1940, the E g y p t i a n 
Ant iqui t ies Organizat ion ( E A O ) assessed the condit ion of the tomb because 
of startling changes w i t h i n i t . Salt crystals were evident, no ment ion of w h i c h 
was made i n 1904 (24). Plaster swel l ing and the collapse of mura l fragments 

Figure 4. Schematic map of the Thebes-Karnak area. Point 1, the tomb of 
Nefertari; point 2, the tomb of Horemheb; and point 3, the position of the 

external hygrothermograph. 
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were also seen (30). A series o f photographs and carefully annotated drawings 
was publ i shed i n 1942 (30) that highl ighted the areas of postdiscovery loss 
and potential loss on the basis of the original photographs of 1904 (24). Th is 
evidence indicated that deterioration had accelerated d u r i n g the per i od of 
frequent human entry after 1904. Soon after this assessment, the tomb of 
Nefertar i was closed, locked, and sealed as a result of the justifiable concern 
of the Ε A O . Thereafter, the deterioration of the tomb slowed, as evident 
from a comparison of observations made 1971 (23) and photographs taken 
i n 1981 (28, 31) w i t h photographs taken i n 1904 (24) and 1942 (30). 

There are historic reports of floods i n the area (32; J . Rutherford , per 
sonal communication) and of an earthquake i n 18 B . C . (33). T h e movement 
of the expansive E s n a shale b e d formation that underl ies the whole area is 
also a source of d isrupt ion (32). T h e E s n a shale b e d formation, w h i c h contains 
montmori l loni te clay, swells upon hydration b y about 12.5% (32). Therefore, 
i f an adequate amount of water is available, for example from increased 
irr igat ion, humidi f icat ion, or flooding, the movement of this shale formation 
accelerates. Co l lec t ive ly , these dramatic natural events are the most prob 
able causes of the loss of plaster and painted murals i n the lower chamber 
of the tomb pr ior to its discovery, and they increasingly (32) threaten tombs 
i n the Thebes area. 

To assess the physicochemical processes i n Nefertari 's tomb, to identify 
the mechanisms of its deterioration, and to propose a feasible scheme for 
its conservation and restoration, the Inspector Genera l of the Ε A O , H i s h m a t 
Mess iha , urged our group to beg in investigations. A permi t to obtain rep 
resentative samples from the tomb and its environment was issued to us by 
the Ε A O i n 1980, and subsequently, our work was init iated (28). 

Long-Term Studies of Temperature and Humidity 

T h e physical condit ion of the tomb indicates that the p r i m a r y phys icochem
ical processes of the tomb are int imately connected to its internal c l imatic 
conditions (28). I n an in i t ia l study i n D e c e m b e r 1977, a set of h u m i d i t y 
measurements taken i n the closed tomb for 1 week w i t h an unattended 
clockwork hygrothermograph showed a remarkably stable internal t emper 
ature of 27 ± 1 °C; the internal relative h u m i d i t y (RH) was 31 ± 2%. Smal l 
increases i n h u m i d i t y that were correlated w i t h entry were also reported 
(28, 31). 

O n e of the immediate implications of this latter finding is that any 
measurement of h u m i d i t y taken w h i l e the ind iv idua l taking the measurement 
is physical ly present i n the tomb does not reflect the true c l imatic conditions 
i n the undis turbed tomb. Therefore, hygrothermographic data taken con
current ly w i t h conservation work do not provide information about the con
ditions that should be achieved and subsequently maintained i n the 
conserved tomb. Consequent ly , before any conservation work is begun, i t 
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w o u l d first be necessary to gather physicochemical data w i t h m i n i m u m h u 
man interference. 

As a first step toward data col lection w i t h l itt le human interference, an 
automatic hygrothermograph interfaced w i t h a min icomputer was developed 
i n our laboratory to study the internal cl imate of the tomb. This instrument 
can take temperature and h u m i d i t y measurements every 33 m i n for 1 year 
and store the data i n a computer memory. Its sensitivity to h u m i d i t y fluc
tuation exceeds that of conventional chart hygrothermographs by a factor of 
5. Therefore, the instrument has an important advantage over a c lockwork 
hygrothermograph because it provides information on long-term cl imatic 
fluctuations i n the tomb. 

Thermal Stability of the Tomb. T h e self-contained hygrother
mograph was left i n the tomb of Nefertar i i n February 1981 for 1 year (34). 
The temperature and h u m i d i t y data for the 1-year per iod were correlated 
(Figures 5 and 6) w i t h external data taken near the N i l e R i v e r at Karnak 
(Figure 4). T h e N i l e R i v e r data were obtained i n 1981 by M . C . Traunecker , 
a research chemist w i t h the F r a n c o - E g y p t i a n Cent re for Studies of the 
Temples at Karnak. 

F i g u r e 5 shows average monthly h igh and low temperatures near the 
N i l e R i v e r at Karnak and the monthly average temperatures inside the tomb. 
T h e results dramatically confirm the temperature stability of the tomb re -

Figure 5. Average monthly high (Δ) and low (•) temperatures in the Nile Valley 
and average monthly temperature (o) in the tomb. Where error bars are not 

shown, the standard deviation is less than or equal to ± 0.5 °C. 
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ported earl ier (28) and now show that the stable temperature is maintained 
over a longer per iod . T h e yearly average temperature inside the unper turbed 
tomb is 28.5 ± 0 . 5 °C, and the yearly average h u m i d i t y is 7 ± 2 g of 
H 2 0 / m 3 or 25 ± 6% R H at 28 °C. (Values are means ± standard deviations, 
unless otherwise stated.) (34, 35). 

The inhospitable internal c l imate of this tomb has been thereby quan
ti f ied. T h e venti lat ion i n the tomb is poor; it is difficult to work i n this closed 
underground monument for more than 1 or 2 h because of the lack of fresh 
air and the accumulation of carbon dioxide produced by respiration. These 
difficult conditions have proscr ibed prolonged human visitation of the tomb 
i n the past and at present and explains how such a fragile monument survived 
into this century. 

Cyclical Humidity Changes in the Tomb. The isothermal nature 
of the tomb simplifies its physicochemical description because one key v a r i 
able is now fixed. T h e h u m i d i t y data d i d not show the same degree of stability 
as the data for temperature d i d . F i g u r e 6 shows that the external h u m i d i t y 
peaks i n July . T h e internal h u m i d i t y follows this t rend but peaks 1.5 months 
later at a value of 9.1 g of H 2 0 / m 3 or 3 2 % R H at 28 °C. These data suggest 
an annual cycle, and these results indicate that the tomb of Nefertar i is not 
totally isolated, even i f it is closed, but that it is weakly coupled to the 
external environment . Consequent ly , the tomb is progressively humid i f i ed , 
as is the entire N i l e Val ley . 

F i g u r e 7 is a plot of ind iv idua l temperature and h u m i d i t y measurements 
for M a r c h 1981. The average temperature for this month was 28.2 ± 0.3 °C, 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
5

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



298 A R C H A E O L O G I C A L C H E M I S T R Y 

Figure 7. Temperature and humidity inside the tomb of Nefertari for March 
1981. 

and the average h u m i d i t y was 16 ± 1% R H or 4.3 ± 0.4 g of H 2 0 / m 3 . T h e 
temperature curve shows the remarkable t ime invariance already noted i n 
the yearly data, however, the humid i ty curve is complex. Two distinct fea
tures are evident i n the h u m i d i t y data. T h e first is the appearance of cycl ical 
h u m i d i t y variations. These variations have a per iod of about 1 day and lag 
b e h i n d the external cycles by about 12 h . These cycles are evident throughout 
the fu l l set of accumulated h u m i d i t y data, and they indicate that the closed 
and locked tomb of Nefertar i is not totally isolated from the outside, even 
on a dai ly basis. 

T h e second feature is the appearance i n the data of sharp peaks fol lowed 
by slow decays. W e have def init ively correlated most of these peaks w i t h 
h u m a n entry, and circumstantial evidence strongly suggests that a l l are, i n 
fact, caused by h u m a n entry. T h e entry of even a single person produces a 
pronounced and abrupt change i n humid i ty . Seventeen such peaks were 
recorded on the hygrothermograph over a per i od of 8.5 months. There were 
barely detectable positive temperature peaks of approximately 0.14 °C, last
ing for 1 h on average, that were associated w i t h these entries. N o n e of the 
temperature peaks was of sufficient absolute magnitude or length to alter 
the basic isothermal condit ion of the tomb. 

A pre l iminary value for the rate of water vapor removal i n the closed 
tomb was calculated from these peaks b y fitting the first five or six points 
of the slow decays to a pseudo-first-order rate law. The rate constant was 
approximately 5 X 10 3 m i n " 1 . F r o m these data, it is possible to estimate 
quantitatively the effects of h u m a n entry on the atmospheric water vapor 
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content of the tomb. W e have estimated the rate of water vapor product ion 
per person, from the in i t ia l increases of the entry curves, to be 0.013 g of 
H 2 O Z m 3 per person per m i n at 28 °C. I f 10 people entered the tomb and 
stayed for 30 m i n , the increase i n water vapor w o u l d be 4.0 g of H 2 0 / m 3 . 
This value represents an increase of 14% R H at 28 °C. It w o u l d take 12 h 
for the absolute water vapor content to fall to w i t h i n 0.1 g of H 2 0 / m 3 of its 
in i t ia l value i f the water were s imply removed at the measured rate. 

T h e exact mechanisms for the removal of artificially introduced water 
vapor involve several physicochemical processes and have not yet been firmly 
defined. W e are current ly investigating the water adsorption characteristics 
of the tomb as a whole , by using rates and rate constants for the data on 
water removal that we gathered from 1981 to 1982. T h e existing venti lat ion 
rates of the tomb w i t h its door closed are also be ing calculated. 

Chemical Analyses 

T h e effect of adsorbed water vapor on the tomb of Nefertar i depends, i n 
part, on the materials used i n its construction. Th i r teen smal l , we l l -docu 
mented samples of ancient plasters taken from throughout the tomb were 
analyzed i n detai l to determine the composit ion of the plaster material . Some 
results are summarized i n Table I. 

Analysis of Major Elements . Ma jor elements were determined 
quantitatively by neutron activation analysis at the Univers i ty of Toronto 
S L O W P O K E reactor. This technique was chosen because the available sam
ple size was small . Differential scanning calorimetry w i t h a P e r k i n - E l m e r 
D S C - 1 B was used to establish the plaster composit ion further and to inves
tigate its thermal behavior. 

T h e analysis d i d not reveal the dehydrat ion peaks that are expected i f 
gypsum ( C a S 0 4 · 2 H 2 0 ) were present. Analysis w i t h a D ionex Q I C Analyzer 
ion chromatograph revealed the presence of a significant amount of sulfate; 
therefore the plaster once d i d , indeed , contain gypsum, w h i c h subsequently 
became dehydrated. This finding confirms suggestions made i n previous 
studies (27-29). Ion chromatography of the plaster also revealed a h igh 
chlor ide content, w h i c h is l ike ly due to the presence of the sodium chlor ide 
ment ioned previously . 

Comparison with Horemheb's T o m b . The results were compared 
w i t h those obtained from the analysis of the plaster of the royal tomb of 
H o r e m h e b (number 57, Val ley of the K ings , Thebes, U p p e r Egypt) (Figure 
4). T h e tomb of H o r e m h e b , approximately 80 years o lder than that of N e 
fertari , has been recently restored and is now relatively w e l l preserved (36). 
It was excavated from l imestone of excellent quality, and its or iginal plaster 
is strong and cohesive. A comparison of the chloride and sulfate contents of 
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the original H o r e m h e b and Nefertar i plasters is given i n Table I I . These 
values show that the plaster from Horemheb ' s tomb was of higher quality , 
w i t h more than twice the sulfate content and one-tenth the chloride content 
of the plaster of the tomb of Nefertar i . Fur thermore , analysis by differential 
scanning calorimetry showed that the plaster of Horemheb ' s tomb exists 
pr imar i ly i n the ful ly hydrated gypsum form. This result was conf irmed by 
X-ray diffraction analysis ( X R D ) w i t h a Phi l ips X - ray diffractometer, C u K a 

radiation, and a N i filter. X R D analysis showed that samples from the tomb 
of Nefertar i consist largely of orthorhombic C a S 0 4 and C a C O a (calcite), 
whereas samples from the tomb of H o r e m h e b consist largely of C a S 0 4 · 
2 H 2 0 and C a C 0 3 (calcite), w i t h only a small amount (<10%) of orthorhombic 
C a S 0 4 . 

The CaS04-H20 System 

T h e preparation of gypsum-based plasters was w e l l known to the ancient 
Egypt ians (37). Gypsum-based plaster is formed by partial ly dehydrat ing 
(calcining) the minera l gypsum ( C a S 0 4 · 2 H 2 0 ) to the hemihydrate form 
( C a S 0 4 * V fcH 2 0 ; plaster of Paris). Water is added to this material , and the 
result ing mixture is used as a wal l preparation. U p o n evaporation of excess 
water, a gypsum-based plaster remains. This plaster is a strong material w i t h 
good b i n d i n g properties and, i n the pure form, has the same chemical formula 
and structure as the minera l gypsum. T h e pur i ty of the final product is 
defined by the pur i ty of the raw gypsum and the presence of any admixed 
components, such as C a C 0 3 . 

In this chapter the terms "plaster" and "plaster mater ia l " refer to the 
existing wa l l preparation regardless of its analyzed composit ion. W e assume 
that the original plaster material i n the tomb of Nefertar i was predominant ly 
gypsum based, not only because this material w o u l d have the desired b i n d i n g 
properties, but also because the formation of calc ium sulfate dihydrate is 
kinet ical ly favored under the conditions of formation just described (38). 

In the previous section, we conf irmed that the Nefertar i plaster under 
went dehydrat ion, probably over the course of mi l l enn ia , and it is not l ike ly 
that this dehydration was the result of human interference. This information 
is important for two reasons. F i r s t , i t means that the plaster is mechanical ly 

Table II. Sulfate and Chloride Levels in Plasters from 
the Tombs of Nefertari and Horemheb 

Ion Nefertaria Horemhebb 

S 0 4
2 16 ± 3% 42 ± 2% 

c i - 0.3 ± 0.1% 0.029 ± 0.004% 
eAverage is based on the analysis of 13 samples in triplicate; error 
is reported as 95% C.I. 
^Average is based on the analysis of one sample done in triplicate; 
error is reported as 95% C.I. 
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unstable, and consequently, its exposure to changes i n environmental con
ditions could be disastrous, and second, it provides evidence that the total 
dehydrat ion of gypsum, a reaction that is too slow to follow under laboratory 
conditions of ambient temperature and pressure, actually took place. 

T h e C a S 0 4 - H 2 0 system has been studied at various temperatures and 
pressures and i n the presence or absence of a l i q u i d phase (38-41). Its 
fundamental characteristics are reasonably w e l l known. A n h y d r i t e deposits 
have been observed i n nature; however, the ir formation is not w e l l under 
stood (42). T h e formation of orthorhombic anhydrite is kinet ical ly h indered , 
and we are aware of only one instance of orthorhombic anhydrite , w h i c h 
invo lved the incorporation of suspected catalysts, be ing produced at ambient 
temperatures and pressures (43). Therefore, a detailed study of the chemistry 
of the plaster material i n the tomb of Nefertar i is interesting from the v i e w 
point not only of chemists and conservators, but of other scientists as w e l l . 

T h e dehydrat ion process through w h i c h gypsum proceeds can be de 
scribed (44) as follows: 

C a S 0 4 · 2 H 2 0 - » C a S 0 4 · V i H a O -> C a S Q 4 -> C a S 0 4 

gypsum hemihydrate anhydrite anhydrite 
(monoclinic) (hexagonal) (hexagonal) (orthorhombic) 

T h e first and last forms are the most stable forms (38); the two hexagonal 
forms are metastable. The transformation from monocl inic gypsum to or
thorhombic anhydrite involves a decrease i n specific vo lume of approximately 
22%, w h i c h contributes greatly to the physical weakening of the pa int ing 
substrate and the fragility of the murals i n Nefertari 's tomb. 

Effect of Climatic Conditions on Plaster Composition. T h e t e m 
perature and h u m i d i t y of a tomb determine whether the gypsum form or 
the orthorhombic anhydrite form is most thermodynamical ly stable. A t 28 
°C and 2 5 % R H , orthorhombic anhydrite is the stable form i n the tomb of 
Nefertar i (38). E a r l y measurements of the temperature and humid i ty i n six 
royal tombs i n the Val ley of the Kings indicate that the c l imatic conditions 
i n a l l tombs inspected also favor the formation of orthorhombic anhydrite 
(45). A l though Horemheb ' s tomb was not one of those studied, it was bu i l t 
at the same depth , i n the same rock, and w i t h a plan similar to that of the 
tomb of Seti I for w h i c h measurements of temperature and humid i ty exist 
(20 °C and 4 0 % R H at the door and 25 °C and 34% R H at the far end) (45). 
Therefore, on the basis of this evidence alone, we expect that the c l imatic 
conditions w i t h i n Horemheb ' s tomb also favor the formation of orthorhombic 
anhydrite from the or iginal plaster. O n the basis of our analyses, this reaction 
d i d not occur as completely as it d i d i n the tomb of Nefertar i (see previous 
section). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
5

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



15. B U R N S E T A L . Archaeological Sites as Physicochemical Systems 303 

Effect of Impurities on CaS0 4 Transformation. T h e transit ion 
from gypsum to orthorhombic anhydrite is slow but occurs even at ambient 
temperatures (44). T h e relatively large concentration of finely d i v i d e d sodium 
chlor ide present i n the plaster i n the tomb of Nefertar i may have facil itated 
the dehydrat ion process. T h e presence of a hygroscopic material , such as 
sodium chlor ide , can help promote dehydration reactions. Also , impuri t ies 
w i t h i n the lattice of a crystall ine structure can weaken the lattice (46, 47) 
and thereby accelerate thermodynamical ly favored reactions. These points 
suggest a strong correlation between the extent to w h i c h the dehydrat ion 
reaction proceeds and sodium chlor ide concentration, but they do not ex
c lude the possibi l i ty that dehydrat ion can take place i n the absence of salt. 

A l though the orthorhombic C a S 0 4 i n Horemheb ' s tomb (see previous 
section) may be present as an impur i ty , it could also indicate that the plaster 
i n Horemheb ' s tomb is now i n its in i t ia l stages of deterioration. O n the other 
hand, possibly the cl imate i n the tomb of H o r e m h e b , pr ior to its discovery, 
was cooler and more h u m i d before it was discovered. The external cl imate 
of the Val ley of the Queens may have been hotter and dr ier than that of the 
Val ley of the K ings . Indeed, the interaction of a l l these c l imatic events may 
have contr ibuted to the preferential dehydration of the tomb of Nefertar i . 
M o r e on-site hydrocl imatological data from both the Val ley of the Queens 
and the Val ley of the Kings are now needed. T h e E A O has in formed us that 
some of these measurements are already i n progress. 

T h e plaster i n the tomb of Nefertar i may remain i n a thermodynamical ly 
stable, desiccated state as long as the conditions of temperature and h u m i d i t y 
i n w h i c h it now exists do not change. W e are now studying the effects of 
changing h u m i d i t y on the ancient plaster materials through a series of s i m 
ulation experiments that involve the use of synthetic plasters and contro l led 
humidi t ies . In i t ia l results have shown that sodium chloride plays a key role 
i n the water uptake process i n the tomb (see L o n g - T e r m Studies of T e m 
perature and H u m i d i t y ) . 

Reconstruction, Restoration, and Conservation Phnning 

Since 1904, maintaining the c l imatic status quo i n the tomb of Nefertar i has 
proved difficult, as has been descr ibed i n previous sections. I n addit ion to 
the humidi f icat ion processes occurr ing i n the tomb, we l l -meaning plaster 
repairs are a major source of addit ional water. Threatened murals have been 
fortified periodical ly w i t h new plasters, the most recent repairs having been 
made i n 1983. B y M a r c h 1984, the h u m i d i t y had increased considerably to 
an estimated 50 ± 10% R H compared w i t h 31 ± 1% R H i n D e c e m b e r 1977 
(28) and 16 ± 1% R H i n M a r c h 1981. 

I n the closed tomb, increased h u m i d i t y alone cannot lead to rehydrat ion 
of the orthorhombic anhydrite , w h i c h is a thermodynamical ly unfavored 
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reaction. Nevertheless , absorption and adsorption of water by the original 
plaster especially i n the presence of sodium chloride w i l l occur as a result 
of the increased h u m i d i t y or the direct application of wet plasters to the 
walls d u r i n g repairs. This water intake may lead to localized rehydrat ion of 
the orthorhombic anhydrite w i t h subsequent swel l ing i n the areas near the 
application of wet plaster. T h e extent of this swel l ing may be significant. It 
is a complex function of the concentration of water brought into the tomb 
as wet plaster and the nonuniformity of the sodium chloride concentration. 
Therefore, there may be insidious gradients i n plaster swel l ing that may be 
difficult to detect. 

T h e migration of moisture w i l l be accompanied by the migration of 
water-soluble salts, w h i c h may lead to hydrat ion -rehydrat ion cycles over 
m u c h w ider areas. A l l these processes definitely weaken this already fragile 
tomb and w i l l lead to its further degradation. Therefore, traditional methods 
must clearly be reevaluated i n the development of a conservation scheme 
for this site. 

R e c o n s t r u c t i o n a n d R e s t o r a t i o n . E n o u g h information is available 
to indicate that the careful, far-sighted, scientific conservation of the tomb 
of Nefertar i w i l l be at least as slow and painstaking as the conservation of 
other great monuments i n many other parts of the wor ld . This situation is 
especially so because of the extreme fragility of the tomb. V e r y careful work 
must be done at this site because of the anticipated large influx of visitors. 
T h e construction of an exact repl ica of the tomb of Nefertar i near the original 
site may be an excellent alternative to fast and untested conservation efforts 
and should seriously be considered. It is both practical and possible to b u i l d 
an exact and subterranean repl ica near the tomb without altering the char
acter of the Val ley of the Queens as a historic site. The careful construction 
of a repl i ca 100 m east of the entrance to the valley w i l l reduce the impact 
of vibrations created by any necessary preparatory excavation. 

A free-standing repl ica of the tomb is another alternative. I f such a 
repl ica is designated as the first stop on tours of the Val ley of the Queens , 
tourist bus traffic into the valley proper could be forestalled; the hazardous 
vibrations and exhaust produced by these vehicles w o u l d be removed. A 
repl ica of Nefertari 's tomb w i l l a l low more visitors to see a faithful repro
duct ion of this unique monument . 

T h e construction of a repl ica w i l l not require further examination i n the 
tomb. Surveys (23, 48) and several sets of photographs (23, 24, 30) of the 
tomb are available, the most recent having appeared i n press i n 1971 (23). 
The 1971 set of photographs is the only publ i shed complete compilat ion i n 
color. Because the photographing of the tomb i n 1971 was concerned w i t h 
document ing the geometry of the tomb, the color reproduct ion i n these 
photographs is not sufficiently accurate to serve as a guide to color repl ication. 
In 1982, the E A O , i n collaboration w i t h the U n i t e d Nations Educat ional , 
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Scientific, and C u l t u r a l Organizat ion ( U N E S C O ) , rephotographed the tomb, 
using the most modern techniques. This series of photographs w i l l soon 
become available. 

The techniques used i n ancient Egypt ian paintings are also known (27, 
36), and there are talented E g y p t i a n specialists who can recreate them. T h e 
importance of this monument justifies such an approach; respected prece
dents exist, notably at Lascaux (8). B y taking this path, conservation work 
on the original tomb can deal w i t h the stabilization of the monument and 
not w i t h documentation or the accommodation of interested visitors. 

Conservation Planning. The unique physicochemical , c l imatic , 
and geological conditions of the tomb of Nefertar i should provide the basis 
of any proposed conservation scheme. These studies must be conducted 
meticulously and w i l l necessarily be t ime consuming. Predict ive studies on 
every aspect of this site must precede any conservation work. A series of 
in i t ia l recommendations (31, 34, 35) was submitted to the Ε A O i n this regard, 
and some of these recommendations are discussed i n the fol lowing sections. 

MAINTENANCE O F T E M P E R A T U R E AND HUMIDITY. As a first step towards 
stabilization of the whole tomb, the identif ication, improvement , and m a i n 
tenance of its c l imatical ly most stable condit ion should be undertaken. T h e 
excessive harmful h u m i d i t y must be e l iminated , and the tomb should be 
dehumidi f ied to at least its pre-1983 leve l (25% R H ) . The temperature and 
humid i ty in the closed tomb must be measured continuously. 

The construction of an air -condit ioning system is the most essential step 
of the conservation scheme, especially dur ing the implementat ion of con
servation treatments. A system that is rugged, rel iable , and unobtrusive can 
be custom designed. The system must have sufficient capacity to keep the 
temperature and h u m i d i t y stable w i t h i n the tomb regardless of al l external 
conditions and also be able to respond quick ly to changes caused by entry 
(49, 50). The air -condit ioning system must have safeguard mechanisms 
against extreme fluctuations caused by humans or natural events. Indeed, 
such a mechanism may also serve as a means of control l ing access to the 
tomb, w h i c h w i l l be based on the abil ity of the system to accommodate 
changes i n temperature and humid i ty . A back-up system is also necessary 
i n the event of failure of the pr imary system. 

F o r most of the year, the external h u m i d i t y is higher than that i n the 
u n venti lated tomb (Figure 6). Therefore, the air supply to the tomb must 
be dehumidi f i ed to an acceptable average value, and the temperature must 
be automatically readjusted to match the opt imal internal temperature. A 
coo ler -dehumid i f i e r coupled w i t h a heater is a possible, but not necessarily 
the best, configuration, w h i c h w o u l d require 29,000 k j / h for dehumid i f i -
cation and 22,000 k j / h for heating. These values are based on two air changes 
per hour , w i t h air enter ing at 35 °C and 3 5 % R H and leaving at 28 °C and 
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2 5 % R H . T h e vo lume of the tomb is approximately 450 m 3 ; two changes of 
treated air per hour w i l l remove the water vapor produced by 60 people i n 
1 h and maintain the C 0 2 produced by 43 people i n 1 h at 0 . 1 % v / v C 0 2 . 
These numbers are presented as useful guidelines; they are not meant to 
i m p l y the recommendation of unrestr icted access. 

C O N T R O L O F C O a AND DUST. Venti lat ion of the tomb must be modulated 
to ensure a constant and appropriate C 0 2 partial pressure. Changes i n C O s 

concentrations i n the air may be crucial to the survival of the paint layer 
because the under ly ing C a C 0 3 whitewash layers are affected by the presence 
of C 0 2 . A t the B e n i Hasan tombs, M i d d l e E g y pt , C 0 2 is suspected to 
contribute to deterioration (17-21). W e are per forming a study of this m e c h 
anism of paint layer and p igment deterioration i n Nefer tar i s tomb. 

Partic le size analysis of airborne dust is also necessary i n the consid
eration of appropriate air-c leaning devices for use i n a complete a i r - condi 
t ioning system at this site. A l l components of this a ir -condit ioning system 
must be instal led so that the architectural and artistic character of the tomb 
is not d isrupted or endangered i n any way. 

T h e construction of a double-door c l imatic seal, that is , an entrance 
foyer w i t h a door between it and the outside and a second door between 
the tomb and the foyer, should be considered (35). This seal w i l l prevent 
the direct exposure of the tomb to the environment. W h e n the cl imatic 
conditions are stable, essential work w i t h i n the tomb, preceded by careful 
testing, can be considered. 

T h e first step w i l l be dust removal . T h e influx of dust and other desert 
debris is a natural consequence of increased access to the tomb. F u r t h e r 
more, the tomb floor is a reservoir of dust. W e have examined the role of 
dust i n the deterioration of mura l surfaces (17-21). After the removal of 
dust, a dust-free, preformed cement, or better s t i l l , granite floor should be 
instal led. Parts of the tombs i n w h i c h paintings are already irretr ievably lost 
must be covered w i t h pol ished granite slabs to prevent dust generation from 
these obvious dust sources. Structural consolidation, c leaning of paint layers, 
and protect ion can then follow. 

STRUCTURAL CONSOLIDATION. Structural consolidation of the plaster 
layer is necessary for protect ion against mechanical stresses, inc lud ing seis
mic activity and vibrations generated by buses that b r i n g visitors to the 
Val ley of the Queens . The use of injectable polymers is a viable solution. 
T h e most stable polymers must be used, and it may be necessary to custom 
design polymers for this purpose. The integrity of the plaster layer, before, 
dur ing , and after treatment must be determined and monitored by u l t ra 
sonic, piezoelectric , or photoacoustic methods. This procedure and the use 
of polymers for paint layer protection w i l l require extensive control led ex
per imentat ion, especially on the physicochemical nature of the various p i g -
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ments used i n the tomb. C u r r e n t knowledge of ancient p igment composit ion 
and chemistry must be extended to inc lude the interaction of the pigments 
w i t h the total environment of the tomb of Nefertar i . Areas of discoloration 
are k n o w n i n this tomb, some of w h i c h were caused by previous conservation 
experiments (27). 

T h e polymers used must protect murals from moisture, must be totally 
inert , and must not alter the appearance of the paint layer or cause structural 
changes w i t h i n it . Proper venti lat ion requirements for po lymer use d u r i n g 
conservation must also be considered. W h e n new and better techniques 
become available, it must be possible to remove these polymers and the 
polymers used i n the structural consolidation of the plasters w i t h m i n i m a l 
or no damage to the tomb, i n the tradit ion of reversible conservation treat
ments. 

A revision of the l ight ing practices i n this tomb, for example the use of 
readily available, sharp-cut-off U V filters, must be undertaken to exclude 
possible photodegradation of pigments. A t present, a system of fluorescent 
lights i l luminates the walls from the base of each mura l . This system is 
adequate now because of its infrequent use. However , the situation w i l l be 
different i f increased visitation is al lowed. W e are studying a l l these aspects 
of the conservation scheme w i t h existing, we l l -documented samples taken 
from this tomb and other nearby tombs. 

T h e wholesale removal of salts should not be considered at this t ime . 
The salts are essentially a structural component i n their own right. The 
isolation of the tomb from the influx of water and h u m i d i t y w i l l arrest the 
movement of these salts. 

DRAINAGE. L i k e many of its neighbors, the tomb of Nefertar i is threat
ened by increasingly frequent torrential downpours. A canopy on top of the 
site w i t h appropriate drainage should be constructed to d ivert this source 
of water (34). A l t h o u g h historical ly, degradation of tomb environments may 
have been inf luenced by groundwater flow, this is not the case w i t h the 
Val ley of the Queens or w i t h most of the tombs of the Val ley of the Kings . 
These sites were specifically chosen for tomb construction because of their 
extremely stable and dry environments . 

A l though irr igat ion i n the N i l e Val ley has increased more recently , the 
Val ley of the Queens is st i l l situated approximately 2 k m from irr igated fields. 
Therefore, direct and upward water flow i n the l imestone rock is not l ike ly 
to affect the tomb of Nefertar i because the water table must be considerably 
below the lower levels of the tomb. However , the flow of water through the 
surrounding rock should be evaluated by appropriate geological studies, as 
w e l l as by computer s imulation. A trench system around the tomb may be 
considered as a means of isolating the walls from any incoming water. C o n 
solidation of the plasters must precede this step, and the construction of 
these trenches must be done without causing vibrations i n the tomb. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
5

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



308 A R C H A E O L O G I C A L C H E M I S T R Y 

REVIEW O F CONSERVATION EFFORTS. Conservation efforts are often 
conducted by individuals and groups who do not release details of their work 
even w h e n protect ion of forthcoming patents is not involved . Such confi 
dential i ty is unnecessary and is, indeed , suspect (51). This unwarranted 
secrecy must not accompany the conservation efforts for such a national 
treasure as the tomb of Nefertar i . Therefore, publ icat ion of detai led con
servation work i n respected peer -reviewed journals is mandatory. N o t only 
w i l l this wel l -accepted scientific practice result i n more responsible conser
vation work, but it w i l l ensure international del iberation, w h i c h can lead 
only to a more rigorous study and evaluation of o p t i m u m solutions to con
servation problems. 

Conclusions 

The ongoing macroarchaeometric study of the tomb of Nefertar i allows us 
to examine the unique chemistry occurr ing i n the archaeological materials 
used i n its construction. W e hope that this work w i l l also contribute to the 
art history of the tomb and to a more detai led understanding of the tech
nology used by its bu i lder 3250 years ago. This work provides an example 
of a general approach to some modern conservation problems. As a corollary, 
it demonstrates the abi l i ty of large archaeological structures to act as sensitive 
probes of environmental change. 
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Carbon Dating the Shroud of Turin 

A Test of Recent Improvements in the Technique 

Garman Harbottle1 and Walden Heino2 

1Chemistry Department, Brookhaven National Laboratory, Upton, N Y 11973 
2Chemistry Department, Luther College, Decorah, IA 52101 

Recent improvements in reducing the sample size needed for carbon 
dating have opened up new possibilities for the archaeologist and 
museum curator. In particular, it has become feasible to carbon date 
the Shroud of Turin, and the results were announced recently. 

Radiocarbon Measurements 

Since its introduct ion approximately 40 years ago, radiocarbon dating has 
assumed extraordinary importance in archaeology because of the widespread 
occurrence of carbon in archaeological contexts. 1 4 C measurement tech
niques have been ref ined to the point where dates can now be determined 
for mil l igram-scale samples and w i t h materials up to 80,000 years o ld . 

Deta i l ed expositions of radiocarbon techniques and applications are 
found elsewhere (1-8), but for completeness, a br ie f introduct ion is given 
in this chapter. T h e purpose of this introduction is to summarize the current 
status of the analytical methods and to show how advances i n radiocarbon 
dating have made it possible to carry out a program for measuring the age 
of the Shroud of T u r i n . 

T h e Shroud of T u r i n , perhaps the best-known and most deeply revered 
of all religious relics, is a l inen textile 4.5 m long by 1.1 m wide and is 
preserved in a special chapel w i t h i n the Cathedra l of T u r i n i n Italy. It carries 
the image of the back and front of a naked man, whose body is marked by 
reddish splashes resembl ing bloodstains, that suggest by their location that 
the man portrayed was the v i c t im of crucif ixion. The idea that the man 
represented might be Chr i s t is reinforced by marks on the back that strongly 
suggest that the body was scourged by a flagellum of Roman design. 

0065-2393/89/0220-0313$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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T h e face is that of a bearded man and is rather unimpressive w h e n seen 
on the Shroud c loth itself. It has one astonishing, inexplicable property , 
however, that was first noted i n 1898 w h e n the Italian photographer Secondo 
P i a took the very first photographs of the Shroud. The image on the l i n e n 
cloth is apparently a negative. W h e n it is reversed, by making a photographic 
negative, what emerges is " a hauntingly majestic countenance, w i t h eyes 
closed i n death" (9). I f it is a paint ing , it does not closely resemble the work 
of any k n o w n artist. 

T h e Shroud has been k n o w n since the midd le 1300s, and as early as 
1389 the Bishop of Troyes, i n France , i n a letter to Pope C l e m e n t V I I , 
denounced it as a forgery, by saying that i n a local church at L i r e y there 
was " a certain c loth cunningly painted, upon w h i c h by c lever sleight of hand 
was depicted the twofold image of one man, that is to say the back and front, 
they falsely declaring and pretending that this was the actual Shroud i n 
w h i c h our Savior C h r i s t was enfolded i n the tomb. " Desp i te this denunc ia 
t ion , the Shroud , i n the hands of the House of Savoy, who became the rulers 
of Italy, was more and more fervently venerated through the centuries, and 
today stands at the very pinnacle of the whole group of holy relics (crowns 
of thorns, pieces of the true cross, etc.) associated w i t h the life and death 
of the Saviour. 

A n u m b e r of scientific studies of the Shroud (examination of the texti le; 
microscopy; photography; investigations of adherent po l len , dust and " b l o o d " 
fragments, etc.) were made by members of the Shroud of T u r i n Research 
Project ( S T U R P ) i n 1978 (10). N o n e of the results obtained by S T U R P have, 
however, had m u c h bearing on the question of authenticity. As Ian W i l s o n 
(The Mysterious Shroud, Doubleday , p. 129) says, ". . . without doubt, the 
Shroud test, a l l too long awaited, is that of independent ly dating the cloth's 
l inen by the method k n o w n as carbon-14". A l though 1 4 C techniques have 
been available for 40 years, the devices used to carry out the measurement 
of 1 4 C , cal led proport ional counters, demanded grams of carbon, and cal led 
for a proportionate quantity of the Shroud to be destroyed. (Actually, a piece 
roughly the size of a pocket handkerchie f w o u l d have to be b u r n e d for each 
measurement, and no scientific study w o u l d have been considered adequate 
w i t h only a single measurement.) The dating of the Shroud of T u r i n w o u l d 
seem, then, to be a good example of what could be done w i t h improved 
and min iatur ized radiocarbon techniques. 

Calibration of Radiocarbon Measurement To Yield the Calen
dar Age. It was previously thought that i f the half-life of 1 4 C was accurately 
known , then a s imple exponential decay equation could be appl ied to learn 
the age of archaeological organic materials. T h e measurement w o u l d be 
subject only to errors i n measurement of the ratio of the radiocarbon i n the 
sample, A , to the equivalent quantity i n modern carbon, A 0 . However , it 
is now k n o w n that A 0 has been far from constant i n the past few thousand 
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years. Also , the half-life of earbon-14 is not k n o w n to great accuracy. F i n a l l y , 
isotopic fractionation, w h i c h can vary the 1 4 C enrichment among samples of 
carbon w i t h ident ical ages, must be taken into account. 

A l l these problems have l e d to a procedure among radiocarbon scientists 
that is quite different from that envis ioned by L i b b y , who invented 1 4 C 
dating, and descr ibed by a s imple decay equation. The procedure is: 

1. The ratio A / A 0 is measured either by β ~ counting or w i t h the 
tandem accelerator mass spectrometer (TAMS) i n w h i c h direct 
atom counting is used. 

2. T h e observed ratio is corrected for isotopic fractionation by 
measuring the 1 3 C / 1 2 C ratio, and assuming that its change 
(from standard value) is one-half the 1 4 C / 1 2 C change. In the 
T A M S , the 1 3 C / 1 2 C ratio is measured simultaneously w i t h 
1 4 C / 1 2 C . 

A conventional " L i b b y " half-life of 5568 years (known to be 
incorrect) is used to obtain a L i b b y or " convent ional " radio
carbon age i n years, t. 

This conventional age t is converted to a calendar date by 
cal ibration curves that were obtained by very precise mea
surement of the AIA0 values of tree-r ing wood of exactly 
known calendar age (11-13). 

T h e calibration curve is rather precisely measured back to several m i l 
l ennia B . C . The error i n conventional radiocarbon age can, i n pr inc ip le , be 
as smal l as ± 2 0 - 3 0 years. T h e calibration curve, however , does not fall 
monotonically w i t h t ime. A t t imes, two or three dates could give the same 
conventional radiocarbon age. F o r this reason, radiocarbon dating is part ic 
ularly unworkable for the per iod from the m i d 1600s (A .D . ) to the present. 

Fractionation and Contamination. The ratio 1 4 C / 1 2 C i n certain 
materials may be affected by isotopic fractionation. F o r example, the uptake 
of carbon dioxide and its incorporation into plant tissue may be accompanied 
by substantial fractionation that depends on the plant species. W i t h marine 
organisms, fractionation may also be important, especially w h e n inorganic 
carbonate and bicarbonate are invo lved . Correct ions for fractionation must 
be made for precise radiocarbon dating. 

E r r o r s i n the 1 4 C / 1 2 C ratio can also be produced by the injection of 
environmental materials into the archaeological sample. Intrusion of modern 
carbon, i n the form of rootlets, molds, and bacteria w i l l increase the ratio 
A/A0 and y i e ld ages that are too recent, whereas percolation of groundwater 
containing ancient "dead" carbonate may give ages that are too o ld . I n bone, 
it is advisable to date the separated collagen fraction. To a large extent, 
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these problems, w h e n recognized, can be overcome by sample pretreatment. 
Fract ionation and contamination are discussed by Parkes (3) and by Taylor 
(14). 

Measurement of Carbon-14. U n t i l about 1985, radiocarbon con
centrations (A) were rout inely determined by measuring the radioactivity of 
l 4 C . F o r very o ld or very smal l samples, long counting times were necessary 
i n order to obtain A w i t h reasonable precis ion. Special counting systems 
have been constructed to accommodate these very long counting times 
(20,21). The small -s ized "min i counters " used for dating 10-mg samples st i l l 
require long counts, but errors caused by background radiation are reduced 
by the careful choice of construction materials, pulse height analysis, and 
active cosmic ray shielding. 

N e w mass spectrometric techniques have also been developed that 
permit the radiocarbon concentration ( 1 4 C / 1 2 C ratio) to be measured direct ly , 
i n a relatively short t ime, and for very small samples. Sensit ivity is better 
than for radioactive decay counting. W i t h this approach, age determinations 
can be carr ied out w i t h 1-mg samples or w i t h materials that are as m u c h as 
80,000 years o ld , although isotopic preenr ichment w i l l be necessary i n such 
cases. B e y o n d this age, operational interferences such as contamination by 
carbon i n reagents, or by the instrument itself, may be l imi t ing . Instruments 
of somewhat different configurations have been used, for high-energy mass 
spectrometry ( H E M S ) , accelerator mass spectrometry ( A M S ) (15,16), or tan
dem accelerator mass spectrometry (TAMS) (17). I n each case, there have 
been significant improvements over older mass spectrometers to differentiate 

1 4 C from the m u c h more abundant 1 4 N . Accelerator dating is rev iewed i n 
reports by Taylor (18) and Taylor et al . (19). 

S a m p l i n g . Concent ra t i ons of carbon i n archaeological mater ia ls 
range from very large i n charcoal to less than 1% i n metals, foundry slags, 
and pottery. T h e size of the sample needed for analysis, thus, depends on 
the nature of the material as w e l l as its age. The analytical procedure used 
to isolate the carbon may result i n significant losses dur ing extraction and 
chemical conversion. Samples should always be taken i n sufficient quantity 
for replicate determinations and comparison w i t h control specimens. 

Archaeologists should be sure the samples they take are representative 
and homogeneous w i t h respect to the questions be ing asked. Contextual 
state is important i n this regard, particularly w h e n disturbance and intrus ion 
are evident. E n v i r o n m e n t a l factors such as soil composit ion, water content, 
and p H may also be relevant to the dating procedure. Sampl ing requirements 
and procedures for decay counting have been reviewed by Ra lph (5) and for 
H E M S by Hedges (15). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ch

01
6

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



16. H A R B O T T L E & H E I N O Carbon Dating the Shroud of Turin 317 

Expression and Interpretation of Results. Archaeological inter 
pretation of a radiocarbon age may depend crit ical ly on the error associated 
w i t h that age. E r r o r s are commonly expressed as a variance range attached 
to the central n u m b e r (e.g., 2250 ± 80 years). T h e ± 8 0 years i n this example 
may correspond to the random error for a single analytical step. B o t h decay 
and direct-atom count ing are statistical i n nature, and lead to errors that 
vary as the square root of the number of counts. The error may also be 
expressed as the overal l random experimental error ( the sum of ind iv idua l 
errors.) O v e r a l l random error can be determined only by analyzing replicate 
samples. 

If a given error is random, a statistical significance can be attached to 
it. I f the number ± 8 0 represents one standard deviation (1σ), the measured 
age shows a 6 8 % probabi l i ty of l y i n g i n the range 2170 (2250 - 80) to 2330 
(2250 + 80) years. Wi th in - range probabi l i ty is increased to 9 5 % for a 2 σ 
range, and to 9 9 % for a 3 σ range. I n the l i terature, radiocarbon ages may 
carry any of these errors even though standard conventions have been sug
gested. 

A t h i r d type of error is the systematic error that cannot be defined i n 
statistical terms. Systematic error is treated by analyzing reference samples 
to establish corrections. T h e calibration procedure can produce calendar 
dates that have large error ranges even w h e n the conventional 1 4 C age is 
known w i t h very h i g h precis ion (13). 

Dating the Shroud of Turin 

The abi l i ty to analyze small samples has al lowed archaeologists to beg in 
measuring ages i n specimens that are of great interest, but where the amount 
of carbon available is very small . This is the case i n studies of valuable 
museum objects. A lso , i n many archaeological investigations only t iny sam
ples of carbon are available. (23). A case i n point is the dating of single seeds 
that relate to the earliest agriculture. 

I n 1973 the techniques available for 1 4 C dating w o u l d have requ i red a 
handkerchief -s ized sample. The analytical procedures available now w i l l a l 
low the Shroud of T u r i n to be dated by using postage stamp-sized pieces 
of the sacred rel ic . The abil ity to determine dates by using such small sam
ples has brought the project from practical impossibi l i ty to the br ink of c om
plet ion. 

E a r l y i n 1979, Gove of the Univers i ty of Rochester, one of the physicists 
invo lved i n the development of the accelerator method, and Harbott le sub
mit ted to the Archb ishop of T u r i n a jo int proposal to carbon date the Shroud 
by both miniature techniques, by using small samples that had already been 
cut off the Shroud for a textile study i n 1973. A l though this proposal was 
not imp lemented , it d i d succeed i n arousing the interest of the ecclesiastical 
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authorities. Since that t ime, the most extraordinary sequence of events has 
transpired, compris ing polit ics, both scientific and ecclesiastical; scientific 
meetings; papers; discussion and experimentation; polemics ; press leaks; 
telegrams; and internecine maneuver ing on a scale usually associated w i t h 
research leading to compet i t ion for a N o b e l Pr i ze . The most significant event 
d u r i n g this t ime was the first r ound rob in intercomparison of min icarbon 
techniques, proposed by Ot le t at Bradford i n 1982, imp lemented by the 
B r i t i s h M u s e u m , and reported at the T r o n d h e i m radiocarbon conference i n 
1985 (24). Six laboratories took part i n the round rob in . 

I n 1979, U m b e r t o I I , the e x - K i n g of Italy, was the head of the House 
of Savoy, and, as such was the owner of the Shroud. U m b e r t o favored the 
dating experiment; w h e n he d i e d i n 1983, the Shroud was bequeathed to 
the C h u r c h . B y this act, the Pope became a participant i n a l l subsequent 
proposals for examination or dating. In late September 1986, a meet ing was 
cal led i n T u r i n by the Pontif ical Academy of Sciences and the Archb ishop 
of T u r i n and pres ided over by the President of the Pontif ical Academy, 
Professor Carlos Chagas. Present were representatives of five "accelerator" 
(University of Rochester, Univers i ty of Ar i zona , Oxford Univers i ty , Saclay 
[France] , and the Technische Hochschule [Zurich]) and two " counter " 
(Brookhaven and Harwel l ) laboratories (24), the B r i t i s h M u s e u m , S T U R P , 
a dist inguished textile specialist from Switzer land, the Science advisors of 
the Pope and the Archb ishop of T u r i n , other scientists, archaeologists, con
servators, and several Cathol i c c lergymen. T h e y were a l l c loistered for 3 
days, and despite scientific differences that occasionally became intense, 
reached a consensus on a statistically defensible protocol for carbon dat ing 
the Shroud of T u r i n . This protocol , w h i c h was submitted to H i s E m i n e n c e 
Anastasio C a r d i n a l Ballestrero of T u r i n and H i s Hol iness Pope John P a u l I I , 
was based on the fo l lowing general pr inciples : 

1. Samples were to be taken by an expert i n textile conservation. 

2. Representatives of the Pontiff, the Archbishop of T u r i n , and 
the B r i t i s h M u s e u m w o u l d be present. 

3. Six samples (called S) w o u l d be taken from the Shroud. 

4. Samples w o u l d be prov ided from two d u m m y populations, A 
and B . 

5. Sets of three samples each w o u l d be d istr ibuted to each of 
seven laboratories for 1 4 C measurement. They were to be 
coded by number . 

6. N o laboratory was to know what i t was analyzing. T h e labo
ratory cou ld have samples S A B , S A A , A A B , B B B , S S B , etc. 
T h e laboratory w o u l d report the 1 4 C / 1 2 C and isotopic ratios 
that it measured for a l l three samples according to a prede
termined format. 
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7. Reports were to go to the B r i t i s h M u s e u m . 

8. N o announcements were to be made u n t i l a l l results were 
col lected and analyzed by the B r i t i s h M u s e u m . 

9. A n y publ icat ion w o u l d carry the names of al l the participants, 
not mere ly those who analyzed S samples. I n fact, there was 
to be no announcement of w h i c h laboratory handled w h i c h 
samples. 

T h e provis ion of six samples to seven laboratories might seem to be excessive, 
but i n several pre l iminary round-rob in intercomparison measurements, out
liers (results differing from the mean by many standard deviations) had turned 
up, and could only be discarded w i t h certainty because there were enough 
other results w i t h w h i c h to compare (24). I f only two or three laboratories 
had produced those results, i t w o u l d have been difficult or impossible to 
identify the out ly ing data. T h e whole basis of the protocol was the expressed 
desire of the religious authorities to produce the best possible scientific result 
and the effort of a n u m b e r of 1 4 C scientists to meet that desire. 

Despi te this expressed w i s h and the protocol that had been designed 
to y i e l d the desired results* on October 10,1987, a letter from the Archb ishop 
of T u r i n to a l l participants i n the conference announced a very different p lan 
(25). There w o u l d be only three laboratories (Oxford, Tucson and Zur ich) , 
and a l l w o u l d use T A M S . N o provision was made for b l i n d measurements, 
although control samples were to be d istr ibuted . E a c h laboratory k n e w w i t h 
certainty w h i c h of its samples was the Shroud sample (26). 

As of October 21, 1988, the 1 4 C measurements have been made, and 
the results sent i n to the B r i t i s h M u s e u m Research Laboratory. It has been 
announced that the date obtained falls w i t h i n the 14th century. T h e agree
ment of dates from the three laboratories is an impressive demonstration of 
the new 1 4 C dating technology. 
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Radiocalcium Dating: Potential 
Applications in Archaeology and 
Paleoanthropology 
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Republic of Germany 
3Physics Division, Argonne National Laboratory, Argonne, I L 60439 
4Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem, Israel 

The usefulness and feasibility of using a long-lived (t½ = about 
100,000 years) isotope of calcium (41Ca) as a means of dating bone 
and other calcium-containing samples up to ca. 1 million years old 
are being evaluated. The 41Ca/40Ca ratio in natural terrestrial ma
terials has been measured for the first time by using accelerator mass 
spectrometry. The 41Ca method could potentially provide an inde
pendent temporal scale for the period centering on the Middle Pleis
tocene that is comparable to that provided by K/Ar values for the 
early portion of the Pleistocene and 14C values for the terminal Pleis
tocene and Holocene. 

/Y. VARIETY OF GEOCHRONOLOGICAL METHODS have been used over the 
last 3 decades to provide the temporal frameworks that have permi t ted 
archaeologists and paleoanthropologists to reconstruct temporal relationships 
among fossil h o m i n i d forms and to investigate rates of change i n the evolution 
of h o m i n i d behavior (1) . The reconstruction of basic chronological re lat ion
ships among the late M i o c e n e , Pl iocene, and E a r l y Pleistocene H o m i n i d a e 
has been accomplished by the analysis of K / A r age estimates and inferences 
from the oxygen isotope and paleomagnetic record combined w i t h l i tho -

0065-2393/89/0220-0321$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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stratigraphie and biostratigraphic studies. Chronological frameworks are rea
sonably complete for the last 30,000 to 50,000 years because objects from 
this t ime span can be dated by the 1 4 C method. 

A l t h o u g h many problems remain , there are reasonably specific chron 
ological frameworks for h o m i n i d evolution at both ends of the Quaternary 
per iod . B y contrast, the dating frameworks for the per iod centered on the 
M i d d l e Pleistocene are generally imprecise and ambiguous. This ambiguity 
was h ighl ighted more than a decade ago w h e n G l y n n Isaac emphasized the 
cr i t ical need for chronological resolution for the t ime per iod beyond the 
conventional 1 4 C range and before the per iod for w h i c h the K / A r method 
can be rout inely used. There is very l i tt le chronometric data for this per iod , 
w h i c h lasted from about 1 m i l l i o n to 60,000 B . P . , and m u c h of what exists 
is of questionable val idi ty (2). 

W h e n accelerator mass spectrometry ( A M S ) was introduced for direct 
1 4 C counting, it was in i t ia l ly anticipated that the dating range of the 1 4 C 
method w o u l d expand rapidly and extend back as far as 100,000 years (3, 
4). A l t h o u g h it is possible that this l imi t may eventually be reached, current 
experimental conditions reduce this max imum to between 40,000 and 60,000 
years. F o r conventional decay counting, l imitations are imposed by the 
sample sizes generally available from archaeological contexts and the prob
lems of remov ing contamination from sample preparations. These l imitations 
reduce the m a x i m u m ages that can be obtained practically to between 40,000 
and 50,000 years. U n d e r special circumstances, w i t h samples that are larger 
than are usually available from the typical prehistoric archaeological sites, 
the m a x i m u m range can be extended to about 60,000 years. W i t h isotopic 
enr ichment , again using relatively large samples, ages up to 75,000 years 
have been reported for a few samples (5-7). 

O v e r the next decade, i f the stringent requirements for the exclusion 
of m o d e r n carbon contamination i n sample preparations can be met, de
velopments i n A M S may permi t routine extension of the 1 4 C t ime frame 
beyond the current 40,000- to 60,000-year range for the typical archaeological 
sample (8). H o w e v e r , the potential of A M S to extend the 1 4 C t ime frame 
into the 70,000- to 100,000-year range for samples from archaeological con
texts may be possible only w i t h the development of practical methods of 1 4 C 
isotopic enr i chment that can be routinely used for samples that contain less 
than 1 g of carbon. T h e possibi l i ty of using a laser-based approach for 1 4 C 
enrichment before A M S analysis is be ing studied (9, 10). 

Significant deficiencies are present i n the physical dating methods used 
to infer temporal relationships for the paleoanthropological and archaeolog
ical record for the whole of the M i d d l e Pleistocene (about 730,000 to 125,000 
B.P.) (II) , and for the interval of t ime up to the init iat ion of the 1 4 C t ime 
scale. There are no recognized major reversals of the earth's geomagnetic 
field after 730,000 years ago. M a n y important sites are not i n areas of v o l -
canism, and even for those that are, there are often serious analytical p rob -
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lems i n w o r k i n g w i t h samples from the more recent end of the K / A r t ime 
scale. U r a n i u m series dating can be used for sites w i t h calcareous sediments, 
but contamination problems are sometimes acute, and the geochemical h i s 
tory of the typical terrestrial sample is often unclear (12). 

Attempts to apply thermoluminescence (TL) and electron spin reso
nance (ESR) data to date soil horizons, and to use E S R to date bone are 
underway. As yet, there are no agreed-upon cr i ter ia on w h i c h to evaluate 
the overal l re l iabi l i ty of age inferences based on E S R data (13). It has been 
suggested (14) that i n some circumstances the obsidian hydrat ion method 
can be used to infer chronological age over i n excess of 100,000 years (14). 
However , obsidian is not a widespread natural resource and some of the 
hydrat ion rate structures appear to y i e ld problematic results. A m i n o acid 
racemization (AAR) values can be used under some conditions to infer ac
curate age values for bone, but seriously anomalous values can be obtained 
(15, 16). The conditions under w h i c h A A R values can be used to accurately 
infer age, part icularly for bone samples, continue to be investigated. 

Some M i d d l e Pleistocene sites have been dated by assigning various 
occupation levels to one of the traditional major g lac ial - interglacial cycles. 
This approach to dating is s t i l l used even though oxygen isotope analysis of 
deep sea cores a decade ago (17) demonstrated that the c l imatic record is 
extremely complex and difficult to resolve for many intervals. M a n y of the 
sites i n Euras ia are placed into the glac ial - interglacial scheme on the basis 
of faunal correlations, loess stratigraphie cycles, and soil formation cycles. 

Typical ly , sites containing a " w a r m " fauna are placed into an interglacial 
phase and sites w i t h a " c o l d " fauna are placed into a glacial phase. The 
percentage of extent fauna and various taxa are used along w i t h the stone 
tool technology to determine to w h i c h stadial phase or interstadial phase the 
site is to be assigned. The accuracy of the understanding of faunal successions, 
culture change, and environmental variabi l i ty has not been tested by such 
methods (18). A n isotopic dat ing technique that can direct ly assign age to 
bone samples dat ing to the M i d d l e Pleistocene w o u l d be of major significance 
i n the cr it ical study of the processes invo lved i n the b iocultural evolut ion of 
humans. 

Basis of Radiocalcium Dating Method 

A l t h o u g h the idea of using 4 1 C a for dating had been suggested earl ier (19), 
Raisbeck and Y i o u (20) p rov ided the first detai led outl ine of a dating m o d e l 
for the radiocalc ium method. F i g u r e 1 outlines the method and is based on 
their discussion. Because it has a half-life of about 100,000 years, 4 1 C a could 
potential ly be used to infer the ages of calc ium-containing samples (e.g., 
bone and C a C 0 3 contained i n soils) over about the last m i l l i o n years. L i k e 
1 4 C , 4 1 C a is produced by cosmic ray neutron secondaries; however, the bu lk 
of 4 1 C a is not made i n the atmosphere l ike 1 4 C . 4 1 C a is produced pr imar i l y 
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t , / 2 = C O . 100,000 YEARS 

Figure 1. Radiocalcium dating model: production, distribution, and decay of 
41Ca. After Raisbeck and Yiou (20) and Taylor (21). 

i n the upper meter of the soil profile by neutron capture on 4 0 C a . The 
cosmogenic 4 1 C a is mixed w i t h the other naturally occurring calc ium isotopes 
into the surface soils through ground water action. C a l c i u m is taken up into 
the plant tissue i n the form of C a 2 + through ion absorption by the root 
system. Radiocalc ium is then incorporated into bone through ingestion of 
plants (21). 

A 4 1 C a / 4 0 C a e q u i l i b r i u m ratio is maintained i n l i v ing organisms by ex
change and metabolic processes. In contrast to 1 4 C dating, where the death 
of an animal or plant and the isolation of a sample from one of the carbon 
reservoirs constitutes the t = 0 event (0 B .P . ) , the t = 0 event i n the 4 1 C a 
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17. T A Y L O R E T A L . Radiocalcium Dating 325 

method occurs w h e n a sample is shielded from the effect of the cosmic-ray-
produced neutron irradiation (e.g., by the placement of a sample deeper 
than about 3 m of soil or rock overburden). This shie lding could be accom
pl ished either by bur ia l or placement i n a cave-rock shelter environment . 
Age inferences are made on the basis of the measurement of the residual 
4 i C a w i t h respect to the stable isotopes of C a . 4 1 C a decays to 4 1 Κ by electron 
capture and the emission of a neutrino. To direct ly use changes i n 4 1 C a / C a 
ratios to accurately infer an age for calc ium-containing samples, certain f u n 
damental assumptions must be made. These assumptions inc lude 

1. that the in i t ia l concentration of cosmogenic 4 1 C a i n samples 
has remained essentially constant over the projected 4 1 C a t ime 
scale (or that appropriate corrections can be made for docu
mented variations) 

2. that the 4 1 C a / C a ratio i n a sample has not been altered except 
by 4 1 C a decay since the sample was shielded from the effects 
of neutron irradiation (i.e., no postdepositional exchange-
contamination of the i n situ 4 1 C a has occurred or b u i l d up of 
new 4 1 C a by neutrons from natural radioactivity [uranium and 
thorium]) 

3. that mix ing of cosmogenic 4 1 C a i n the calc ium source for a 
sample has occurred over a relatively short per iod of t ime i n 
comparison to the half-life of 4 1 C a 

4. that the half-life of 4 1 C a is accurately k n o w n 

5. that natural levels of 4 1 C a can be measured w i t h i n reasonable 
levels of uncertainty. 

F r o m a technological point of v iew, the 4 1 C a method current ly stands 
at the same point i n its development as the 1 4 C method d i d i n about 1946-47. 
The favored mode of product ion for 1 4 C had been known for some t ime 
(thermal neutrons on 1 4 N ) and, on the basis of this and several other con
siderations, L i b b y formulated a dating model . H o w e v e r , the half-life was 
st i l l somewhat uncertain and the in i t ia l measurements of natural 1 4 C con
centrations were just be ing made. Rout ine low- leve l counting was several 
years away. There were no experimental data to support several fundamental 
assumptions on w h i c h the practical use of 1 4 C w o u l d depend. L i b b y h imse l f 
w o u l d later say (22) that he was ini t ia l ly concerned that his " n o t i o n " of 1 4 C 
dating was "beyond reasonable credence" . 

F o r al l its comparisons to 1 4 C , the 4 1 C a method has potential ly serious 
deficits that could easily put quite r ig id constraints on the types of deposi -
tional environments that cou ld be expected to give straightforward results. 
F o r example, the fact that l i thospheric rather than atmospheric product ion 
predominates raises the strong possibi l i ty that local ized mix ing and erosion 
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may have caused significant variations i n in i t ia l 4 I C a / C a ratios i n many e n 
vironments . In addit ion , because samples that have not been b u r i e d deeply 
enough w i l l continue to be subjected to 4 1 C a formation from the cosmic ray-
generated neutron secondaries, the bur ia l histories of samples may affect 
4 1 C a concentrations. A l so , it is reasonable to expect post-depositional ex
change of calc ium i n some samples through ground water contact. These 
and other diagenetic factors suggest that samples from each site or locality 
might exhibit unique in i t ia l 4 1 C a concentrations. A n advantage of the pro j 
ected 4 1 C a method is that studies can be carr ied out on the samples t h e m 
selves and do not necessarily depend on access to the actual b u r i a l 
environment , as is the case w i t h T L , E S R , A A R , and obsidian hydrat ion 
applications that require temperature and local radiation dose levels to be 
measured to rather close tolerances to achieve reasonable accuracy. 

Major Issues in the Development of the 4 1 C a Method. To de 
velop a practical method of using 4 1 C a concentrations i n calc ium-containing 
samples to infer age and to determine the degree of general appl icabi l i ty , a 
series of studies must be undertaken that, i n broad outl ine, w o u l d paral le l 
the in i t ia l set of experiments that established the general ut i l i ty and accuracy 
of the 1 4 C method. A l l of the experiments that w o u l d be needed to d e m 
onstrate the usefulness of the proposed 4 1 C a method w o u l d require a practical 
and effective means of routinely measuring natural 4 1 C a values i n terrestrial 
samples. A practical measurement technology and sample preparation m e t h 
odology is be ing developed against the backdrop of the fo l lowing consid
erations and experimental data. 

Natural 4 1 C a Equilibrium Concentrations in Terrestrial Sam
ples. T h e e q u i l i b r i u m concentration (or "saturat ion" values) of 4 1 C a i n 
terrestrial (near-surface) samples was ini t ia l ly estimated by using the re la 
t ionship expressed i n equation 1 as given by Raisbeck and Y i o u (20) 

where / is the thermal neutron flux, σ is the cross section of the reaction, 
ti/2. is the half-life of 4 1 C a , and t is the per iod of exposure. I f it is assumed 
that t is m u c h greater than tyz (ca. 10 5 years), σ = 4.4 Χ 10 " 2 5 c m 2 , and 
/ = 3 X 10~ 3 neutrons c m " 2 s"1 i n the upper meter of soi l (23), then 4 1 C a / 

4 0 C a is about 10" 1 4 (24). This value indicates that for max imum usefulness 
i n dat ing applications, it w o u l d be necessary to determine 4 1 C a / 4 0 C a ratios 
i n the range of 1 0 1 4 to 1 0 1 5 . 

Half-life of 4 1 C a . Pub l i shed values for the half-life of 4 1 C a range 
from 0.7 Χ 1 0 5 to 1.7 Χ 1 0 5 years w i t h stated uncertainties ranging as h i g h 

(1) 
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as 3 0 % (see the references i n references 25 and 26). Raisbeck and Y i o u (20, 
27) used 1.3 Χ 1 0 5 years, whereas other researchers have used values of 
about 1.0 Χ 1 0 5 y. T h e most recent value of tV2 = 1.03 ± 0.04 Χ 1 0 5 years 
was de termined from the relative yields of 4 0 C a ( n , 7 ) 4 1 C a to 4 1 C a ( n , y ) 4 5 C a 
by M a b u c h i et a l . (26). Unfortunately , no direct measurement of the half-
life v ia specific activity has been performed. This measurement w o u l d i n 
volve a mass spectrometric determination of the 4 1 C a i n a h ighly enr i ched 
sample and an activity measurement. T h e activity measurement poses the 
greater prob lem because the only detectable radiation i n the decay of 4 1 C a 
is soft X-rays and A u g e r electrons of around 3-keV energy. Efforts to achieve 
a direct measurement of the half-life of 4 1 C a by measuring its specific activity 
are underway. 

Measurement of Natural 41Ca Concentrations in Terrestrial 
Samples 

W i t h the development of A M S methods of isotope detection, i t has become 
feasible to examine the potential of 4 1 C a dating of bone and other ca l c ium-
containing samples. C o u n t i n g 4 1 C a at natural levels (i.e., at l ow activities) 
is very difficult because, in addit ion to the long half-life and consequently 
low specific activity, decay is by electron capture that emits a low-energy 
X - ray and Auger-e lectron. H o w e v e r , by using A M S techniques, it is possible 
to measure a 4 1 C a ion direct ly , even i n the presence of a stable e lement of 
the same atomic mass ( 4 1 K , w i t h 6.7% natural abundance). A M S measure
ments involve the acceleration of ions to sufficiently h igh energies that the ir 
atomic n u m b e r can be determined . This acceleration usually involves a final 
energy of at least 5 M e V / a t o m i c mass unit (amu), so that ions w i t h adjacent 
values of Ζ have appreciably different energy losses i n a t h i n detector, or 
that a l l the electrons can be removed from the ions so that they can be 
separated electromagnetically. F o r 4 1 C a , the presence of the relatively abun
dant stable isobar means that separation at the final energy must be carr ied 
out very efficiently. 

Since 1980, several groups have examined various approaches to the 
measurement of 4 1 C a . U s i n g the A l i c e accelerator facility at Orsay, Raisbeck 
and Y i o u (27) accelerated C a ions to about 1 M e V / a m u i n a l inear accelerator, 
str ipped off enough electrons to make C a 1 4 + ions, and then accelerated these 
ions to 7.5 M e V / a m u i n a cyclotron. These ions were further str ipped to 
C a 2 0 + , analyzed i n a magnetic spectrometer, and measured i n a detector 
telescope that measures both the ir specific energy loss (ΔΕ) and total energy 
(E). As expected, the pr inc ipa l background was from 4 1 K . These experiments 
demonstrated that energy levels cou ld be attained that correspond to 4 1 C a / 
^ C a = 10 " 1 2 i n enr i ched samples. This method was not efficient enough to 
measure natural 4 1 C a concentrations. In an alternative approach, Raisbeck 
et al . (28) de termined that by starting w i t h C a H 3 " , w h i c h is an easily formed 
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negative molecular i on , it was possible to obtain enormously improved 
suppression of the 4 1 K background, because K H 3 ~ does not form readily , i f 
it forms at a l l . T h e C a H 3 ~ ion could then be injected into a tandem elec
trostatic accelerator to achieve a h igh enough final energy that magnetic 
analysis -detect ion could separate 4 1 C a from the remaining 4 1 K . 

T h e approach just descr ibed has been evaluated by several groups. A 
detai led study was made by F i n k et al . (29), who injected both 4 1 C a O " and 
4 1 C a H 3 - from artificially enr i ched samples ( 4 1 C a / 4 0 C a = 2 Χ 10" 1 2) into 
the Rehovot Pe l l e t ron tandem accelerator (30). A l though a final 4 1 C a energy 
of only 130 M e V was obtained, the 4 1 K interference was strongly suppressed 
by the 4 1 C a H 3 ~ inject ion. F i n k et al . achieved sensitivities of 4 1 C a / 4 0 C a = 
1 X 10" 1 1 for C a O " inject ion and 5 X 10" 1 2 for C a H 3 ~ . This sensitivity was 
st i l l not good enough for natural terrestrial samples because of the low 
negative ion y i e l d and the presence of 4 2 C a H 2 ~ and 4 3 C a H ~ in the injected 
ion beams that, i n the absence of a velocity-sensitive e lement i n the analysis 
system, resulted i n h igh background count rates. M o r e recently, 4 1 C a / C a 
ratios i n the range of 10 ~ 1 2 have been measured i n meteorites at the A M S 
tandem facilities of Rehovot(3I) and Rochester (32). 

T h e first direct measurement of the terrestrial 4 1 C a concentration i n 
natural samples was accomplished at the Argonne National Laboratory w i t h 
the Argonne tandem linac accelerator system ( A T L A S ) fo l lowing the preen -
r i chment of the 4 1 C a w i t h a C a l u t r o n isotope separator at the Oak Ridge 
Nat ional Laboratory (33). A calibration sample w i t h a k n o w n 4 1 C a concen
tration (artificially enr i ched i n 4 1 C a by neutron irradiation) was inc luded to 
check on the accuracy of the enr ichment factors determined from the con
centration of ^ C a col lected d u r i n g the preenr ichment process. O n the basis 
of the data from the the cal ibration sample, it was determined that the 
preenr ichment factors calculated on the basis of 4 2 C a data were accurate to 
± 1 5 % . 

C a l c i u m extracted from a modern bovine bone and from surface and 
b u r i e d l imestone was preenr i ched by about 2 orders of magnitude. T h e 
ca lc ium as 4 1 C a H 3 ~ was accelerated i n a negative-ion sputter source for 
injection into the tandem accelerator. Aga in , C a H 3 " ions were chosen to 
greatly reduce isobaric interference from 4 1 K . Very efficient suppression of 
ne ighbor ing stable C a isotopes was achieved through the combined filtering 
action of the velocity-focussing l inac and the magnetic beam-transport sys
tem. A n E n g e split-pole magnetic spectrometer filled w i t h nitrogen was 
used for particle identif ication. This method very efficiently separated 4 1 C a 
from the interfer ing stable 4 1 K isobar. 

Table I lists the results of this experiment. A metall ic calc ium sample 
was prepared from l imestone from an 11-m depth and was not preenr iched . 
The sample was assumed to contain no cosmogenic 4 1 C a at the instrumental 
detection l imi t of the A M S system used, because of its geological age (Mes -
ozoic) and bur ia l depth . N o counts were observed for a t ime approximately 
three times longer than that for the bone sample. F r o m the measurement 
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Table I. 4 1 C a / C a Concentrations in Natural Preenriched Terrestrial Samples 
Preenrichment Inferred 

Sample Observed 41Ca/Caa Factor* Original 41CaICac 

Limestone r f <5.8 x ίο-14 1 _ 
(11 m) 3.0 ± 0.6 x io- 1 2 151 2.0 ± 0.5 x 1 0 1 4 

Modern bone 
Limestone 8.8 ± 4.4 x 1 0 - 1 3 116 7.6 ± 4.5 x 1 0 - 1 5 

(surface) 
Limestone 4.0 ± 1.9 x 1 0 - 1 3 117 3.4 ± 2.1 x 1 0 1 5 

(11m) 
The quoted errors in this column reflect counting statistics only. 
fePreenrichment factor estimated to be accurate to about ±15%. 
O n the basis of previous experiments with other measurements on the same AMS system, the 
systematic errors are estimated to be about ±15%. The quoted errors in this column reflect 
both counting and systematic errors. 
^Sample was not enriched. 
SOURCE: Adapted from ref. 33. 

of this sample, it was conc luded that 4 1 C a / C a ratios as l ow as about 6 X 
10 1 4 can be unambiguously measured w i t h the A M S system. B y using p r e e n 
r i ched samples w i t h more than 2 orders of magnitude enr ichment , 4 1 C a / C a 
ratios as low as about 5 Χ 1 0 - 1 6 can be inferred. The preenr i ched bone and 
l imestone samples show 4 1 C a / C a ratios w e l l above the l i m i t observed w i t h 
the background sample. In our v iew, these results exclude instrumental 
effects and cross contamination i n the ion source from the calibration sample 
as the or ig in of the observed 4 1 C a . The inferred 4 1 C a / C a ratio actually meas
u r e d i n modern bone, 2.0 ± 0.5 Χ 10" 1 4 , is somewhat higher than the value 
estimated by Raisbeck and Y i o u (20). It was expected that the surface l i m e 
stone w o u l d exhibit about the same 4 1 C a / C a ratio as the modern bone sample 
and that the ratio for the 11-m limestone w o u l d be several orders of mag
nitude below this. However , both l imestone samples (within error) showed 
4 1 C a concentrations that were two to three times lower than expected. U n 
fortunately, the large experimental errors on the l imestone samples prevent 
any compel l ing interpretation for the results on the l imestone. A n u m b e r 
of possible explanations w o u l d account for these results. 

Critical Examination of the 41Ca Dating Model 

T h e development of an effective method of measuring natural 4 1 C a concen
trations i n terrestrial samples w i l l permit a cr it ical examination of the 4 1 C a 
dating model . A series of interrelated issues needs to be addressed to de
termine the feasibility of the method. These issues w o u l d involve invest i 
gations relating to 

1. variations i n 4 1 C a / C a values between modern samples and 
samples of " inf ini te age" (> 1 0 6 years) as far as the ir cosmo
genic 4 1 C a content is concerned 
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2. variations i n 4 1 C a content i n contemporary samples that have 
ideal preservation histories (i.e., no postdepositional exchange 
of calcium) from a variety of geographical areas 

3. 4 1 C a variabi l i ty i n samples that have been subjected to varying 
degrees of ca lc ium exchange 

4. differences i n the 4 1 C a content of contemporary samples re 
covered from a range of biogeochemical environments 

Unfortunately , there appears to be l i t t le fractionation of C a isotopes i n 
the natural environment . Th is v i ew was supported b y 4 0 C a / uCa measure
ments made on a w ide range of contemporary marine and terrestrial samples. 
I f this situation was also observed i n fossil bone, it w o u l d mean that that 
there w o u l d be no clues from the distr ibut ion of the stable C a isotopes to 
indicate i f isotopic exchange had occurred i n samples (34). B y using tech
niques out l ined i n reference 34, Papanastassiou recently measured the 4 0 C a / 

M C a ratios i n two fossil bone samples suppl ied by Taylor. W i t h i n exper i 
mental error, the ^ C a / ^ C a ratios of these two fossil bone samples are w e l l 
w i t h i n the narrow range observed i n contemporary terrestrial samples W e 
concur that C a stable isotope analysis w i l l not be useful i n identi fy ing post
deposit ional isotopic exchange i n fossil bone samples. 

I f variations i n contemporary 4 1 C a concentrations fall w i t h i n a relatively 
narrow range, then the age of samples may be inferred without a detai led 
knowledge of the geochemical status of the calc ium source(s). The current 
expectation, however , is that there may be significant variations i n contem
porary 4 1 C a content as w e l l as variations i n 4 1 C a content as a result of d i -
agenetic processes. Because of these variations, it may be necessary to treat 
each deposit ional situation (e.g., cave, rock shelter, sedimentary deposit) as 
a separate geochemical system. Because of the potential complexity of the 
factors that can influence the 4 1 C a content of samples, we are current ly 
operating under the assumption that the technique needs to be developed 
under conditions for w h i c h the accuracy of the 4 1 C a age estimates can be 
rigorously gauged and tested. W h e n the basic parameters of the method are 
def ined, it w i l l be necessary to examine a series of bone and other ca l c ium-
containing samples from long stratified sequences that extend from upper 
layers datable b y the 1 4 C method (either by decay or direct counting) down 
into o lder portions of the deposit current ly off the 1 4 C scale. A n evaluation 
of results from several localities w i t h contrasting ground water conditions, 
types of soils, and other geochemical environments w o u l d be requ i red to 
permi t cr i t ical judgments to be made of the general appl icabi l i ty of the 
method. 

Current Studies 

A systematic investigation of the 4 1 C a dating mode l requires that a practical 
means be available to measure 4 1 C a / C a ratios at natural concentrations i n 
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terrestrial samples w i t h a reasonable precision. W e are invo lved i n several 
types of studies to meet this goal. O u r first study is concerned w i t h the 
development of sample preparation methods that can be appl ied to appro
priate terrestrial samples. T h e current focus of these studies is on improve 
ments i n procedures that can be used to extract calc ium from bone samples 
and to prepare an appropriate chemical compound that can be direct ly used 
i n the i on source of an A M S system. This research involves the preparation 
of metal l ic ca lc ium. A second set of studies is concerned w i t h further i m 
provements i n A M S operating conditions and efficiencies and is part icularly 
d irected at developing the capacity to obtain 4 1 C a / C a measurements i n the 
range 10~ 1 4 to 10~ 1 5 without the need for preenr ichment . 

To reach the l eve l of sensitivity requ ired to examine natural 4 1 C a con
centrations i n terrestrial materials, it has been necessary to use a p r e e n 
r i chment step i n the analysis. Preenr i chment is a lengthy and costly operation 
w i t h inherent l imitations on the achievable accuracy. These conditions just 
ment ioned are hardly consistent w i t h the large number of samples that w i l l 
be needed to understand the systematics of 4 1 C a distr ibut ion i n the natural 
terrestrial environment . 

A crucial p rob l em i n the development of the A M S method for direct 
4 1 C a / C a measurements at natural terrestrial levels wi thout preenr ichment 
involves the improvement of the overal l detection efficiency. C u r r e n t l y , the 
major l imitat ion is the low y i e l d of negative ions from the Cs -beam sputter 
source. However , encouraging results have been reported by R. M i d d l e t o n 
and Sharma (35, 36) who observed C a H 3 " currents from freshly prepared 
C a H 2 materials that were 1 to 2 orders of magnitude h igher than previously 
obtained (30-33). It w i l l be interest ing to see whether this material w i l l be 
suitable for routine measurement of natural samples. T h e use of another 
negative ion , C a F " , has been investigated at the M u n i c h tandem accelerator 
facility (37). B y boosting the energy of tandem-accelerated 4 1 C a ions w i t h a 
l inear accelerator and by apply ing the ful l -s tr ipping technique, natural 4 1 C a / 
C a ratios have recently been measured at a l eve l of 4 1 C a / C a of 10 ~ 1 2 i n 
meteorit ic samples (38). 4 1 C a concentrations i n meteorites had been meas
ured at this leve l before w i t h modest beam currents from metal l ic ion source 
samples at two other laboratories (31, 32). 

In a different approach, a posit ive- ion source was used i n a first test of 
the heavy ion l inear accelerator ( U N I L A C ) at Gesellschaft fur Schwer ionen-
forschung (GSI) Darmstadt by Steinhof et al . (39). 4 1 C a 3 + ions were extracted 
from a penning-sputter source and accelerated to 14 M e V / a m u . T h e 4 0 C a 3 + 

output current of the ion source was about 100 μΑ. T h e combinat ion of a 
velocity-focussing accelerator and a magnetic ion-beam transport system 
completely e l iminated background from the other ca lc ium isotopes. F u l l 
s tr ipping and detection of 4 1 C a 2 0 + i on w i t h a magnetic spectrograph prov ided 
separation from isobaric 4 1 K and, at present, a sensitivity of < 2 Χ 10" 1 5 . 

A t Argonne , a new positive ion injector for A T L A S based on an electron 
cyclotron resonance ( E C R ) plasma ion source is under construction (40). T h e 
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E C R source promises to provide highly charged positive C a ions w i t h h igh 
efficiency for inject ion into the superconducting l inear accelerator. W h e n 
this injector is ready, a 4 1 C a detection l ike that described i n the G S I ex
per iment w i l l be attempted w i t h its goal to reach 4 1 C a / C a sensitivities for 
measurements at natural concentration levels. 

Summary 

T h e abi l i ty to provide an independent temporal scale for the M i d d l e P le i s 
tocene comparable to that established for the E a r l y Pleistocene by K / A r 
values and for the late Quaternary w i t h 1 4 C data w o u l d be of major signif
icance i n prov id ing cr i t ical data that w o u l d impinge on several important 
debates underway among paleoanthropologists. F o r example, d i d h o m i n i d 
evolut ion d u r i n g the M i d d l e Pleistocene occur as the result of slow, gradual , 
cumulat ive modifications i n morphology and behavior (41), or were there 
long periods of relatively l i tt le variation, punctuated w i t h rapid , major a l 
terations (42). This controversy goes beyond the details of h u m a n evolut ion 
into theories of evolutionary process i n general. Unfortunately , the present 
lack of precis ion i n the chronological framework for the most cr it ical intervals 
do not permit a definit ive resolution of the arguments about h o m i n i d evo
lut ion , part icularly , questions that deal w i t h the evolution of anatomically 
modern Homo sapiens and its relationship to archaic Homo sapiens. 

T h e taxon Homo is w ide ly accepted as having evolved from Homo er-
ectus precursors d u r i n g the M i d d l e Pleistocene. The oldest specimens gen
erally classified as Homo sapiens are between 120,000 and 400,000 years 
o ld . However , the archaic forms of Homo sapiens a l l show skeletal mor 
phologies that are outside the range of variations known i n the l i v i n g races 
of humans. M o d e r n fossil skeletons d i d not become common u n t i l about 
30,000 years ago. W h a t was the nature of the process that gave rise to 
anatomically m o d e r n Homo sapiens? D i d our own species originate i n one 
specific region and from there spread rapidly , assimilating preexisting archaic 
populations elsewhere, or d i d the process occur i n a n u m b e r of separate 
regions essentially concurrently? Various intermediate mechanisms are also 
possible. The role of the Neanderthal variant i n this process has long been 
debated (43-45). 

Simi lar uncertainties surround the question of whether cultural deve l 
opments involve gradual incremental progress or some abrupt transitions. 
A n example of such a controversy is the relationship of the variants of the 
mousterian industr ia l pattern to the " U p p e r Paleo l i th ic " industries of western 
Euras ia . F u n d a m e n t a l to these and other s imilar archaeological and paleoan-
thropological questions is the accuracy of the chronological framework for 
the relevant fossil and artifact record. T h e absence of rel iable method to 
unambiguously assign specific ages to hominids known to be, or thought to 
be, more than 30,000 to 50,000 years o ld and younger than the current 
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corpus of rel iable K / A r values that begin at about 750,000 to 1 m i l l i o n years 
B . P . , inhibits the abi l i ty to reconstruct the details of the phylogenetic and 
cul tural relationships among the M i d d l e and Late Pleistocene H o m i n i d a e . 
T h e development of a rel iable isotopic dat ing method that is applicable to 
bone and could document this crit ical per i od i n h o m i n i d evolution w o u l d 
have a major impact on many important paleoanthropological and archaeo
logical issues. 
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18 
Human Bones as Archaeological 
Samples 

Changes Due to Contamination and Diagenesis 

A. El-Kammar1, R. G . V. Hancock2, and Ralph O. Allen3 

1Faculty of Science, Cairo University, Giza , Egypt 
2Department of Chemical Engineering & Applied Chemistry, and the 
S L O W P O K E Reactor Facility and the Department of Chemical Engineering and 
Applied Science, University of Toronto, Toronto, Ontario, Canada M5S 1A4 
3Department of Chemistry, University of Virginia, Charlottesville, VA 22901 

While the inorganic matrix of human bones can survive, it can also 
be contaminated by the soil in which it was buried. Instrumental 
neutron activation analysis and X-ray fluorescence can be used to 
detect levels of contamination. Microscopic studies show that voids 
in the inorganic matrix can be filled with new mineral deposits that 
have resulted from diagenesis and contamination. 

H U M A N B O N E S B E C O M E A R C H A E O L O G I C A L S A M P L E S because an inorganic 
minera l phase (poorly crystall ine hydroxylapatite) develops i n association 
w i t h organic material such as collagen and l ipids i n the human body (I). 
After b u r i a l , the organic material gradually decomposes and leaves b e h i n d 
the inorganic minera l phase. There is a great variabi l i ty i n the rate at w h i c h 
the organic fraction i n bone decreases. This variabi l i ty is especially pro 
nounced in b u r i e d bone. A l though modern bones contain about 3 5 % (by 
weight) organic mater ia l , b u r i e d bones obtained as archaeological samples 
can contain anywhere between 0% and 3 5 % organic material . 

M a n y studies have been directed at understanding the changes that 
occur i n the organic port ion of b u r i e d bone (2); however, the inorganic 
components of bone can also be affected b y bur ia l . O n e goal of this study 
was to investigate some archaeological bones to show how the inorganic 
components were affected by bur ia l . T h e archaeological bones investigated 

0065-2393/89/0220-0337$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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were a l l from E g y p t and represented ages ranging from the Predynastic (ca. 
5500 B.P. ) to the Roman (ca. 2000 B.P.) periods. Some of the samples were 
from mummies that were protected from direct contact w i t h soils. O t h e r 
bones had been b u r i e d . Another goal of these studies was to investigate the 
value of two types of analysis ( instrumental neutron activation analysis and 
X - r a y fluorescence) for the rap id screening of bone samples to determine 
their state of contamination. 

T h e idea that the inorganic composition of bone could y i e ld information 
about ancient h u m a n diet has been pursued for over a decade (3, 4). These 
studies have shown that soi l contamination can complicate and even i n v a l 
idate the interpretat ion of trace e lement data obtained by analyzing archae
ological bones ( 5 -7 ) . 

I f only the surface of a bone specimen were contaminated by the soi l , 
then i t might be possible to clean the surfaces before analysis (5). Problems 
of sample contamination can be overcome by determining w h i c h trace ele
ments are least affected b y the soils and the diagenesis of the bones t h e m 
selves. F o r example, Sr and Z n have been found to be less sensitive to soil 
contamination than several other elements. Through the studies of ancient 
bones, the theory has evolved that the Sr concentration i n bone is inversely 
proport ional to the prote in or meat intake i n the human diet. A l t h o u g h Sr 
is generally found at l ow levels i n meat (as compared to plants), the Z n levels 
i n meat are h igh (8). Rhe ingo ld et a l . (9), used this information to demonstrate 
that the concentration of Sr and Z n i n the bones of modern animals depends 
upon diet. Research w i t h animals fed control led diets has been suggested 
to determine whether a series of trace elements could be used to prov ide a 
mul t id imens ional pattern analysis that w o u l d discriminate between different 
diets (10). 

Because of the wel l - recognized problems of diagenesis and contami
nation, the question of using trace elements to obtain information on diet 
remains uncertain. There have been new proposals on how to obtain add i 
t ional information from archaeological bones. Taylor and coworkers (11, 12) 
have proposed using 4 1 C a as a means of dat ing bones that have been b u r i e d 
(or placed i n caves) deep enough to shie ld them from the cosmic ray b o m 
bardment. T h e introduct ion of " m o d e m " material into ancient samples can 
seriously affect the accuracy of the isotopic data. To know the re l iabi l i ty of 
the proposed 4 1 C a dating procedure , it is important to know the extent to 
w h i c h diagenesis can introduce modern C a into the minera l matrix of ancient 
bones. F o r b u r i e d bones, modern C a could be introduced by recrystall ization 
of the hydroxylapatite. This recrystall ization involves exchange w i t h C a i n 
the environment or the filling of voids (left b e h i n d as the organic components 
weather away) b y new Ca-containing minerals. These studies were also d i 
rected at observing the mechanism for this type of contamination or exchange 
w i t h one of the major components. 
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Materials and Methods 

M o d e r n human bone samples were analyzed to test the instrumental neutron 
activation analysis ( INAA) and to he lp establish more complete information 
on the natural levels of several trace elements in modern bones. The modern 
bones inc luded seven samples of cortical bone and 16 samples of cancellous 
bone (eight of w h i c h were defatted). A l l samples were obtained from femoral 
heads. T h e data obtained for these 23 samples and a further description of 
the I N A A technique have been reported elsewhere (13). F o r the purpose 
of comparison w i t h the archaeological bone samples, this data obtained by 
using the same I N A A technique is summarized i n this chapter. 

T h e archaeological bones inc luded eight samples from mummies in the 
col lection of the Royal Ontar io M u s e u m (Toronto, Canada). Three of these 
samples were about 3200 years o ld (from Nakht) , one was about 3700 years 
o ld (from George), and four were from Roman period mummies and were 
about 4000 years o ld . F i v e samples of human bones that had been b u r i e d 
in the soil were collected at archaeological sites on the eastern side of the 
N i l e D e l t a at Te l -Roba . O n e sample was analyzed from each of the fo l lowing 
periods: the Predynastic per iod (ca. 5500 B.P. ) , the early Dynast ic per iod 
(4000-3000 B . P.), the later Dynast i c per iod (3000-2000 B . P.), and the Roman 
per iod (ca. 2000 B.P. ) . In addit ion, one tooth from an early Dynast ic per iod 
(ca. 4000 B.P.) grave at Te l -Roba was also analyzed. These five samples were 
al l c leaned to remove surface contamination by a d r i l l fitted w i t h a carbo
r u n d u m abrading bit . F o r one Roman per iod sample there was evidence of 
a fire above the grave and some soil was fused to the bone. 

In an earlier paper (13), the I N A A procedure was described and com
pared to the chemical analysis of bone by using induct ive ly coupled plasma 
emission spectroscopy ( I C P E S ) . The I C P E S technique requ i red dissolution 
of the ashed sample before analysis, but otherwise the techniques proved 
to be quite comparable. In this study, some of the samples were analyzed 
by using X - ray fluorescence ( X R F ) to determine whether there was adequate 
sensitivity for the study of contamination i n archaeological bone. 

F o r the I N A A procedure, d r i e d samples (100-600 mg) were placed i n 
polyethylene vials and irradiated for 1-3 m i n i n the S L O W P O K E Reactor 
at the Univers i ty of Toronto (flux of ΙΟ" 1 1 η c m " 2 s"1). The Ρ was measured 
w i t h the 3 1 Ρ (η, α) ^ A l reaction. To measure the actual concentration of P, 
the same samples were irradiated a few days later under identical conditions 
whi l e wrapped i n cadmium foi l (14). This step al lowed for a correction i n 
samples for w h i c h there was significant A l contamination. A l though the I N A A 
procedure could provide a clear indication of soil contamination, the cor
rections were large whenever badly contaminated soils were encountered. 
If soil contamination was expected, the d r i e d bone samples were analyzed 
by X - r a y fluorescence. T h e analysis was performed w i t h a wavelength d is -
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persive X - ray spectrometer ( X R D - 7 0 0 , D i a n o Corporation) , and calculations 
were carr ied out w i t h a fundamental parameters program (Corset). 

F o r bones that had been b u r i e d i n contact w i t h the soi l , a scanning 
electron microscope ( S E M ) (JSM-35) was used to examine the samples. A 
Kevex X - r a y system (Si(Li) detector and associated analytical programs) was 
used to provide semiquantitative analysis of particles observed w i t h the 
S E M . This analysis, along w i t h the crystal morphology, were used to identify 
the minerals i n the bone samples. X - ray d i i r a c t i o n w i t h C u - K a radiation 
( N i filter) prov ided information on the minerals i n the bu lk bone samples. 
Powder patterns were obtained w i t h a Ph i l l ips diffractometer. 

Results and Discussion 

W i t h the neutron activation procedure, the measurement of Ρ is rel iable 
only w h e n there is very l i tt le A l (<20 ppm), or w h e n an ep i thermal irradiat ion 
(Cd-covered) is used to correct for the direct activation of 2 8 A l from the A l . 
F o r badly contaminated samples, the X - ray fluorescence data are more suit
able for the Ρ determinat ion. T h e sequential irradiation procedures (with 
and without cadmium) showed that many of the m u m m y samples were 
contaminated to some extent and contained more than 20 p p m of A l . 

Ρ and C a were the major components of the inorganic minera l phase 
(presumably hydroxylapatite), although the concentrations i n these E g y p t i a n 
bones var ied considerably (Table I). This was not surpris ing because it was 
anticipated that the bone samples could contain variable amounts of organic 
matter. T h e organic component dilutes the C a and P. T h e d i lut ion factor is 
usually de termined by analyzing ashed bone samples. Because we were 
interested i n knowing how w e l l some of the samples were preserved, the 
archaeological samples were d r i e d and not ashed before analysis. 

The effect of ashing samples is shown i n Table I and i n F i g u r e 1. Sample 
13 (*) is the average of the concentrations of C a and Ρ i n the 23 modern 
bone samples (values ranged from 9% to 2 4 % C a and 4% to 10.2% P). W h e n 
the modern samples were ashed at 600 °C and reanalyzed, the values ob
tained by the I N A A procedure c lustered close to the average values of 39.9 
± 0 .8% C a and 18.8 ± 1.0% P, shown as 14 (•) i n F i g u r e 1. This result 
agrees w i t h the theoretical values (40.3% C a and 18.4% P) for these elements 
i n hydroxylapatite. T h e l ine drawn through these points and the or ig in 
represents the d i lut ion of the minera l phase by the organic port ion of the 
bones. W h e n archaeological samples are analyzed and plotted on this d ia 
gram, the posit ion of the data point can be used to indirect ly estimate the 
amount of organic material remain ing i n the sample. 

Despi te the range i n the absolute concentrations of C a and P, F i g u r e 
1 indicates that for the most part the C a / P ratios are nearly those expected 
for the d i lut ion of hydroxylapatite, w h i c h has a weight ratio of 2.16. T h e 
straight l ine i n F i g u r e 1 is that expected for the s imple d i lut ion of hydroxy l -
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40 

Figure 1. Ca and Ρ concentrations in Egyptian bones. Key: o, samples from 
mummies; Δ , buried bones; Ο and ' buried samples corrected for dilution by 

the organic component and soil contamination. 

apatite ( C a 1 0 ( P O 4 ) 6 ( O H ) 2 ) . A plot of the analyses of the m u m m y samples 
(Figure 1, o), shows that these bones st i l l contain considerable organic m a 
terial . A l l but one of the samples (No. 9 w h i c h was a vertebra sample from 
a Roman per iod mummy) show higher C a and Ρ concentrations than the 
average of the 23 modern bone samples. These concentrations suggest some 
loss of the organic fraction for these m u m m y bones. The reason for sample 
N o . 9 having such l ow C a and Ρ concentrations is, i n part, the result of 
mummif icat ion . T h e h igh levels of N a indicated the presence of salt, w h i c h 
was used i n prepar ing the remains for bur ia l . 

F o r bones b u r i e d i n the soil , the organic fraction is not the only d i luent 
of hydroxylapatite. F o r example, the samples from Te l -Roba ( Δ i n F i g u r e 
1) suggest that substantial amounts of organic material remain i n so i l -bur ied 
samples, although generally more organic material is found i n i n the m u m m y 
samples. H o w e v e r , w h e n these Te l -Roba samples were ashed (to 500 °C), 
the weight loss (Table I) was not as large as suggested by the posit ion of the 
data points i n F i g u r e 1. F o r example, the C a and Ρ concentrations i n the 
Roman per iod sample (No. 12) suggest that samples from this per i od con
tained as m u c h organic material as the modern samples (No. 13). H o w e v e r , 
only a 0.84% weight loss occurred on ignit ion. 
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344 A R C H A E O L O G I C A L C H E M I S T R Y 

T h e prob lem w i t h these b u r i e d samples is d i lut ion by the soil that 
remained despite careful c leaning of the surfaces. I f these badly contami
nated samples were analyzed by I N A A , the corrections to the Ρ concentra
tions w o u l d be very large because of the h igh A l levels. The X - r a y 
fluorescence technique, thus, may screen bones that may be contaminated 
w i t h soils. S i and A l concentrations were measured i n the Te l -Roba samples, 
and the values were converted to the weights of S i O £ and A l 2 0 3 . B y assuming 
that a l l of the S i 0 2 and A l 2 0 3 were contaminants (clay and quartz), corrected 
concentrations of C a and Ρ i n the bone were calculated. These corrected 
value [pr imed numbers i n F i g u r e 1], were calculated by adding the weight 
fractions of organic material (loss on ashing) and the fractions of S i 0 2 and 
A l 2 0 3 . This approach does not change the C a / P ratio and moves the data 
points nearer the theoretical hydroxylapatite and ashed bone (No. 14). F i g u r e 
1 suggests that correction using the S i 0 2 , A l 2 0 3 , and loss on ignit ion brings 
the badly contaminated sample N o . 12 to about 7 9 % of the C a concentration 
expected for hydroxylapatite. Part of the prob lem may have been the pres
ence of i ron oxides, e i ther i n the soils or precipitated from solutions. F o r 
sample N o . 12, the X - ray fluorescence results indicate that i f a l l the i ron 
present were F e 2 0 3 , i ron w o u l d represent about 3.9% of the weight , w h i c h 
w o u l d st i l l not be enough to account for the low "corrected" values for C a 
and P. 

T h e corrected results that came closest to the theoretical values were 
those for sample N o . 15. Sample N o . 15 was a tooth from the same E a r l y 
Dynast i c skeleton from Te l -Roba as sample N o . 12. L i k e the bone, this tooth 
was analyzed by the X - r a y fluorescence. Because the tooth was protected 
by a hard , nonporous enamel , it should have been less sensitive to soi l 
contamination. There was st i l l 7.8% organic matter (based upon the weight 
loss upon ignition), but w h e n the C a and Ρ concentrations were calculated 
on an organic-free basis, the values were st i l l not as h igh as expected for 
hydroxylapatite, even though the C a / P weight ratio was 2.24. The correction 
for the small amount of soil contamination ( S i 0 2 and A l 2 0 3 ) gave a C a value 
that was 94 .5% of the expected value for a pure minera l sample. 

T h e results i n F i g u r e 1 show how bones change upon bur ia l . F o r pro 
tected samples, the organic fraction decreases by variable amounts. I f the 
samples are b u r i e d , contamination also occurs. As the organic material is 
lost, voids left i n the inorganic structure can be filled by the surrounding 
material . T h e question of how these voids are filled may be partial ly answered 
by understanding w h y the corrections for soil contamination and loss of the 
remaining organic material do not b r ing the C a and Ρ concentrations up to 
the levels expected for hydroxylapatite (No. 14 i n F i g u r e 1). 

T h e tooth sample (No. 15) and the Late Dynast ic per iod (ca. 4000 B.P. ) 
bone from Te l -Roba (No. 2) showed fewer signs of contamination by the soils 
than any of the samples. Therefore, these two samples were used to calculate 
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18. E L - K A M M A R E T A L . Human Bones as Archaeological Samples 345 

an apparent composit ion of the inorganic phase. C o m p a r e d to the theoretical 
formula for hydroxylapatite, 

C a 1 0 ( P O 4 ) 6 ( O H ) 2 

the dynastic per iod tooth gave 

C a 9 . 7 ( M g , N a , . . .)o.3P5.6(S . . . ) o . 4 0 2 4 ( O H ) 2 

This result suggests that there is some replacement of C a and Ρ i n the apatite 
structure, even though the C a / P ratio remains about the same. Some sub
stitution of this type is natural i n h u m a n bones because there are i on sub
stitutions. N a and M g frequently substitute for C a . W u t h i e r (15) po inted out 
that biological apatites tend to be Ca-def ic ient and, as an example, he showed 
that for bovine cortical bone the weight ratio of C a / M g is about 61. M o d e r n 
h u m a n bones have a C a / M g weight ratio range of between 91 and 102 (13). 
F o r the Dynast i c per iod tooth, the C a / M g ratio was 96. This result suggested 
that the degree of substitution observed and the calculated formula probably 
reflect the natural system rather than any changes caused by bur ia l . 

T h e data for Dynast ic per i od bone, however, are very different from 
the Postdynastic per iod bone (ca. 2800 B.P. ) from Tel -Roba . A l t h o u g h the 
degree of soil contamination is small , the C a / M g ratio is m u c h lower (29), 
and the calculated apatite formula is 

C a 8 . 3 ( M g , N a . . . ) L 7 P 5 . 0 ( S . . . ) L 0 O 2 4 ( O H ) 2 

T h e substantial amount of substitution, especially for the C a , suggests that 
the inorganic minera l phase has undergone substantial exchange and re 
placement w h e n i n contact w i t h soil and w i t h water percolating though i t . 
Another explanation for these results is the precipitat ion of another minera l 
phase i n the voids left by the loss of the organic material . That there may 
be other minera l phases filling the voids is suggested by the presence of 
more S (presumably as calc ium or magnesium sulfate) i n the Postdynastic 
per i od bone (2.2% S) than i n the tooth (1.0% S). 

A l l of the samples from Te l -Roba were examined w i t h X - r a y powder 
diffraction to determine the degree that they were contaminated by the soils 
i n w h i c h they were bur i ed . T h e diffraction pattern for the tooth had sharper 
peaks than any of the bone samples. This pattern suggested that there was 
a higher degree of crystal l inity i n the tooth. T h e sharpness of the X - r a y 
diffraction patterns differ markedly for samples from the different parts of 
the Postdynastic per iod bone. T h e sharper X - ray diffraction patterns were 
obtained for the harder outer crust of the bone. This result suggested that 
there was a h igher degree of crystal l inity (perhaps due to diagenesis) near 
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346 A R C H A E O L O G I C A L C H E M I S T R Y 

the outer surfaces of the bone. A l l of the samples showed reflections caused 
by hydroxylapatite, and i n addit ion, the bone samples showed addit ional 
reflections (of varying intensity) at 2.898, 2.485, and 2.201 A that were 
probably caused by another minor phosphate phase (perhaps whitlockite) . 
Some diffraction reflections were caused by a n u m b e r of soil contaminants 
such as quartz, feldspars, hematite , halite , and gypsum. These minerals 
were present i n part because of the penetration of fine soil grains into the 
voids, but part were pr imar i l y the result of crystall ization from solutions. 

Examinat ion of the so i l -bur ied bones w i t h the S E M and the semiquan
titative analysis of grains by the X-rays emit ted showed the filling of voids 
i n the bone b y a variety of minerals . F i g u r e 2 shows a vo id i n the Postdynastic 
bone from Te l -Roba along what was the wa l l of a b lood vessel. A l though this 
sample displays very l i t t le contamination by the soil minerals (only 1.45% 
S i 0 2 ) , the crystall ine material along this vo id is some type of i ron oxide that 
was presumably deposited from solution. Another part of this bone shows 
calc ium sulfate (gypsum or anhydrite) coating the walls of these vessels. 

F i g u r e 3 shows a diagonal cut of the same bone (parallel to the former 
blood vessels) w i t h a t h i n br ight layer of ca lc ium sulfate on the walls of the 
vessels (dark areas). A t h igher magnification (Figure 4), the same bone 

Figure 2. SEM photomicrograph of bone from about 2800 B.P. found buried 
in the soil at Tel-Roba (No. 7 in Figure 1). The wall of the void left by a blood 

vessel is covered with a ferruginous material. 
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18. E L - K A M M A R E T A L . Human Bones as Archaeological Samples 347 

Figure 3. SEM photomicrograph of same bone as Figure 2 cut parallel to blood 
vessels (dark areas). The thin bright area along the edge of the voids left by 

the blood vessels are calcium sulfate (gypsum or anhydrite). 

Figure 4. SEM photomicrograph of same bone as Figure 2 showing poorly 
crystallized CaC03in a cavity. 

showed what appears to be poorly crystal l ized calc ium carbonate i n one of 
the cavities. A l t h o u g h this sample appeared to be free of contamination by 
soil minerals (clay), apparently C a had been added. T h e X - r a y diffraction 
pattern showed gypsum, and the S E M examination showed at least two C a -
containing minerals that had presumably been deposited from solutions per 
colating through the bone. 

Examinat ion of the Predynastic (ca. 5500 B.P. ) bone from Te l -Roba 
showed the effect of contamination from the soil and solutions. N e a r the 
surface of the bone (Figure 5), the apatite groundmass is covered by kaolinite 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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348 A R C H A E O L O G I C A L C H E M I S T R Y 

and coarse-grained subhedral hematite. F u r t h e r , w i t h i n the same bone, the 
cavities left by the loss of organic material were filled by a variety of w e l l -
crystal l ized minerals that reached into the smallest voids. F i g u r e 6 shows 
crystals whose composit ion and crystal habit suggest that they are carnallite 
( K M g C l 3 - 6 H 2 0 ) . Such distorted camall i te contamination that penetrates 
throughout these voids w i l l be difficult or impossible to remove. 

Because the prevai l ing conditions i n E g y p t favor the precipitat ion of 
several minerals containing C a (e.g., gypsum and anhydrite) throughout the 
bone sample, most l ike ly , C a is present i n the ground water solutions. It is 
not clear whether the original biological apatite undergoes any recrystal l i 
zation upon bur ia l . T h e indirect evidence that recrystall ization w i t h replace
ment of C a b y M g occurs is enhanced b y some of the crystall ine apatite 
observed i n the bones from the E a r l y Dynast i c per iod (ca. 4000 B.P. ) . I n 
F i g u r e 7A , the growth of apatite crystallites along the fibers of collagen is 
shown. I n F i g u r e 7 B , the crystallites, shown i n higher magnification, are 
usually poorly crystal l ine, but this sample showed several examples of w e l l -
crystal l ized hexagonal prisms of hydroxylapatite. A lso , i n some places, apatite 
appears to be crystal l ized on top of minerals that were clearly diagenetic. 
F i g u r e 7 C shows some type of apatite crystals that grew on the surfaces of 
w e l l crystal l ized hematite and halite . Thus , even though the C a is a major 
component of the bone, bur ia l i n the ground apparently allows some of the 
biological apatite to equi l ibrate w i t h the percolating solutions. 

T h e contamination of archaeological bone samples by the soil w i l l affect 
many of the trace elements. F o r example, the bones b u r i e d i n the soil (Table 
I) contain substantially more T i , S i , B a , and V than most of the m u m m y 
samples. That the C r concentrations correlate w e l l w i t h the S i 0 2 content 
suggests that C r concentrations can be used as a measure of soil contami
nation. Hancock et al . found that, w h e n using I N A A , the M n , A l , and V 
levels seemed to be the most sensitive indicators of soil contamination (16). 
W h e t h e r these same elements w i l l indicate the effects of deposit ion of m i n 
eral phases from solution is not clear. 

These results conf irm the great difficulty i n using b u r i e d bone samples 
i n any type of trace e lement study. E v e n some of the m u m m y samples we 
studied were also contaminated. These results confirm that the analysis of 
the inorganic components of archaeological bone must be approached w i t h 
great caution, especially w h e n the bones have been i n contact w i t h soils or 
ground water solutions. E v e n isotopic studies may be affected by changes 
caused by recrystall ization processes. 

T h e I N A A technique provides an analytically useful screening technique 
that is very sensitive to the A l contamination. F o r samples b u r i e d i n the soi l 
where the contamination is l ike ly to be higher , the X - ray fluorescence and 
diffraction approach provides more data on the sources and types of contam
ination. 
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18. E L - K A M M A R E T A L . Human Bones as Archaeological Samples 3 4 9 

Figure 5. SEM photomicrograph of Predynastic (ca. 5500 B.P.) bone found 
buried in the soil at Tel-Roba. Apatite groundmass of bone (A) is covered with 

kaolinite clay (K) and coarse subhedral grains of hematite. 

Figure 6. SEM photomicrograph of same bone samph as in Figure 5 showing 
extensive diagenetic filling of cavity by structurally distorted carnallite crystals 

that are probably derived from irrigation water. 
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350 A R C H A E O L O G I C A L C H E M I S T R Y 

Figure 7. SEM photomicrographs of the bone from the Early Dynastic period 
(ca. 4000 B.P.) found buried at Tel-Roba. Micrograph A shows typical poorly 
crystalline hydroxylapatite in the bone along the collagen fibers while Β shows 
the magnification of a hexagonal prism of hydroxylapatite suggesting diagenetic 

recrystallization. 
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18. E L - K A M M A R E T A L . Human Bones as Archaeological Samples 351 

Figure 7.—Continued. Micrograph C shows more clearly that hydroxylapatite 
(A) has crystallized after a void in the hone was filled by halite (HT) and well-

crystallized hematite (H). 
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19 
Electron Spin Resonance Study of Bones 
from the Paleolithic Site 
at Zhoukoudian, China 

K. D . Sales, G . V. Robins, and D . Oduwole 

Chemistry Department, Queen M a r y College, University of London, 
London E1 4NS England 

A group of bones from the paleolithic site at Zhoukoudian, China, 
has been studied with electron spin resonance (ESR) spectroscopy. 
The spectra observed for these bones are complicated because of 
overlapping signals from several different species. Computer simu
lation was used to elucidate the signals present and give information 
about the thermal histories and ages of the bones. The major indi
cation is that, with one exception, the samples have not been heated. 
The samples have an age range of at least 260,000 to 570,000 years, 
depending upon the layer from which they came. A complex organic 
radical signal, probably derived from protein residues in the bone, 
was used for the first time to indicate the antiquity of the bone and 
the retention of such residues. 

T H E S I T E A T Z H O U K O U D I A N , C H I N A , H A S B E E N T H E S U B J E C T of many ar
chaeological investigations because of its association w i t h Homo erectus and 
the early use of fire. O u r interest i n material from the site arose pr imar i l y 
through our development of electron spin resonance (ESR) spectroscopy as 
a tool for the study of thermal histories, w i t h a v iew toward obtaining i n 
formation about the use of fire i n ancient heating and cooking. E a r l i e r work 
(I) was concerned w i t h cereal grains from the controversial site at W a d i 
Kubban iya . A t this site, the grains had not been heated, and were , therefore, 
un l ike ly to have existed for a long t ime. O t h e r research (2) has dealt w i t h 

0065-2393/89/0220-0353$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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354 A R C H A E O L O G I C A L C H E M I S T R Y 

the stomach contents of the L i n d o w man (2), w h i c h y i e lded interest ing 
information about the cooking of his last meal . 

Previous E S R studies of bone have been pr imar i ly concerned w i t h 
attempts to date the bone, but the complexity of the spectra obtained for 
the bones from Zhoukoudian (3) warranted further investigation. As this 
chapter is one of the first comprehensive accounts of such a study, i t is 
appropriate to beg in i t w i t h a br ie f survey of E S R spectroscopy and its 
application to bone. A more complete account can be found i n reference 4. 

ESR Spectroscopy 

E S R spectroscopy was introduced i n the m i d 1940s, part ly as a result of the 
expertise developed i n microwave technology dur ing W o r l d W a r II . T h e 
sample is placed between the poles of a magnet w i t h a strong, homogeneous 
f ie ld i n the range 0 to 1 Τ and irradiated w i t h microwaves i n the X - b a n d 
region (i.e., w i t h a frequency of about 9.7 G H z ) . In many forms of spec
troscopy, the spectrum is obtained as a graph of power absorbed as a function 
of frequency. F o r E S R , the frequency is constant as the magnetic f ie ld is 
swept. F u r t h e r m o r e , because of the type of modulat ion used i n the exper
iment , the first derivative of the absorbed power is detected. A typical s ingle-
l ine spectrum is shown i n F i g u r e 1, together w i t h the parameters used to 
characterized it : the g-value (i.e. the posit ion of the l ine , effectively corrected 
for the microwave frequency and given as a dimensionless number) ; the l ine 
w i d t h (measured i n magnetic f ield units); and the size of the signal (in 
arbitrary units). M o s t of the spectra observed for archaeological samples 

Figure 1. The basic ESR spectrum of unpaired electrons with definitions of 
the g value and the line width (ΔΗ); the signal intensity is proportional to 

ρ(ΔΗ)2. Nominal frequency: 9.765 GHz. 

0.3420 Τ 0.3540 Τ 
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19. S A L E S E T A L . Electron Spin Resonance Study of Bones 355 

occur i n a relatively narrow region centered on 0.3 Τ for a frequency of 9.7 
G H z (usually cal led the g = 2 region). I f there is more than one l ine i n the 
spectrum due to a single species, then the distance between them is usually 
referred to as the hyperfine spl i t t ing and is measured direct ly i n magnetic 
field units (Figure 2). 

E S R spectra may be observed for a w ide variety of species i n the gas
eous, l i q u i d , or sol id states. F o r archaeological applications, the sol id state 
is common. A sample normal ly weighs 5 -100 m g and is examined as a small 
piece or a coarse powder. I f thermal stability or dating studies are not be ing 
undertaken, the sample can often remain undamaged. 

Experimental Details 

To obtain an E S R spectrum, the sample is placed in a synthetic fused silica (Spectrosil) 
tube with an internal diameter of 2 to 4 mm. The tube is then positioned between 
the poles of an electromagnet and irradiated with microwaves. For studies of thermal 
history, the sample, preferably along with modern equivalents, is heated in a standard 
muffle furnace to preset temperatures, and the spectrum recorded after each heating. 
For dating purposes, the sample must be subjected to 7-irradiation and the stability 
of the resulting signal checked. In this case a calibrated ^Co source was used. We 
have found that the dating signal does not fade with time, but that various subsidiary 
features decrease over about 7 days. 

The experiments reported in this chapter were performed with a Bruker 200D 
spectrometer with an 11-in. magnet and a T E on cavity. The crushed samples, which 
weighed about 0.2 g, occupied about 3.5 cm of a 2-mm Spectrosil tube. Each sample 
was irradiated with 6 m W of microwave power, and 0.1 mT of 100-kHz modulation 
was applied. 

0.3420 Τ 0.3540 Τ 

Figure 2. A multiple-line spectrum typical of coupling of the unpaired electron 
to four equivalent protons as in the alanine radical, CH3CH3COOH. Nominal 

frequency: 9.765 GHz. 
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356 A R C H A E O L O G I C A L C H E M I S T R Y 

ESR-Active Species 

F o r a sample to give rise to a spectrum, the sample must be paramagnetic; 
that is, the i n d i v i d u a l molecules or species must contain electrons w i t h 
unpaired spins. Electrons i n molecules usually occur i n pairs, and the ir spins 
mutual ly cancel . Organic species w i t h unpaired electrons (radicals) t end to 
be unstable, but i n some cases exist i n isolation, and are always stabil ized 
i f contained w i t h i n a suitable sol id lattice. A good example is coal, w h i c h 
shows a very strong E S R signal. 

I n archaeological applications, the existence of a signal from an organic 
radical is caused b y some previous treatment of the sample, such as heating; 
U V irradiat ion; α- , β-, or 7-rays; or by some combination of these treatments. 
Irradiation from radioactive sources can also give rise to a defect or dating 
signal (Figure 3) because of electrons be ing l iberated i n one part of a lattice 
and trapped, apparently indef initely , i n another part. This effect is respon
sible for thermoluminescence (TL) , and there is a paral le l between the T L 
and E S R methods of dating. 

Another category of species containing unpaired electrons is transition 
metal ions, w h i c h are stable. T h e most common transition metal ions found 
i n archaeological samples are i ron (Figure 4) and manganese (Figure 5). 
These ions are often p i cked up from the surrounding soil . These elements 
(especially iron) can cause a coloration of the sample that can be confused 
w i t h blackness due to heating. 

T h e signals from organic, defect, and transition metal species can be 
dist inguished because organic species have relatively narrow l ine widths 
(0 .1-1 mT) and small hyperf ine splittings (ca. 2 mT). Defect signals have 
anisotropic g values, and transit ion metals give rise to large l ine widths (10 

0.3420 Τ 0.3540 Τ 

Figure 3. A defect signal shouting an anisotropic g-value. Nominal frequency : 
9.765 GHz. 
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19. S A L E S E T A L . Electron Spin Resonance Study of Bones 357 

0.6451 Τ 

Τ 
g = 2 region 

Figure 4. A signal due to Fe(III). Note the much under magnetic field sweep 
and the very broad feature at g — 2. 

9.74219 G H z 

g = 2 region 

Figure 5. Mn(II) spectrum showing the six-line splitting together with the 
several smaller ("forbidden") lines. Note the field sweep and the size of the 

splitting between the main six lines. 
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to 50 mT) and large hyperf ine splittings (10 mT). A n anisotropic g value 
indicates that i f the sample consists of a single crystal , the position of the 
E S R l ine depends upon the orientation of the sample w i t h respect to the 
magnetic field d irect ion. Consequent ly , for a polycrystal l ine sample (e.g., 
most archaeological samples), the signal is more complex, and consists of a 
superposit ion of l ines from a l l orientations of the radical species. T h e dating 
signal i n bone is a typical case of a spectrum caused by an anisotropic g 
value. 

Bone 

Bone is a complicated material that consists essentially of two interpene
trating lattices: one of proteinaceous material and one of complex ca lc ium 
phosphates. As bone ages i n the ground, i t undergoes a great variety of 
chemical and physical changes that often result i n its complete disintegration, 
but sometimes i n its mineral izat ion and therefore i n a form of preservation. 
T h e types of signal descr ibed i n the previous section may a l l be observed 
i n bone, g iven the requisite bur ia l conditions. 

T h e phosphate lattice, apparently regardless of its precise composit ion, 
can trap electrons released by irradiation from naturally occurr ing radioactive 
elements in the environment of the bone. The dating of bone w i t h E S R 
spectroscopy depends upon measuring the intensity of this defect signal i n 
the sample as found, and then measuring again after each of several cal ibrated 
laboratory 7-irradiations. A plot of the signal intensity against laboratory 
7-dose allows an extrapolation back to zero signal intensity, a point that is 
cal led the equivalent dose ( E D ) (5), that is, the dose that the sample appears 
to have received d u r i n g its interment (see F i g u r e 6). To convert the E D to 
an age, the annual dose rate of the sample must be determined . This con
versation has many uncertainties; however, an annual dose rate of 2 m G y 
per year appears to give dates that agree reasonably w i t h those obtained by 
other techniques (5). 

E S R dating seems to be important because of its potential range, and 
thereby its coverage of the gaps left by other methods, and its abi l i ty to deal 
w i t h bone. F u r t h e r m o r e , i f only a rough idea of the age of a sample is 
requ i red , the technique is nondestructive. 

Bone may also show a stable signal due to carbon (J) der ived from the 
pyrolysis of organic material i n the bone. I n pr inc ip le , careful measurement 
of the parameters of this signal and calibration w i t h modern equivalents 
al low the quantification of the thermal history of ancient samples that may 
provide insight into ancient cooking methods. In practice, overlap between 
the different signals makes accurate characterization difficult. 

F r e s h bone does not normal ly show spectra due to transition metal ions. 
It is , however, important to differentiate between the presence of an e lement 
and the observation of its E S R spectrum. As has been shown for chert 
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10-

s i g n a l i n t e n s i t y 

-5 - 4 - 3 - 2 - 1 0 1 2 3 

7 - d o s a g e 

Figure 6. A plot of signal intensity against laboratory y-dosage. The signal 
intensity is in arbitrary units; each unit of y-dosage corresponds to 195 Gy, 

and this ED of 5.45 units is 1063 Gy (sample C). 

samples (6), signals may or may not be observable because of the oxidation 
state or the lattice surroundings of the metal ion . Signals caused by Mn(II) 
tend to appear i n o ld bone because of absorption of manganese from the 
surrounding soil . W h e t h e r a signal appears or not is related to the thermal 
history of the sample, as is the actual n u m b e r of l ines observed. Mn(II) 
spectra always consist of six l ines. I n many circumstances, however, smaller 
lines appear, and sometimes the six l ines are partial ly split into doublets. 

T h e Fe(III) spectra consist of two features: a l ine at m u c h lower field 
than any other l ine (the g = 4 line) and a broad featureless l ine at g = 2. 
T h e latter l ine is sometimes so intense and broad that it can be difficult to 
measure accurately. T h e broad signal may even make it difficult to observe 
the other signals that appear at g = 2 (see F i g u r e 4). 

Results for the Zhoukoudian Bones 

T h e samples obtained for this study and their E S R characteristics are g iven 
i n Table I. T h e spectra are quite complex, and the presence or absence of 
some lines is difficult to ascertain by s imple inspection because the l ines 
from different species overlap. I n an attempt to disentangle these different 
spectra, the experimental data were s imulated by computer. A typical spec
t r u m (Figure 7) shows a strong dating signal and a weak l ine to the low-f ie ld 
side of i t , but the midd le of the dating signal is sl ightly unusual , and it is 
not clear whether there is another signal. This distortion becomes more 
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9.76594 G H z 

0.3465 Τ 0.3524 Τ 

Figure 7. A typical spectrum obtained from Zhoukoudian bone (sample A) 
showing the large dating signal and the small signal to the low-field side of it 

at ca. g = 2.0055 (marked with an asterisk). 

apparent after heating the bone (Figure 8), w h e n an extra feature i n the 
midd le of the dat ing signal becomes evident. Compare this figure w i t h the 
ideal ized dating signal i n F i g u r e 3. 

T h e spectra were s imulated by assuming a Lorentz ian shape (with as
sumed g value, l ine w i d t h , and intensity) for each component, calculating 
the derivative, and adding the results together. The sum of the residuals 
from the calculated and experimental spectra was then m i n i m i z e d by using 
Powell 's technique (7). T h e only complication was that the g-value for the 
dating signal was anisotropic so that this part of the spectrum had to be 
s imulated by calculating the derivative for many different orientations of the 
species (i.e., for the g values obtained for the different directions i n space) 
and averaging the result (8). F i g u r e 9 shows the s imulated spectrum for 
sample A . F i g u r e 10 shows the s imulated spectrum for sample A after it had 
been heated. T h e agreement between the experimental and s imulated spec
tra was quite good. T h e results obtained for sample A , without heating and 
after two separate heatings, are presented i n Table II . 

Discussion 

T h e dating signal was very strong i n a l l the samples studied except for L ' , 
w h i c h showed an unusually shaped signal i n the same place as the dating 
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9.76557 G H z 
2 

1 

0.3455 Τ 0.3514 Τ 

Figure 8. The spectrum obtained from sample A after it has been heated to 
200 °C showing more clearly the distortion in the middle of the dating signal 
(marked 1). The enhancement of the g = 2.0055 feature (marked 2), and 
perhaps the appearance of another feature at ca. g — 2.0044 (slightly to the 

right of the point marked 2). 

signal. L ' was also unusual because it showed strong signals from s imple 
organic radicals ( R C H 2 and C H 3 ; see F i g u r e 11). Signals of this type have 
been observed for chert (9), but not previously for bone. This sample looked 
rather different from the others, and we became doubtful whether it was 
bone. H o w e v e r , the infrared spectrum indicated that it had a s imilar phos
phate content to the other samples. Sample Ε is interest ing because, despite 
having been found on a hearth site, i t appeared not to have been burnt . 
The color of the dark outermost layer was caused by heavy i ron contami
nation. T h e inter ior gave the normal signals found i n most of the other 
samples. O u r results suggest that samples L and L ' are rather different from 
the other samples. 

A l l the samples give a weak signal to the low-f ie ld side of the dating 
signal (at ca. g = 2.0055), except for L , w h i c h had a relatively strong l ine 
i n this region (see F i g u r e 12). T h e intensity of this signal increased w h e n 
the sample was heated i n the laboratory, but the g value d i d not change 
w i t h temperature of heating. Such behavior was different from that of other 
organic materials (J), and probably indicates that this thermal marker is not 
radical carbon. 

T h e signal appears to be different from the signal obtained for laboratory-
heated modern and less ancient bone (see Table III). The signal for these 
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Figure 10. The simulation obtained with the parameters given in Table 11 for 
sample A2. Compare with Figure 8. 
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Table II. Results of Spectral Simulation for Sample A 
Parameters AO A2 A3 
Group 1 

gx 2.0021 2.0021 2.0021 
gy 2.0032 2.0031 2.0031 
gz 1.9973 1.9975 1.9975 
Line width 1.78 1.53 1.49 
Intensity 1.44 1.74 1.90 

Group 2 
g 2.0056 2.0057 2.0056 
Line width 2.00 0.60 0.65 
Intensity 3.36 6.16 6.83 

Group 3 
g 2.0013 2.0011 2.0011 
Line width 2.33 2.78 2.73 
Intensity 4.62 12.40 13.65 

Group 4 
g - 2.0049 2.0046 
Line width - 5.32 5.54 
Intensity - 8.70 12.55 

NOTES: The first group of parameters refers to the dating signal; the second to the signal to the 
low-field side of it; the third to a line in the middle of it, and the final set to a further line that 
appears to the low-field side of it after the sample has been heated. AO is the unheated sample; 
A2 indicates heating to 200 °C; A3 indicates heating to 300 °C. A2 and A3 also had a small five-
line spectrum added with the parameters: g = 2.0037, line width = 0.125 mT, intensity = 
0.20, and a splitting of 2.182 mT. 

samples has a g value of about 2.0046, w h i c h is sufficiently different from 
2.0055 for the two l ines to be classified as distinct , even though the g value 
hardly appears to have changed w i t h temperature of heating. F u r t h e r e v i 
dence that the l ines are dist inct is that a smal l h u m p appears to the l ow-
field side of the 2.0046 signal (i .e. , to h igher g value) for the A b u H u y r e r a 
bone heated to about 250 °C, and for the modern sheep's bone w h e n heated 
to about 500 °C. Structural changes occur at about 500 °C i n bone (the 
manganese spectrum changes its character from second-order to first-order 
(3)), and i n ivory (as indicated by its IR spectrum (JO)). F i n a l l y , the results 
i n Table II show that good simulations of the spectra for sample A , w h e n 
heated to 200 °C and above, cou ld be obtained only i f both signals were 
inc luded . T h e origins of these l ines is not clear except that they appear to 
be related to the heat treatment of the sample. Nevertheless , the weakness 
of these signals i n the Zhoukoudian bone and their enhancement on heating 
the bone to 200 °C suggests that any heating of these bones (except for 
sample L ) i n ant iquity occurred at a far lower temperature than 200 °C. 

The signal to the low-f ie ld side of the dating signal i n sample L is m u c h 
more intense for the outside than for the inside of the bone. (The dating 
experiments were performed on a mixture of inner and outer bone as the 
dist inct ion was not then appreciated.) Laboratory heating of the inner bone 
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19. S A L E S E T A L . Electron Spin Resonance Study of Bones 3 6 5 

I S I R C H 2 

I I I I C H 3 

Figure 11. The rather unusual signal obtained from sample Vshowing also 
the lines due to RCH2 and CH3. The spectrum has been amplified to show 
more clearly the smaller features with the result that the dating signal has 
been clipped on the high-field side. This signal does not show the higher field 

component shown in Figure 3. 

Figure 12. The spectrum due to sample L showing the relatively large line on 
the low-field side of the dating signal. 
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Table III. Heating Experiments on Bones Not Showing the Dating Signal 
Modern Sheep Bone Abu Hureyra Bone Modern Rabbit Bone 

T(°C) g ΔΗ (mT) g ΔΗ (mT) g ΔΗ (mT) 
100 2 . 0 0 4 8 0 . 7 8 Very weak 2 . 0 0 4 7 0 . 7 8 
2 0 0 2 . 0 0 5 0 0 . 8 0 2 . 0 0 4 8 0 . 5 9 2 . 0 0 4 6 0 . 6 2 
3 0 0 2 . 0 0 4 5 0 . 6 1 2 . 0 0 4 5 0 . 5 7 - -4 0 0 2 . 0 0 4 5 0 . 4 8 2 . 0 0 4 5 0 . 5 8 - -5 0 0 2 . 0 0 4 5 0 . 5 0 2 . 0 0 4 6 0 . 5 9 - -6 0 0 2 . 0 0 4 4 0 . 4 8 — — — -NOTES. Abu Hureyra is the site in Syria (ca. 10,000 years B.P.) Each sample was held at the 
temperature indicated for about 4 h. The accuracy of the g-value measurements is about 
±0 .0002 . Within the experimental error, all these lines are at about g = 2.0046. 

to about 300 °C produced a signal s imilar to that i n F i g u r e 12. This t e m 
perature is consistent w i t h heating on a hearth, but presumably only for a 
short t ime because the inner bone d i d not get very hot. Moreover , we suggest 
that the bone had already been defleshed w h e n heated, because otherwise 
the exterior w o u l d not have attained such a h igh temperature so quick ly . 
T h e practical reasons for such heating are not obvious, although it is possible 
that it might have had some r i tual significance. 

Table I shows that the E D for sample L is unusually low compared w i t h 
those of the other samples, probably because it had been heated (3). (See 
the comment relat ing to the samples L and L \ ) Sample Κ is anomalous 
because the very h igh concentration of i r on i n the sample makes accurate 
measurement of the dating signal difficult. T h e dates obtained for the other 
samples show reasonable agreement w i t h other dating methods, g iven the 
assumption concerning the annual dose rate, and given that there is a t end 
ency for the E D s to increase w i t h layer number . The size of the dating signal 
indicates that the bone is extremely o ld . F u r t h e r m o r e , because the strength 
of the signal increases w i t h 7-dosage, the defect traps are not saturated, and 
therefore the dating range of the E S R technique extends w e l l beyond the 
ages of these samples. 

Ikeyas (11) assignment of the quintet signal to the alanine radical is 
open to some doubt. Single-crystal studies of the alanine radical (12-14) 
show that the accidental equality of the methy l and methyne proton splittings 
is lost w h e n the sample is cooled to l i q u i d nitrogen temperatures. A t these 
low temperatures, the rotation about the carbon-carbon bond is slowed and 
the l ines i n the spectrum are split into doublets. W h e n the spectrum of a 
Zhoukoudian bone is recorded at lower temperature, the lines broaden 
somewhat but do not split . F u r t h e r m o r e , the hyperfine spl i t t ing (2.16 mT) 
is somewhat different from the average value obtained i n such studies (2.35 
mT). 7-Irradiation of heated powdered alanine gave the spectrum shown i n 
F i g u r e 13. The spl i t t ing (2.44 mT) was larger than that from the single crystal , 
and the extra spl i t t ing at room temperature of the five main lines was a new 
feature. Exper iments w i t h other amino acids gave spectra w i t h a different 
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0.3383 Τ 

9.76926 G H z 

0.3582 Τ 

Figure 13. The spectrum obtained from powdered alanine after y -irradiation. 

number of l ines. Attempts to modify the signal obtained from powdered 
alanine by mix ing the alanine w i t h sil ica and calc ium silicate before 7- irra-
diation were not successful. Nevertheless , it is difficult to assign this signal 
to a species other than alanine, and the signal could be caused by alanine 
in some other form than a radical der ived from the free amino-acid. This 
possibil ity is of such archaeological interest that we were prompted to ex
amine it further. 

The presence of the alanine signal in Zhoukoudian and i n other ancient 
bone, and its absence i n younger bone (i.e., <25,000 years old) suggest that 
there is a threshold for the signal's product ion. E a r l i e r work on 7-irradiated 
heated bone had never produced the alanine signal. 7-Irradiation of a series 
of bones (modern, historical , and upper paleolithic) to various levels, up to 
the Zhoukoudian E D , produced only the dating signal. However , after gentle 
heating, the alanine signal appeared in al l samples that had been 7-irradiated 
to a leve l corresponding to about 100,000 years. F u r t h e r experiments showed 
that it is possible to generate the alanine signal i n any bone, prov ided that 
the 100,000-year 7-dose is exceeded and that the sample is gently heated; 
the sequence of operations must be in this order. 

The sensitivity of E S R spectroscopy is such that, in ancient bone, what 
we see may be a relict prote in structure far beyond the l imits of extractive 
techniques. The stability of the signal and the correspondence between 
ancient and modern bone suggests that the signal has not been caused by 
recent intrusions or a free amino acid. The alanine signal may be produced 
by an alanine moiety on the end of a prote in chain that is denatured by the 
7-irradiation. Presumably , heating the modern samples accelerates some 
chemical reaction that w o u l d otherwise take many years to complete; this 
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368 A R C H A E O L O G I C A L C H E M I S T R Y 

hypothesis explains w h y the heating has to come after the 7 - i r rad iat ion . T h e 
reason that alanine is the only amino acid observed is not clear. I f the size 
of this signal cou ld be quantitatively related to the age of the bone, then it 
might be used for dat ing purposes. F o r the moment , though, the observation 
of an alanine signal seems to indicate considerable antiquity. 
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20 
Residues and Linings in Ancient 
Mediterranean Transport Amphoras 

Curt W. Beck, Christopher J. Smart1, and Dorreen J. Ossenkop 

Amber Research Laboratory, Department of Chemistry, Vassar College, 
Poughkeepsie, ΝY 12601 

Parallel analyses by IR, thin-layer chromatography (TLC), and gas 
chromatography-mass spectrometry (GC-MS) of organic remains 
adhering to shards of ancient amphoras excavated in the harbor of 
Carthage (Tunisia) identified these remains as pine pitches. Capillary 
GC of methylated acid fractions showed abietic acid, dehydroabietic 
acid, and 7-ketodehydroabietic acid as the principal components. 
Two-dimensional TLC of untreated ether extracts revealed abietic 
acid in 12 of 31 samples and dehydroabietic acid in 26 of 31 samples. 
IR spectra of solid, raw samples indicated the presence of isopropyl 
groups, characteristic of the abietane skeleton, in 80% of the samples. 
Rapid and convenient analysis by TLC and IR was, in most cases, 
sufficient to identify pine resin products even after extensive pyrolytic 
and oxidative degradation. 

R.ESIDUES AND LININGS IN ARCHAELOGICAL CERAMICS, part icularly i n the 
unglazed transport amphoras that served as sh ipping containers of the M e d 
iterranean Sea trade from the Bronze Age to historic t imes, have l ong been 
known. U n t i l recently , the methods of analytical chemistry permi t ted only 
a cursory study and tentative identif ication of these complex organic m i x 
tures. L i n i n g s are t h i n , continuous coatings appl ied to the inter ior surface 
of an unglazed vessel to render it impermeable ; residues are the altered 
remains of the vessel's contents. I n the archaeological record, both residues 

Present address: Department of Chemistry, Yale University, New Haven, C T 
06520 

0065-2393/89/0220-0369$06.00/0 
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370 A R C H A E O L O G I C A L C H E M I S T R Y 

and l inings are loosely descr ibed as be ing res in , rosin, p i t ch , tar, asphalt, 
or b i t u m e n without chemical analysis and w i t h l i t t le regard to the precise 
meanings of these terms. 

Definition of Terms 

Resin applies to natural exudations of plants that have been used without 
intentional modif ication. I n archaeological contexts, however, resins may 
undergo changes. T h e low-molecular-weight , volati le, monoterpenoid com
ponents of oleoresins are readi ly lost by evaporation, and the water-soluble 
carbohydrate components of gum resins w i l l certainly dissolve i f the object 
is exposed to water. Acc identa l exposure to fire leads to even more drastic 
pyro lyt ic transformations that may not be distinguishable from transforma
tions caused by intentional heat treatment. Thus a sample that was a resin 
w h e n original ly used may have been converted to a p i tch by a catastrophic 
fire. 

Rosin is sometimes used to refer to certain resins, especially the natural 
exudates of fir and p ine trees, and i n such designations as "ros in- tree" for 
the South Afr ican shrub Cineraria resinifera. Str ict ly speaking, rosin is the 
residue after dist i l lat ion of the volatile components of the whole res in , again, 
especially of fir and p ine resins. T h e term is synonymous to colophony. I n 
modern practice, colophony is obtained by vacuum disti l lat ion of the volatile 
constituents of resin i n the absence of air. T h e product retains the typical ly 
ye l low color o f the or ig inal resin. In earlier t imes, the resin was heated i n 
open vessels and the product was brown or black and partial ly pyro lyzed ; 
it was, i n fact, p i t ch . Because of this ambiguity , it is best to avoid the w o r d 
rosin altogether. 

Pitch is the residue after the dist i l lat ion of volatile resin components i n 
an open vessel. T h e material is typical ly black and is referred to as pix by 
Roman writers (J). W h e n obtained from pine res in, i t may be cal led pine 
pitch; w h e n obtained from other plant resins, it may be cal led more generally 
wood pitch. 

T h e distil late of res in dist i l lat ion is cal led tar. Pine tar is from pine 
res in , and wood tar is from other plant resins. Coal tar is made from coal. 
The use of tar i n antiquity is uncertain and unl ike ly (2). 

Bitumen is a loosely used t e rm (3). It is best defined to mean "native 
substances" (4) " composed pr inc ipal ly of hydrocarbons and substantially free 
of oxygenated bodies" (5) that occur naturally as the heavy fraction of pe 
tro leum. 

Asphalt suffers from the uncertainty of meaning of the G r e e k w o r d 
asphaitos and of its correspondence to related words i n ancient Near Eastern 
languages (2). I n modern terminology the term refers to a natural or m a n 
ufactured mixture of minera l fines and b i tumen . 
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20. B E C K E T A L . Mediterranean Transport Amphoras 371 

Previous Analyses 

O f these materials, res in , p i t ch , and b i t u m e n are ment ioned i n the classical 
l i terature and are l ike ly to be found i n Medi terranean archaeological con
texts. B i t u m e n and asphalt from N e a r Eastern sites have been studied by 
Marschner and W r i g h t (6). T h e identif ication of a wide variety of resins i n 
archaeological and art historical contexts was p ioneered by M i l l s and his co
workers (7) at the Research Laboratory of the Nat ional Ga l l e ry i n L o n d o n . 
T h e B r i t i s h group and C o n d a m i n and F o r m e n t i (8) i n France used gas chro
matography (GC) of methylated diterpene resin acids to identify p ine p i t ch 
on the ram of a Carthaginian warship and i n transport amphoras, respec
t ively . M o s t recently, Shaekley (9) reported the work done by M i l l s on 
resinous deposits i n a 6th-century A . D . storage jar from B o q e q (Israel). G C 
showed dehydroabietic acid (structure 1) and 7-ketodehydroabietic acid 
(structure 2) but not abietic acid (structure 3). 

The identif ication of ind iv idua l resin acids by G C is w e l l established. 
T h e method requires a considerable investment of t ime and equipment and 
is un l ike ly to be used for the large n u m b e r of amphoras and amphora shards 
that have come to l ight from numerous sites. A single shipwreck may w e l l 

COOH 

1 2 

Dehydroabietic flcid 7-Ketodehydroabietic flcid 

Abietic flcid 
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produce 500 to 1000 amphoras. C lear ly , more rapid and s imple methods of 
identi fy ing resinous organic remains are needed. 

A suite o f shards of transport amphoras excavated by the Or i enta l I n 
stitute of the Univers i ty of Chicago , under the direct ion of L . E . Stager, 
prov ided an opportunity to test infrared (IR) spectroscopy and thin- layer 
chromatography ( T L C ) as quick and easy methods of identi fy ing the botanical 
sources of resins and to compare the results obtained w i t h these methods 
w i t h those obtained by G C and G C - m a s s spectrometry ( G C - M S ) . 

The Amphora Shards 

Table I lists the 31 shards used i n this study. T h e i r fragmentary state made 
typological identif ication difficult and close dating impossible. Accord ing to 
Wolff (10), seven of the shards date to the Byzant ine per iod (4th-7th centuries 
A . D . ) , one is R o m a n ( l s t - 4 t h centuries A . D . ) , and the remain ing 23 rep 
resent P u n i c , G r e e k , Graeco-Ital ic , C o r i n t h i a n , and unident i f ied types, rang
ing i n date from the 4th century B . C . to the end of the t h i r d P u n i c W a r i n 
146 B . C . As a group, the shards span more than a m i l l e n n i u m . 

T h e n u m b e r of shards w i t h organic remains was a smal l fraction of the 
total. Thousands of shards from the Pun i c per iod were collected, but fewer 
than 250 had any organic l inings or residues. A m o n g the shards of this per iod , 
only 8% of the C o r i n t h i a n type, 5% of the Graeco-Italic type, and st i l l smaller 
numbers for the other types had organic l inings or residues (10). 

Table I also shows the nature of the organic remains, as far as this could 
be ascertained. I f the inter ior surface of a shard, and especially of a body 
shard, was covered w i t h a t h i n , continuous coating of resinous material , the 
sample was classified as a l in ing . I f there was a substantial, compact deposit 
at the bottom or " toe" of the vessel but no coating on adjacent inter ior 
surfaces, the sample was classified as a residue. E i g h t samples could not be 
classified because the evidence was ambiguous. Two samples from r ims may 
have been seals used to lute the cover of the vessel opening. 

Materials and Methods 

IR Spectroscopy. Samples for IR spectroscopy were prepared by pressing 100-
mg K B r pellets containing 1 mg of sample. Samples were run both on a Perkin-Elmer 
model 167 dispersive (grating) instrument and on a Perkin-Elmer model 1750 Fourier 
transform difiractometer-model 7300 laboratory computer system. Only the latter 
instrument afforded the resolution needed to identify the skeletal frequencies of 
isopropyl groups. 

T L C Analysis. Two-dimensional T L C was carried out on Anasil-OF silica-on-
glass plates. A n ether solution of the crude sample was spotted on a plate, and the 
plate was developed twice with heptane to carry nonpolar components to the top 
edge of the plate. The acids remained at the origin and were separated by 
development of the plate perpendicular to the original direction with hep-
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tane-toluene-diethyl ether (1:1:1). The separated components were made visible by 
spraying the plates with 20% sulfuric acid and heating to 100 °C on a hotplate for 
15 s. Partial charring of the organic acids on the plate provided an additional basis 
for identification; abietic acid spots turn reddish-brown, whereas dehydroabietic acid 
spots turn yellow-brown to greenish-brown. 

G C Analysis. Samples for G C were prepared by extracting the crude sample 
with ether, extracting the ether solution (15 mL) three times with 5 m L of 5% sodium 
bicarbonate, acidifying the extract to p H 2 with concentrated hydrochloric acid, 
extracting the acids again with ether, drying the ether solution over anhydrous sodium 
sulfate, and methylating the acids with diazomethane. Both ether solutions were 
evaporated to dryness to determine the weights of organic materials and and acids 
in the sample. 

Gas chromatograms were obtained by using a Hewlett-Packard model 5880A 
gas chromatograph equipped with flame-ionization detector and a data station. The 
chromatographic analyses were isothermal at 200 °C on a 12-m-length cross-linked 
methyl silicone capillary column. The quantitative data in Table II are derived from 
these analyses. Peak identities were confirmed on a Hewlett-Packard model 5995C/ 
96A G C - M S system with model 5997A workstation with a 15-m-length RSL-150 
polydimethylsiloxane capillary column at an initial temperature of 100 °C rising at 
5 °C/min to 250 °C. 

Reference Standards. Reference standards for T L C , G C , and MS were ob
tained as follows. Pure abietic acid (mp 172-173 °C) was used as received. Dehy
droabietic acid was prepared by oxidation of abietic acid with selenium dioxide to 
hydroxyabietic acid and subsequent dehydration with glacial acetic acid (II). 7-
Ketodehydroabietic acid was prepared by oxidation of dehydroabietic acid with po
tassium permanganate and isolation of the product by way of the Girard reagent Τ 
(12). Pyroabietic acid (a mixture of dehydro- and dihydroabietic acids) was prepared 
by heating abietic acid with 10% palladium on charcoal to 250 °C for 1 h (13). 

Additional experimental details and analytical data are reported elsewhere by 
Smart (14). 

Results and Discussion 

I R Spectroscopy. I R spectroscopy is a s imple and rap id method of 
identi fy ing functional groups and skeletal types i n mi l l igram samples of sol id 
organic materials. Dispers ive spectra have been used to determine the 

Table II.Analyses by Gas Chromatography-Mass Spectrometry 

Samph 
Number 

Organic 
Materials 

in Total 
Sample 

Acids 
in Organic 
Fraction 

Abietic 
Acid 

Dehydroabietic 
Acid 

7-Ketode-
hydroabietic 

Acid 
1 84.41 28.05 33.23 1.0 7.8 10.4 
7 76.78 13.46 17.53 20.9 51.8 2.9 
10 73.14 3.16 4.33 none 10.5 22.0 
12 71.52 5.78 8.07 none 12.4 22.9 
NOTE: All values are percentages. Values for resin acids are given as percentages of the acid 
fraction. 
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20. B E C K E T A L . Mediterranean Transport Amphoras 375 

provenance of fossil resins (15) and to identify organic remains i n pottery 
from Quse i r a l -Qad im i n U p p e r E g y p t as p i t ch rather than b i t u m e n (16). 
The h igh resolution of F o u r i e r transform I R (FTIR) instruments permits a 
more detai led study of skeletal absorptions and, thus, the identif ication of 
structures characteristic of wel l -de f ined botanical sources. 

A b o u t 8 0 % of the diterpene acids of the genus Pinus have an abietane 
skeleton, w i t h abietic acid (structure 3) as the predominant component. 
O t h e r diterpene acids have a pimarane skeleton (structure 4). A l l compounds 
w i t h the abietane skeleton are dist inguished by the presence of an isopropyl 
group. 

Extens ive theoretical and empir i ca l work (17) has shown that the iso
propy l group is identif iable by (1) split symmetr ica l carbon-hydrogen de 
formations at 1382.5 ± 2 . 5 and 1367.5 ± 2 . 5 c m " 1 and (2) by two skeletal 
vibrations. O n e of these vibrations occurs at a remarkably constant frequency 
of 1168.5 ± 1 . 5 c m - 1 , whereas the frequency of the other v ibrat ion decreases 
as a function of the molecular weight ( M W ) of the rest of the molecule , from 
1170 c m - 1 for M W 15 (methyl group) to 1142 c m " 1 for M W 99 (heptyl group). 
F o r an attached moiety of M W 259, as i n abietic ac id , the band whose 
frequency depends on the molecular weight of the rest of the molecule is 
found at st i l l lower wavenumbers . 

O n aging, and more rapidly on heating, abietic acid is oxidized first by 
disproportionation (i.e., without need of oxygen) to dehydroabietic acid 
(structure 1) and then (but only i f exposed to oxygen) to 7-ketodehydroabietic 
acid (structure 2). T h e skeletal frequencies of dehydroabietic acid l ie at 1110, 
1130, and 1175 c m " 1 (14). 

O f the 31 Carthaginian samples, 25 y ie lded IR spectra that indicate an 
isopropyl group (Table I), as i l lustrated by the spectrum of Carthage sample 
6 of the l i n i n g of a 6th-century A . D . Byzant ine amphora (Figure la) . T h e 
carbon-hydrogen deformation bands l ie at 1385 and 1367 c m - 1 (Figure l b ) , 
and the skeletal absorptions are at 1107, 1127, and 1175 c m " 1 

(Figure le) , a very nearly perfect match for dehydroabietic acid. Six sam
ples (2, 4, 5, 13, 19, and 23) y ie lded IR spectra that indicated either no 
organic constituents (samples 2, 4, 5, and 13) or a low concentration of 

Pimaric flcid 
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376 A R C H A E O L O G I C A L C H E M I S T R Y 

Figure 1. IR spectrum of an amphora lining (sample 6): complete spectrum (a) 
and partial spectra (b and c) showing isopropyl group absorptions. 

unidentif iable organic compounds (samples 19 and 23). T L C later conf irmed 
the absence of both abietic and dehydroabietic acids for three of these six 
samples (5, 13, and 23). F o r the remaining three samples (2, 4, and 19), 
both abietic and dehydroabietic acids were identi f ied by T L C although these 
compounds were undetected by I R spectroscopy. 

E i g h t y percent of a l l the Carthaginian samples and 9 0 % of those that 
contain diterpene resins detectable by T L C were identi f ied as pine resin 
derivatives by a single I R spectrum. Thus , I R spectroscopy is a useful rap id 
screening technique for large numbers of samples. However , its l imitations 
are evident. L o w concentrations of abietanes, i f present i n a strongly ab
sorbing matrix, may be undetectable or unidentif iable by I R spectroscopy, 
and the l imits of detectabil ity depend on the absorbance of the matrix and 
cannot be categorically specified. 
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T L C Analysis. Smal l sample requirements , m i n i m a l sample p r e p 
aration, h igh sensitivity, and low cost make T L C an attractive method for 
organic archaeometry. Its suitabil ity for the detection of resin acids i n c om
plex mixtures was tested by subjecting the Carthaginian samples to a two-
dimensional technique. E t h e r solutions of the organic material were spotted 
onto the plate and first freed from nonpolar components by e lut ion i n one 
direct ion w i t h heptane. The residual carboxylic acids were then developed, 
w i t h reference standards i n adjacent tracks, i n the second direct ion w i t h 
heptane - to luene -e ther (1:1:1). U n d e r these conditions, 7-ketodehydro-
abietic acid remains at or very near the or igin (maximum retardation factor 
[Rf] = 0.04), but abietic acid and dehydroabietic acid are readily identi f ied. 

The results of T L C analysis are direct ly compared w i t h the IR results 
i n Table I. O f the 31 Carthaginian samples, 26 contained dehydroabietic 
acid , but only 12 of these also contained unchanged abietic acid. This finding 
is not surpris ing, because abietic acid is converted to dehydroabietic acid 
as a function of t ime and temperature. 

W e cannot determine whether the abietic acid was lost d u r i n g the 
manufacture of the p ine p i t ch or dur ing its depositional history. Loss d u r i n g 
deposit ion is less l ike ly , because almost a l l (six of seven) of the most recent 
samples (from the Byzant ine period) were devoid of abietic acid. O f the five 
samples that showed neither of the resin acids by T L C (samples 5, 13, 23, 
26, and 27), three (5 ,13, and 23) y ie lded I R spectra that revealed no isopropyl 
group. 

Three samples (4, 26, and 27) demonstrated the complementary rather 
than paral le l functions of I R and T L C analyses i n organic archaeometry. 
Organic materials were not revealed by I R i n sample 4, but both abietic and 
dehydroabietic acids were detected by T L C i n the same sample. C lear ly , 
the resin acid concentrations were be low the l imi t of detection of who le -
res in I R spectroscopy but were sufficient for detection by T L C . Converse ly , 
samples 26 and 27 showed neither acid by T L C but gave a clear indicat ion 
of the isopropyl structure i n the I R spectra. In this case, the I R technique 
was superior; although the res in acids have been lost evidently (most l ike ly 
by decarboxylation), the remain ing neutral compounds retained the isopro
p y l group, a fact that al lowed the identif ication of the samples as p ine pitches. 

G C - M S Analysis. T h e acidic components of four Carthaginian sam
ples (1, 7, 10, and 12) were subjected to a complete analysis by G C . Sample 
preparation is descr ibed in a previous section (see Materials and Methods) . 
Results are g iven i n Table II . T h e identities of the acids were established 
by (i) the retention times obtained from reference samples, (ii) the c o m i -
gration of acids w i t h reference standards dur ing spiking experiments, and 
(iii) the mass spectra of the constituents (18). 

The organic content of samples was consistently between 70 and 8 5 % 
of the total sample weight, but the acid fraction var ied almost by an order 
of magnitude, from 3 to 2 8 % of the sample weight or from 4 to 3 3 % of the 
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organic fraction. This variation is probably due to differences i n in i t ia l m e t h 
ods of preparation or, less l ike ly , depositional history. T h e resin acids w i t h 
an abietane skeleton i n p ine resins respond to heat by isomerization to abietic 
acid , disproportionation to dehydroabietic ac id , and oxidation to 7-ketode-
hydroabietic . I n addit ion, they are decarboxylated, a process that is catalyzed 
by active clay (13) and alkaline conditions (19). The variations i n the acid 
composit ion of the four samples must reflect differences i n preparation or 
history. 

Sample 7 contained more than 2 0 % unchanged abietic acid, more than 
5 0 % dehydroabiet ic acid, but very l i tt le 7-ketodehydroabietic acid. This 
composit ion is not expected of a p ine p i t ch but of a p ine resin that has been 
through slow disproportionation i n an anaerobic environment . This residue 
is therefore that of a p ine resin added to wine to make the retsina for w h i c h 
Greece was noted i n antiquity as it is today. Sample 1 contained only 1% 
unchanged abietic ac id , but more than half of the dehydroabietic acid was 
oxidized to 7-ketodehydroabietic acid, a finding that indicates the presence 
of air d u r i n g the preparation of the p i tch . 

Samples 10 and 12 are v irtual ly ident ical ; neither contained any u n 
changed abietic ac id , and both contained about twice as m u c h 7-keto
dehydroabietic acid as dehydroabietic acid. B o t h are extensively decarbox
ylated, as indicated by the ir l ow total acid content. Therefore, these samples 
are pitches that were prepared by heating a p ine resin for a long t ime or at 
a h igh temperature w i t h ready access to oxygen, as w o u l d be the case w i t h 
st irr ing i n a shallow vessel. 

T h e G C data conf irmed the T L C results. T L C detected abietic ac id i n 
sample 7 but not i n samples 1, 10, and 12. This result indicates that a res in 
acid concentration of 1% is be low the l i m i t of detectabil ity by T L C . T L C 
revealed dehydroabiet ic acid i n a l l four samples, and this result was con
firmed by G C . T h e G C data also corroborated the ut i l i ty of I R spectroscopy. 
I R spectra showed the isopropyl structure i n a l l four samples, i n c l u d i n g 
those for w h i c h the acid fraction was less than 10% (samples 10 and 12). 
C l ear ly , these isopropyl bands are not from the small amount of res idual 
acid but are caused by skeletal absorptions of the isopropyl group i n decar
boxylated neutral decomposit ion products. 

Conclusions 

T h e analytical methods appl ied to the amphora shards from the harbor of 
Carthage each have distinct but overlapping ut i l i ty . I R spectroscopy detects 
the carbon skeleton characteristic of p ine resin or p i t ch w i t h a re l iabi l i ty of 
8 0 - 9 0 % but without identi fy ing ind iv idua l constituents. It fails w i t h small 
amounts of organic matter i n a strongly absorbing matrix but has the ad 
vantage of detect ing the isopropyl group i n extensively decarboxylated sam
ples. Because of the speed and ease of I R spectroscopy, it is an effective 
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screening method w h e n hundreds , or even thousands, of ceramic finds must 
be tested. 

T L C is more sensitive than I R spectroscopy i n detecting small amounts 
of res in acids because it is a separation technique, but it cannot identify p ine 
resins that have been completely decarboxylated. However , completely de-
carboxylated resins are rare (two of 31 samples i n the present study), and 
T L C can be used also for the rap id and inexpensive screening of large 
numbers of specimens w i t h a re l iabi l i ty of >90%. 

B o t h I R spectroscopy and T L C are therefore appropriate for d e t e r m i n 
ing whether an organic residue or l i n i n g is pinaceous. This information is 
far from tr iv ia l because it l imits the materials that a transport amphora must 
have contained. O i l s dissolve p ine p i t ch and are discolored by i t ; a transport 
amphora l i n e d w i t h p ine p i t ch cannot have been used to ship olive o i l but 
may have contained wine , fruit, or preserved fish. 

G C (with or without identif ication of constituents by M S ) remains the 
most precise, quantitative method for the detai led analysis of resinous re 
mains and the choice w h e n a relatively small number of samples must be 
studied i n depth . It provides information about the method of preparation, 
that is, about early resin and p i t ch technology. T h e analyses reported i n this 
chapter and elsewhere (20) have been the impetus for current work i n this 
laboratory on repl icat ion of ancient p i t ch manufacturing methods and i d e n 
tification of the types of p ine resins that were used. 
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21 
Analysis of Mexican Amber 
by Carbon-13 N M R Spectroscopy 

Joseph B. Lambert1, James S. Frye2, Thomas A . Lee, Jr.3, Christopher J. 
Welch4, and George O. Poinar, Jr.5 

1Department of Chemistry, Northwestern University, Evanston, IL 60208 
2Colorado State University, Regional NMR Center, Fort Collins, CO 80523 
3New World Archaeological Foundation, Brigham Young University, Provo, U T 
84602 

4Diagnostic Division, Abbott Laboratories, North Chicago, IL 60064 
5Department of Entomology and Parasitology, College of Natural Resources, 
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Amber samples from two sites (Simojovel and Totolapa) in Chiapas, 
Mexico, were characterized by 13C nuclear magnetic resonance spec
tra taken with magic angle spinning and cross polarization. Twelve 
samples from the two sites gave essentially identical spectra, despite 
a wide range of color from very light yellow to deep red. This result 
suggests that Chiapas amber comes from a single paleobotanical 
source. There are small but significant differences between the spectra 
of Mexican and Dominican ambers and even larger differences be
tween both of those and the spectra of Baltic amber. Interrupted 
proton decoupling, which selects quaternary and methyl carbons, 
accentuated the differences between New World and Old World am
bers. 

/ J L M B E R I S A F O S S I L I Z E D F O R M of terpenoid resin found i n many parts of 
the w o r l d and used by people of many different cultures. T h e scientific 
analysis of amber began as early as the 16th century (I), and the analysis of 
its chemical composit ion has been going on for over 100 years (2). Because 
the material is nearly insoluble , modern analysis is pr imar i l y by infrared 
spectroscopy (3). Add i t i ona l structural information about amber is now avai l -

0065-2393/89/0220-0381$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Soc iety 
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382 A R C H A E O L O G I C A L C H E M I S T R Y 

able by using solid-state 1 3 C nuclear magnetic resonance ( N M R ) spectroscopy 
(4). W i t h this method , we have characterized many amber samples from 
E u r o p e (5) and the D o m i n i c a n Repub l i c (6). Such characterization provides 
information about trade routes, authenticity, chemical structure, and the 
paleobotanical or ig in of these samples. 

Another p r i m e source of amber is the Chiapas region of Mex i co , where 
its use as early as 300 B . C . is documented. A m b e r is st i l l used i n Chiapas 
as j ewe lry and as a charm to prevent the " e v i l eye" from affecting ch i ldren 
(7). T h e best k n o w n source of Mex i can amber is the vil lage of Simojovel (17° 
8.9' N , 92° 42.8 ' W ) , but recently, an o ld source associated w i t h the vil lage 
of Totolapa (16° 31.3 ' N , 92° 41 ' W ) but forgotten for centuries was redis 
covered. The Totolapa source was reported i n the late 1600s by the traveler 
and historian Vazquez (8) but was subsequently forgotten u n t i l 1982, w h e n 
its exploitation by local campesinos became general knowledge (9). 

Archaeological samples might have come from both locations. Conse 
quent ly , methods of d ist inguishing the two sources are useful. To compare 
these two sources, we carr ied out the first 1 3 C N M R examination of M e x i c a n 
amber. These studies can prove whether the two sources are paleobotanically 
ident ical ; conversely, any differences that are found can be used to dist inguish 
the two sources. I n this chapter, we report a complete 1 3 C N M R study of 
amber from Simojovel and Totolapa. F u r t h e r m o r e , to increase our under 
standing of the po lymer ic structure of the res in, we carr ied out in terrupted -
proton-decoupl ing experiments as a measurement of the number of protons 
bonded to carbon atoms. W e compared the results w i t h those of s imilar 
experiments on amber from the Balt ic Sea region, the traditional source of 
E u r o p e a n archaeological amber. 

Materials and Methods 

Samples were obtained on site by T. A . L e e , J r . , C . J . W e l c h , and R. L o w e . 
Isolated samples of amber from Simojovel and the sample from the D o m i n 
ican Repub l i c were prov ided by G . O . Poinar , Jr . (Univers i ty of Cal i fornia , 
Berkeley) . The samples of Bal t i c amber were prov ided by C . W. Beck (Vassar 
College) . 

The typical sample size was 100 mg, but a sample as l i tt le as 35 m g was 
sufficient. Samples were crushed to a powder , although whole samples may 
be examined. Surface material was discarded i f it appeared different from 
the bulk. Powdered specimens were examined direct ly by N M R ; no proc
essing was required . Spectral methods have been described previously (4-6). 

Comparison of Mexican, Dominican, and Baltic Ambers 

M e x i c a n A m b e r s . T e n samples of amber from Simojovel and two 
samples from Totolapa were examined by 1 3 C N M R w i t h magic angle sp in -
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21. L A M B E R T E T A L . Analysis of Mexican Amber by 13C NMR 383 

n ing and cross polarization ( M A S - C P ) . F i g u r e 1 shows representative spec
tra. T h e spectra of the 10 Simojovel samples are extremely homogeneous, 
even though samples were chosen from a wide color range—very l ight 
yel low, l ight yel low, dark ye l low (the tradit ional amber color), orange-red, 
and dark red . T h e two samples from Totolapa give spectra that were s imilar 
to each other and to those of samples from Simojovel . The spectrum of the 
Totolapa sample (Figure 1C) is almost indistinguishable from that of the 
second Simojovel sample. 

T h e major difference between the spectra of the two Simojovel samples 
(Figures 1A and IB) is i n the alkene region (δ 100-160). I n this spectral 
region are found a l l peaks for carbon atoms i n C = C double bonds. T h e 
peaks at δ 110 and 150 are diagnostic for the H 2 C = C < (exomethylene) 
group, that is, an unsubstituted s p 2 - h y b r i d i z e d carbon bonded to an 
s p 2 - h y b r i d i z e d carbon w i t h two carbon substituents. T h e exomethylene 
resonances were slightly stronger i n the spectra of Totolapa samples. 
In the spectra of the Simojovel samples, these resonances range from very 
small to absent. 

O n the basis of these spectra, we conclude that M e x i c a n amber from 
these two sources are essentially ident ical , or at least they are not d i s t in 
guishable on the basis of the 1 3 C N M R spectra. These results suggest a 
common paleobotanical or ig in for the Chiapas ambers. 

Baltic and Dominican Ambers. F i g u r e 2 shows the 1 3 C N M R 
spectra of Balt i c and D o m i n i c a n (Figures 2 A and 2 B , respectively) ambers 
for comparison. A l though the spectra show overal l s imilarit ies , there are 
rel iable distinctions. Bal t i c amber yields a very homogeneous set of N M R 
spectra (5), despite the enormous abundance and wide geographical sources 
of this material . T h e major differences between Balt ic and M e x i c a n ambers 
inc lude the fol lowing features i n the spectra of Balt ic amber: (1) the stronger 
carboxyl resonances (δ 180-200), the dominance of the δ 173 ester peak, 
and the presence of an acid peak at δ 180; (2) the stronger exomethylene 
resonances at δ 110 and 150; and (3) the presence of a small alcohol peak at 
δ 67 and a strong methylene resonance near δ 28 -30 . 

Mexican and Dominican Ambers. T h e D o m i n i c a n ambers give 
spectra that are more s imilar to those of ambers from Mex i co but w i t h two 
significant differences. F i r s t , the exomethylene peaks i n the spectra of D o 
minican amber vary i n intensity but are always stronger than those of M e x i c a n 
amber. Second, the spectra of D o m i n i c a n amber always have an ether res
onance near δ 75, w h i c h is very small i n the spectra of Simojovel samples. 
The spectra of the Mex i can and D o m i n i c a n samples are very s imilar i n the 
saturated region from δ 10 to 50. 

O n the basis of these comparisons, 1 3 C N M R spectroscopy can easily 
dist inguish the two N e w W o r l d ambers from Balt ic amber. N o r m a l l y , M e x 
ican and D o m i n i c a n ambers are distinguishable on the basis of the exometh-
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S I M O J O V E L 
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Figure 1. The fully proton-decoupled 13C NMR spectra of amber samples from 
Simojovel and Totolapa, Chiapas, Mexico, taken on the solid samples with 
magic angle spinning and cross polarization. The top sample was orange-red 

and the middle sample yellow. 
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, , 1 I ι 1 1 1 J 1 1 1 1 1 1 1 1 1 J 
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, j 1 , , , 1 , , , , J ; 1 1 1 1 1 1 1 ! J 

2 0 0 1 5 0 1 0 0 50 0 PPM 

Figure 2. The fully proton-decoupled 13C Ν MR spectra of Baltic amber 
(A, from Stettin) and Dominican amber (B, from Palo Alto). 
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ylene resonances, but out ly ing varieties of the two materials could overlap. 
The results suggest s imilar paleobotanical origins for Mex i can and D o m i n i c a n 
ambers. 

Interrupted-Proton-Decoupling Experiments. Interrupted-pro
ton-decoupl ing experiments were carr ied out w i t h a ΒΟ-μς interrupt ion . This 
technique selects quaternary carbons (those lacking an attached proton) and 
rapidly mov ing m e t h y l carbons. Resonances from methylene and methine 
carbons are suppressed unless, for some reason, their motion w i t h i n the 
sol id occurs at a rate s imilar to that of methy l groups. I n essence, the 
interrupted-proton-decoupl ing experiment, w h i c h has not been previously 
reported for amber samples, provides an alternative fingerprint for the sam
ples. 

F i g u r e 3 gives the results of interrupted proton decoupl ing for the 
Simojovel sample w i t h the 1 3 C N M R spectrum shown i n F i g u r e I B and for 
the Balt i c sample w i t h the 1 3 C N M R spectrum shown i n F i g u r e 2A. 

Changes i n the spectrum of the Simojovel amber after interrupted pro 
ton decoupl ing are evident. T h e resonances of carbonyl carbons, w h i c h are 
quaternary, are clearly enhanced, and the resonances of C H or C H 2 groups 
bonded to e lectron-withdrawing atoms such as oxygen (between δ 50 and 
70 i n the or iginal spectrum [Figure 1]) are completely suppressed. T h e 
resonances of quaternary carbons i n the alkene region and of methy l carbons 
i n the alkane region are enhanced. The sharp resonance at δ 50 is probably 
due to quaternary s p 3 carbons. T h e alkane and alkene regions st i l l seem too 
highly populated. Possibly, rapidly mov ing C H 2 carbons are st i l l repre 
sented. 

T h e spectrum of the Balt ic sample shows similar changes. T h e exo-
methylene = C H 2 peak at δ 110 is ent ire ly suppressed, as are the peaks i n 
the δ 5 0 - 7 0 region. Compar i son of the two spectra i n F i g u r e 3 shows that 
interrupted proton decoupl ing provides more-differentiated spectra than 
does normal decoupl ing. T h e quaternary exomethylene resonance at δ 150 
i n the spectrum of the Balt i c sample is enhanced, whereas the corresponding 
peak is absent i n the spectrum of the Mex i can sample. The remain ing regions 
al l show very clear differences. 

Summary 

A m b e r samples from Simojovel and Totolapa, i n the state of Chiapas, Mex i co , 
give 1 3 C N M R spectra that are essentially identical . Several samples of 
various colors from Simojovel also give nearly identical spectra. The results 
suggest that M e x i c a n amber is a relatively homogeneous family of materials 
w i t h a common paleobotanical source. Mex i can and Balt ic amber samples 
give distinguishable spectra. T h e spectra of Mex i can and D o m i n i c a n samples 
also are distinguishable, although there are considerable similarities. Inter-
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Figure 3. The I3C NMR spectra of Mexican amber from Simojovel and Baltic 
amber taken with interrupted proton decoupling. 
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rupted proton decoupl ing, w h i c h preferentially selects quaternary and 
methy l carbons, accentuates the differences between the spectra of M e x i c a n 
and Bal t i c amber samples. 
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Detection of the Human Origin of Blood 
or Tissue 

Use of a Monoclonal Antibody Specific to Human 
Albumin 

John C . H e r r 1 ,  David C . Benjamin2, and Michael P. Woodward 3 
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Medical Center, Charlottesville, VA 22908 
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This chapter describes the development and validation of monoclonal 
antibody probes specific to the human protein, albumin, which is a 
66,000-dalton molecule present in serum and tissue. The monoclonal 
antibodies were employed in an enzyme-linked immunosorbent assay 
(ELISA) capable of detecting nanogram amounts of this protein. The 
assay was developed under contract from the Federal Bureau of 
Investigation (FBI) to detect the presence of human albumin in fo
rensic specimens, and thus determine the species of origin of an 
unknown blood stain. The assay described in this chapter has not 
been validated on archaeological specimens. The method is described 
in this volume to acquaint the archaeological community with key 
concepts and research reagents that may be used in determining the 
species of origin of unknown, presumptive blood or tissue stains or 
fragments. 

T H E N E E D F O R P R E C I S E M E T H O D S of identi fy ing the species of or ig in of a 
^>lood stain or tissue fragment found i n an archaeological setting is w e l l 
documented. I n his analysis of stone tools of various types and materials, 
L o y (I) detected surface b lood deposits on 86% of the samples. These artifacts 

0065-2393/89/0220-0389$06.00/0 
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390 A R C H A E O L O G I C A L C H E M I S T R Y 

ranged i n age from 1000 to 6000 years, and on many artifacts, b lood proteins 
and r e d b lood cells were detected. Two methods of determining the species 
of or ig in of b lood deposits have been proposed: (1) crystall ization of the 
hemoglobins extracted from the artifact and comparison of the hemoglobin 
crystal structure w i t h that of hemoglobin crystals from contemporary species 
and (2) determinat ion by immunolog ica l techniques (I). 

T h e development of monoclonal antibody probes specific to h u m a n 
a lbumin is the subject of this chapter. These antibody probes and the test 
methods were developed and evaluated for use i n forensic science situations. 
A l though these methods work w e l l on soluble extracts of d r i e d b lood stains 
that are several years o ld , they have not been appl ied to archaeological 
material . T h e successful development of monoclonal antibodies specific to 
the h u m a n a l b u m i n molecule suggests that an approach s imilar to that used 
for ident i fy ing h u m a n tissues and blood on forensic evidence could be appl ied 
to any species of interest to the archaeologist. 

Protein Antigens 

Proteins are the most abundant and diverse class of antigens to w h i c h the 
i m m u n e system can respond. This class includes toxins, allergens, products 
of infectious organisms, and transplantation antigens. Also inc luded i n this 
class are proteins that are of particular interest to archaeologists, such as 
b lood and tissue proteins, w h i c h may be soluble or found on the ce l l surface, 
secreted or nonsecreted. 

T h e use of immunolog ica l methods to detect specific proteins and to 
identify the species of or ig in of a sample depends on the abi l i ty of i m m u 
nological reagents to specifically dist inguish between similar , yet ant igeni -
cally very complex, proteins from closely related species. T h e development 
of such methods has been difficult, and only recently, w i t h the advent of 
monoclonal antibody and recombinant D N A technologies, have we been 
able to better understand the structural and genetic bases for i m m u n o g e n -
ic ity and antigenicity and to produce reagents w i t h the requ i red specificity. 

Antigen Structure 

Immunogenicity is the abi l i ty to induce an i m m u n e response, whereas an
tigenicity is the abi l i ty to be recognized by the product of that i m m u n e 
response, for example, the antibody. Ant ibodies formed i n response to a 
native prote in often do not react w i t h the denatured form of that prote in (2, 
3 ) , and yet antibodies can be raised against peptides of undef ined confor
mation (4-8), for example, synthetic vaccines. Ant igenic sites (also k n o w n 
as antigenic determinants or epitopes) are of two types: (1) assembled, that 
is, consisting of amino acids far apart i n the pr imary sequence that are 
brought together on the surface of the antigen as it folds into its unique 
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three-dimensional shape, or (2) segmental, that is, existing whol ly w i t h i n a 
continuous segment of the amino acid sequence (9) (Figure 1). 

A l though assembled antigenic sites are more numerous, both sites are 
topographic i n that they are composed of structures on the prote in surface. 
H o w e v e r , an antibody exerts high-affinity b i n d i n g to segmental sites only 
w h e n those sites are i n a preferred conformation. Therefore, a l l determinants 
must be conformation specific. 

There are two views of what constitutes an antigenic site. O n e v i e w 
maintains that antigens possess a very l i m i t e d number of sites that are i m 
munogenic irrespective of the ind iv idua l or species responding to that a n 
tigen (10-12). This concept suggests that the chemical or physical properties 
of certain parts of prote in molecules make them intr insical ly more i m m u 
nogenic. T h e opposing v i e w (9) states that most, i f not a l l , o f the accessible 
surface of a prote in molecule is potential ly immunogenic , that immunogenic 
sites are def ined only w i t h respect to a particular ind iv idua l , and that the 
total antigenic structure of a prote in is the sum of a l l sites recognized by a 
large variety of individuals and species. 

T h e vast majority of evidence, w h i c h was rev iewed recently (9), supports 
the fol lowing two concepts: 

1. T h e surface of a prote in is essentially a cont inuum of potential 
antigenic sites. 

H H H 1 I 1 ι-Η 
1 2 3 A B C 

A S S E M B L E D EP ITOPE S E G M E N T A L EP ITOPE 

Figure 1. Types of antigenic determinants. An assembled epitope is composed 
of amino acid side chains ( 1 , 2 , and 3) that are well separated in the linear 
sequence of the protein but are brought together during folding of the protein. 
A segmental epitope is composed of amino acid side chains (A, B, and C) that 
are contiguous both in the linear sequence of the protein and on the surface 

of the protein in its folded form. 
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2. T h e structural differences between the antigen and the host's 
own vers ion of that prote in (self-protein), as w e l l as the host's 
immunolog ica l regulatory mechanisms, are the important fac
tors inf luencing the outcome of the i m m u n e response. 

T h e first concept, that of a cont inuum of antigenic sites, is supported 
by studies of antibody responses to, among others, hen egg-white lysozyme 
(13) and studies on serum albumins (14-16). U s i n g a panel of 60 monoclonal 
antibodies, Ben jamin et al . (14) def ined a m i n i m u m of 35 antigenic sites on 
bovine serum a l b u m i n (BSA). A n extensive study of competit ion between 
pairs o f monoclonal antibodies for simultaneous b i n d i n g to B S A suggests 
complex patterns of overlap that are consistent w i t h the entire surface of 
B S A be ing immunogenic . F o r example, there are numerous cases o f three 
antibodies interact ing i n a pattern such that antibody A competes w i t h B , 
and Β competes w i t h C , but A does not compete w i t h C . 

T h e second concept is based on a large number of studies on (1) the 
antigenicity of slowly evolv ing proteins such as cytochrome c (17-19), (2) 
the effect of evolutionary substitutions i n the pr imary sequence of proteins 
on the ir immunolog ica l cross-reactivity (20-23), and (3) the effect of specific 
regulatory cells on antibody responses (23-27). Cytochrome c, i n contrast 
to serum a l b u m i n , is an example of a slowly evolving prote in (Table I), w i t h 
few sequence differences between each cytochrome c and that of the re
sponding ind iv idua l . T h e rabbit antibody response to pigeon cytochrome c 
is d irected against four sites on the pigeon cytochrome (9). These four sites 
contained a l l the seven sequence differences between rabbit and pigeon 
cytochrome c proteins. 

I n other studies (20, 21, 28), rabbits were i m m u n i z e d w i t h a particular 
prote in from one organism and the antisera were tested for reactivity w i t h 
evolutionary variants of that prote in . A h igh degree of correlation between 
immunolog ica l distance (calculated from the immunologica l cross-reactivity 
observed) and the n u m b e r of amino acid differences between each pair of 
proteins tested was found (Table II). Such data suggest that most, i f not a l l , 
of the differences i n the surface amino acids of the antigen and the self-
prote in of the responding host can be immunological ly detected. 

A m i n o A c i d Composition of Antigenic Site. Structural ly , each 
antigenic site on the surface of a prote in antigen is composed of a n u m b e r 
of side chains o f amino acids. To date, the exact boundaries of a single 

Table I. Evolutionary Variance in Amino Acid Sequence 
Protein Differencea 

Cytochrome c 9.6 
Serum albumin 27.5 
flMean number of amino acid differences per 100 residues. 
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Table II. Correlation Between Amino Acid Sequence 
Identity and Immunological Cross-Reactivity 

Protein Correlation Coefficient 
Lysozyme c 0 . 9 5 
Ribonuclease 0 . 9 2 
Cytochrome c 0 . 8 7 

SOURCE: Adapted from Benjamin et al. (9) and based on data from 
reference 30. 

antigenic site have not been defined. However , on the basis of what is k n o w n 
of the surface topography of proteins and the structure of the antibody-
combin ing site, we estimate that the antigenic site consists of six to eight 
amino acids. W i t h i n this surface configuration of six to eight amino acids, a 
difference of a single amino acid between the antigen and a similar prote in 
i n the responding host may be sufficient to render that region immunogenic . 
A l though there may be only one amino acid difference for a g iven site, X -
ray crystallographic analyses of ant igen-ant ibody complexes show that ad 
jacent amino acids that are identical to those i n the same region of the 
responding host's prote in are invo lved i n antibody b i n d i n g to the site (29). 

F o r sites that have been studied i n detai l , no single amino acid is 
predominant. Indeed , aliphatic, charged, neutral , and hydrophobic amino 
acids can al l be found w i t h i n one or more sites. S imi lar ly , no particular 
physical feature of the surface of a prote in antigen dictates antigenicity. 
Therefore, an antigenic site can be defined only w i t h reference to a single 
antibody molecule , that is, a monoclonal antibody, w h i c h is a specific con
figuration of amino acid side chains on the surface of the prote in antigen 
that possesses a configuration compl imentary to the ant ibody-combining site. 

C ross-Reactivity 

Antibodies to one prote in antigen w i l l often react (cross-react) w i t h a w ide 
variety of s imilar proteins from other species. F o r example, 15% of the 
antibody i n a polyc lonal antiserum to bovine serum a l b u m i n w i l l react w i t h 
h u m a n serum a l b u m i n . T h e molecular basis for this cross-reaction is not 
clearly understood, but cross-reactivity is be l ieved to be caused by the 
presence of a configuration of amino acid side chains on another prote in 
molecule that has a sufficient overal l s imilar ity to the specific configuration 
on the or iginal antigen that induced antibody formation. 

F i g u r e 2 shows diagrams of three prote in antigens, each w i t h a single 
antigenic site. T h e antigenic sites have s imilar configurations; proteins A 
and C share three of four amino acids, whereas prote in A shares two of four 
amino acids w i t h each of proteins Β and C . Therefore, the efficiency of 
reaction of an antibody to prote in Β must be i n the order Β > C > A , whereas 
an antibody to prote in A must react equally w e l l w i t h proteins Β and C . 
H o w e v e r , the exact effect of any given substitution cannot be predicted . 
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A n t i g e n Β A n t i g e n C 

Figure 2. Diagram of three protein molecules with cross-reacting antigenic 
sites. Only one site is shown per protein molecule. The antigenic site on each 

protein is similar but not identical to the sites on the other proteins. 

Berzofsky et al . (30) showed that one antigenic site def ined by a single 
monoclonal antibody on the surface of sperm whale myoglob in contains the 
amino acids glutamic acid , alanine, and lysine at positions 83, 144, and 145, 
respectively. These three amino acids are brought together on the surface 
of the antigen by its specific fo lding after synthesis; that is , the antigenic 
site is an assembled site. A l though these amino acids constitute only a part 
of the site, these studies p rov ided considerable information on cross-reac
t iv i ty , i n addit ion to local iz ing the site on the surface of myoglobin . The data 
i n Table III summarize the results of Berzofsky et a l . (30) and show that a 
change of glutamic acid to aspartic acid at position 83 i n k i l l e r whale myo 
globin has a 24-fold effect on the b i n d i n g of antibody, whereas a single amino 
acid change from alanine to glutamic acid at posit ion 144 i n bovine myoglobin 
essentially el iminates a l l reactivity. Thus , w i t h respect to this monoclonal 
antibody, only k i l l e r whale myoglobin is a cross-reacting antigen. 

W i t h the divergence of two species from a common ancestor, mutations 
i n the structural genes encoding similar proteins result i n amino acid dif
ferences between the proteins produced by the now separate species. T h e 
degree of immunolog ica l s imilar i ty between any two such proteins is d irect ly 
related to the evolutionary distance between the two species. Different 
proteins evolve at different rates. T h e structural basis for this difference i n 
rate is that, for slowly evolving proteins, changes i n amino acid sequence 
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Table III. Inhibition of Monoclonal Antibody by Myoglobin Variants 

Source of A m i n o A c i d a t Position Myoglobin Required 
Inhibitor Myoglobin 83 144 145 for 50% Inhibition (nM) 
Sperm whale Glu Ala Lys 10 
Kil ler whale Asp Ala Lys 240 
Bovine Glu Glu Lys 40,000 
SOURCE: Adapted from Berzofsky et al. (30). 

have a greater effect on function and are less w e l l tolerated. T h e exam
ples given i n Table I therefore indicate that, on the average, changes i n 
serum albumins have less effect on cr i t ical function than do changes i n cyto
chrome c. 

Some of these evolutionary changes may influence antigenicity and 
cross-reactivity through long-range effects. However , for most proteins, 
these evolutionary changes have only local effects on structure and function. 
Indeed, substitutions that markedly affect the b i n d i n g of one monoclonal 
antibody have l i t t le effect on the b i n d i n g of a second monoclonal antibody 
to an adjacent site (30, 31). A n y hypothesis that assumes long-range effects 
w o u l d have pred ic ted otherwise. 

Species Differentiation by Immunological Methods 

Since the turn of the century, serologists, especially i n the forensic field, 
have used polyclonal antisera to dist inguish between species (32-34). T h e 
re l iabi l i ty of the results depends on high-qual i ty , carefully tested antisera 
that have been exhaustively absorbed to e l iminate cross-reactivity w i t h pro 
teins from other species (6). T h e cross-reactivity of polyclonal antisera is the 
major l imitat ion of current tests for species of or ig in . Thus the phylogenetic 
relationships between species impose intr insic l imits on the differentiation 
of related b lood or tissue specimens. Sensabaugh (36) noted that forensic 
immunolog ica l analyses w o u l d be far more satisfactory i f monospecific ant i 
sera to rapidly evo lv ing b lood marker proteins were used; this approach 
w o u l d take advantage of greater differences i n the structures of s imilar pro 
teins, even among very closely related species. 

Proteins such as cytochrome c are not good target antigens for the 
determination of species of or ig in because the structures of these proteins 
i n evolutionari ly distant species are very similar. Serum a lbumin , on the 
other hand, is a rapid ly changing prote in (Table I) that is amenable to c om
plete immunochemica l analysis w i t h both polyclonal and monoclonal ant i 
bodies (14-16). A l b u m i n s from thousands of pairs of vertebrate species have 
been compared immunochemica l ly , and the results have been used to mea
sure evolutionary distances (22). 

A large body of l iterature spanning three decades has shown that a l 
b u m i n is a h igh ly complex antigen w i t h mul t ip l e antigenic sites (9). Studies 
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on the antigenic structure of bovine serum a lbumin (14-16) have shown that 
species-specific monoclonal antibodies can be produced and that a panel of 
cross-reactive antibodies can be assembled for use i n identi fy ing a n u m b e r 
of other species. 

These studies suggest that monoclonal antibodies specific to h u m a n 
a l b u m i n may be produced ; such antibodies w i l l be of value i n de termin ing 
the h u m a n or ig in of b lood, tissue, and other body fluids. W e have been 
successful in produc ing a monoclonal antibody that reacts w i t h an epitope 
on serum a l b u m i n that is specific to samples of h u m a n or ig in . 

Materials and Methods 

Serum Albumins. S e r u m albumins were either purchased from 
Sigma C h e m i c a l C o m p a n y or prepared from serum as previously descr ibed 
(37). 

Production of Hybridoma Cell Lines. E ight -week -o ld female 
B A L B / c mice were injected three times intraperitoneally w i t h 500 μg of 
h u m a n serum a l b u m i n (HSA) at 2-week intervals. The first injection was i n 
complete F r e u n d adjuvant (1:1, v /v ) , and the succeeding two injections were 
g iven i n incomplete F r e u n d adjuvant (1:1, v /v ) . The mice were al lowed to 
rest for 3 0 - 6 0 days and injected intravenously w i t h 50 μg of H S A . F o u r 
days later, spleen cells from these mice were fused w i t h S P 2 / 0 - A g l 4 m y e 
loma cells by us ing polyethylene glycol , as previously descr ibed (38). H y -
bridomas of interest were c loned by l i m i t i n g d i lut ion . 

Samples. Pr imate sera were obtained from the Yerkes Pr imate C e n 
ter (Atlanta, G A ) . H u m a n m i l k , saliva, and ur ine were obtained from donors 
and frozen at —70 °C w i t h i n 15 m i n of receipt. Vaginal secretions were 
obtained on sterile swabs d u r i n g routine pe lv ic examinations. H u m a n k i d 
ney, l iver , and pancreas were obtained from cadavers w i t h i n 6 h of death 
and homogenized i n carbonate-bicarbonate buffer ( p H 9.2) i n a Prec is ion 
Scientific tissue homogenizer . T h e homogenates were centrifuged for 10 m i n 
at 500 X g to pel let particulate material , and the soluble proteins were 
precipitated w i t h co ld acetone at a 10:1 ratio. A pel let of the precipitated 
proteins was obtained after 10 m i n of centrifugation at 500 X g and was 
resuspended i n carbonate-bicarbonate buffer. 

Screening Assay. Supernatant fluids from wells that showed good 
hybr idoma growth were screened against H S A - c o a t e d wel ls by enzyme-
l i n k e d immunosorbent assay ( E L I S A ) (39) w i t h a goat anti-mouse i m m u 
noglobul in (anti-MIg) (heavy- and l ight-chain specific; Hyclone) conjugated 
w i t h horseradish peroxidase ( H R P - a n t i - M I g ) . Supernatant fluids from c u l 
tures of positive clones were screened extensively against a large panel of 
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serum albumins. Hybr idomas of interest were subcloned several t imes, and 
ascites fluid was produced from pr is tane-pr imed B A L B / c mice . 

Trapping E L I S A with Two Monoclonal Antibodies. Polystyrene 
E L I S A plates ( Immulon I I , Dynatech , C h a n t i l l y , VA) were coated w i t h 10-
μ g / m L H S A - 2 (primate-specific clone) i n tris(hydroxymethyl)aminomethane 
(Tris) saline ( p H 7.5) for 1 h at room temperature. The plates were empt ied ; 
filled w i t h a solution containing 0 .05% Tween 20 [sorbitan monododecanoate 
poly(oxy- l ,2-ethanediyl ) derivatives] , 50 m M Tr is , 150 m M N a C l , and 0 .01% 
thimerosal (TTN) ; and incubated for 30 m i n at room temperature. After 
incubation, the plates were empt ied , and samples were appl ied (100 μΙ-. per 
well) for 30 m i n at room temperature. T h e plates were r insed w i t h T T N , 
and biot inylated H S A - 1 was appl ied (100 μι. or 0.5 μg per well) for 30 m i n 
at room temperature. After three washes w i t h T T N , 100 μι. of streptavi-
d i n - H R P (0.25 μ g / μ L ) was appl ied per w e l l . After 30 m i n at room t e m 
perature, the plates were empt i ed and washed five times w i t h T T N ; 100 μ ί 
of a solution containing 1 m M A B T S , [2,2 ' -azinobis(3-ethyl-2,3-dihydro-6-
benzothiazolesulfonic acid)], 0 .03% H 2 0 2 , and c itrate-phosphate buffer ( p H 
4.2) was added per w e l l . The plates were incubated for 30 m i n at room 
temperature. C o l o r development was measured at 410 n m w i t h a spectro
photometer (Titertek Mul t i s can ; F l o w Laboratories, M c L e a n , VA) , after 
w h i c h the plates were photographed. 

Ascites Production. A n t i - a l b u m i n clones H S A - 1 and H S A - 2 were 
thawed, subcloned, and reassayed by E L I S A on human a l b u m i n , and a 
rapidly growing subclone was expanded for ascites product ion. F o r t y male 
B A L B / c mice were p r i m e d w i t h an intraperitoneal injection of 0.5 m L 
pristane on day 0. O n day 14, 2 Χ 10 6 cells were injected into each mouse. 
Ascites fluid was col lected over a 1-week per iod and pooled. Ce l l s and other 
debris were removed by centrifugation. Approx imate ly 180 m L of ascites 
fluid was obtained. 

Purification of Monoclonal Antibody. Immunoglobul ins were 
precipitated from the pooled ascites by addit ion of an equal vo lume of sat
urated a m m o n i u m sulfate [50% ( N H 4 ) 2 S 0 4 ] . The precipitate was col lected 
by centrifugation (20 m i n ; 10,240 X g), dissolved i n 0.01 M sodium phos
phate ( p H 6.8), and reprecipitated. After the second a m m o n i u m sulfate 
precipitat ion, the pel let was dissolved i n a m i n i m u m vo lume of 0.01 M 
sodium phosphate ( p H 6.8) and centrifuged for 10 m i n at 10,600 X g). T h e 
result ing supernate was appl ied to a P 6 G , gel filtration po lyacry lamid , co l 
u m n (Bio-gel ; B i o r a d , Rockvi l le Center , N Y ; 1.5 X 40 cm). Fractions con
taining prote in were pooled and appl ied to a hydroxyapatite co lumn that 
had been equi l ibrated w i t h 0.01 M sodium phosphate ( p H 6.8). Proteins 
were e luted w i t h a l inear gradient of 0.01 to 0.3 M sodium phosphate. 
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C o l u m n fractions were analyzed by sodium dodecyl sul fate-polyacrylamide 
gel electrophoresis ( S D S - P A G E ) and E L I S A . Tubes containing maximal 
ant i -a lbumin activity were pooled and concentrated. A port ion of this con
centrate was analyzed by S D S - P A G E . 

Biotinylation of Monoclonal Antibody. Approx imate ly 2 m g of 
monoclonal antibody H S A - 1 was biot inylated w i t h N-biotinyl-a>-aminoca-
proic ac id N-hydroxysucc in imide ester (Enzot in ; E n z o b i o c h e m , N Y ) at a 
pro te in - to -Enzot in ratio of 1:22 (40). 

S D S - P A G E . C o l u m n fractions and pur i f ied immunog lobu l in were 
analyzed on 10% or 1 0 - 2 0 % l inear gradient polyacrylamide gels i n the pres
ence of 0 . 1 % S D S . Mo le cu lar weight standards (Sigma and L K B ) were used 
for molecular weight estimations. 

Results 

Types of Monoclonal Antibodies to Human Albumin. T h e 
monoclonal antibodies to serum a lbumin were one of three general types 
(Table IV) . Type A is h igh ly specific for h u m a n a lbumin ; type Β cross-reacts 
extensively w i t h pr imate a lbumins , w i th l i tt le or no cross-reactivity w i t h 
albumins from other species; and type C shows variable reactivity w i t h 
albumins from a variety of species. Examples of the reactivity of type A and 
type Β monoclonal antibodies i n an E L I S A are shown i n F igure 3. S e r u m 
samples from the fo l lowing species were tested: human , chimpanzee, gori l la , 
orangutan, dog, cat, hamster, cow, sheep, p ig , rat, raccoon, goat, rabbit , 
antelope, mule deer, elk, horse, white tai l deer, guinea p ig , and turkey. 
O n l y h u m a n serum reacted w i t h monoclonal antibody H S A - 1 . 

Two monoclonal antibodies, one h ighly specific for human a l b u m i n 
(HSA-1) and one of broader specificity for several primates (HSA-2) , were 
selected for subsequent use. These antibodies were pur i f ied by hydroxy-
apatite chromatography to single heavy- and l ight-chain bands (Figure 4) 

and then biot inylated. 
A double-antibody, trapping E L I S A was developed that used b i o t i n 

ylated H S A - 1 to detect the presence of a lbumin bound to an unso lubi l i zed 
second antibody, H S A - 2 , w h i c h was reactive w i t h an epitope common to 

Table IV. Classes of Monoclonal Anti-Albumin Antibodies in Various Species 
Antibody Type Η C G 0 D Ca Β S De Ho 
A + 
Β + + + 4- — — — 
C + _ + — — + + + — + 
NOTE: Species are abbreviated as follows: H , human; C, chimpanzee; G, gorilla; O, orangutan; 
D, dog; Ca, cat; B, bovine; S, sheep; De, deer; and Ho, horse. 
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Figure 3. Results of ELISA showing monoclonal antibodies specific for human 
(rows 1-6; type A) and for primate (rows 7-12; type B) albumins. The plate 
was divided in half (rows 1-6 and 7-12 composing two groups), and purified 
albumins were used to coat the wells in duplicate prior to assay; the left and 
nght sides of the plate were coated identically. Albumins were obtained from 
the following 20 species: human (AI, Bl, A7, and B7), gorilla (Cl, Dl, C7, 
and D7), orangutan (El, Fl, E7, and F7), chimpanzee (Gl, HI, G7, and H7), 
deer (A2, B2, A8, and B8), mule deer (C2, D2, C8, and D8), elk (E2, F2, E8, 
and F8), antelope (G2, H2, G8, and H8), cat (A3, B3, A9, and B9), dog (C3, 
D3, C9, and D9), hamster E3, F3, E9, and F9), guinea pig (G3, H3, G9, and 
H9), raccoon (A4, B4, A10, and BIO), rabbit (C4, D4, CIO, and D10), rat (E4, 
F4, E10, and F10), goat (G4, H4, G10, and H10), sheep (A5, B5, All, and 
Bll), pig (C5, D5, Cll, and DU), horse (ES, F5, EU, and Fil), and turkey 
(G5, H5, Gil, and Hll). Wells A6, B6, A12, and B12 were coated with a 
mixture of the first 10 albumins, and wells C6, D6, C12, and D12 were coated 

with a mixture of the second 10 albumins. 

the albumins of several pr imate species. Solutions containing a l b u m i n were 
added to wells of microt i ter plates that had been precoated w i t h the cross-
reactive monoclonal antibody, H S A - 2 , at 10 μ g / m L . After extensive wash
ing , the bound ("trapped") a lbumin was detected w i t h biot inylated H S A - 1 
and H R P - s t r e p t a v i d i n . 

T h e sensitivity of the assay was determined by using various di lutions 
of pur i f i ed serum a l b u m i n and h u m a n serum (Figure 5). This assay detected 
as l i t t le as 30 n g of pur i f ied a lbumin per m L or, expressed i n another way, 
the a l b u m i n present i n a 1:10 6 d i lu t i on of h u m a n serum (equivalent to 1.0 
n L or less of h u m a n serum) w i t h i n a few minutes after the addit ion of 
substrate (Figure 5). Longer incubation times permit greater sensitivity w i t h 
out loss of specificity. T h e assay can be made more or less sensitive by 
vary ing the amount of antibody coated and the reaction times w i t h the various 
reagents. 
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Figure 4. SDS-PAGE profile of mono
clonal antibodies HSA-1 and HSA-2. 
After purification by hydroxyapatite 
chromatography, HSA-1 (lane 2) and 
HSA-2 (lane 3) were electrophoresed on 
a 10% polyacrylamide gel in the presence 
of 0.1% SDS. Approximately 1 μg of 
HSA-1 and HSA-2 was loaded in each 
lane. The gel shows two peptide bands 
corresponding to heavy and light (56-
and 24-kilodalton [KD], respectively) 
immunoglobulin chains and no evidence 
of other contaminating proteins. Lane 
1 was loaded with molecular weight 

markers. 

Table V. Albumin in Tissue Extracts and Body Fluids 
Protein at 50% Maximum ODa 

Fluid or Extract (ng) 
Serum 8 
Seminal fluid6 630 
Mi lk (most reactive) 1,260 
Urine* 2,000 
Kidney 3,160 
Liver 10,000 
Saliva 6 30,000 
Pancreas 30,000 
Vaginal secretions 100,000 
NOTE: Albumin was determined by the trapping assay with biotin-
conjugated HSA-1. 
e OD, optical density. 
^Starting protein concentrations of 20, 1, and 0.5 mg/mL for seminal 
fluid, saliva, and urine, respectively were assumed. 

Albumin in Tissues and Body Fluids. The presence of a lbumin 
i n various tissues and body fluids was examined. The results are presented 
i n Table V as the amount of prote in per mi l l i l i t e r of fluid requ ired to give 
5 0 % maximal reaction i n the trapping assay. A l b u m i n was easily detected 
i n various body fluids and tissue extracts, inc lud ing seminal fluid, m i l k , ur ine , 
saliva, vaginal secretions, and extracts of l iver , k idney , and pancreas. T h e 
concentrations of a lbumin i n these fluids, relative to serum, were such that 
assay conditions could be adjusted easily to readily dist inguish between b lood 
samples and other body fluids. 
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1000 250 63 16 4 
ng HSA/ml 

Β 

L o g 1 Q dilution of serum 

Figure 5. Sensitivity of antigen-trapping assay with monoclonal antibodies 
HSA-1 and HSA-2. HSA-2 (type Β antibody) was coated on the plate, and then 
human albumin (A) or serum (B) was diluted as indicated and added to the 
wells. Biotin-conjugated HSA-1 served as the specific probe. The optical density 

at 410 nm (OD410) was measured after 15 min. 
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S p e c i f i c i t y o f H S A - 1 . E v e r y specimen from a large panel of h u m a n 
serum samples from various races and sexes reacted w i t h monoclonal ant i 
body H S A - 1 . N o h u m a n serum was tested that d i d not react, a fact indicat
ing the absence of genetic variation i n the antigenic site detected by the 
H S A - 1 antibody. T h e H S A - 1 monoclonal antibody thus fulfills two essential 
cr i ter ia for an immunolog ica l probe for the identification of the species of 
or ig in : species specificity and intraspecies conservation of the antigenic site. 

T h e unequivocal assignment of the species of or ig in to unknown blood 
stains, body fluids, or tissue fragments is cr i t ical to forensic medic ine . South 
Afr ican forensic scientists i n particular have a serious prob lem i n differen
tiating h u m a n and primate bloods (41, 42). Archaeologists studying artifacts 
w i t h surface b lood stains may face a s imilar challenge. 

Advantages of Monoclonal Antibodies 

H i g h - t i t e r ant i -human g lobul in polyclonal antiserum i n double-diffusion as
says is the method generally used to identify human b lood i n forensic (42) 
and archaeological (1) specimens by immunologica l techniques. H o w e v e r , 
because of the n u m b e r of antigenic sites on complex proteins, it has been 
difficult to produce a t ru ly species-specific polyclonal antiserum. I n addit ion, 
because of the large n u m b e r of structural variations among proteins from 
related species, species-specific surface structures exist on proteins that may 
be immunologica l ly detected w i t h monoclonal antibodies. 

Monoc lona l immunoreagents offer advantages of uni formity , specificity, 
constant affinity, and availabil ity i n v ir tual ly u n l i m i t e d supply, compared 
w i t h the ir polyclonal counterparts. Species-specific immunoreagents, such 
as H S A - 1 , w i l l a l low the archaeological and forensic communit ies to stan
dardize the identif ication of h u m a n blood and tissue and the direct c om
parison of results from different laboratories without doubt about the 
specificity of the antibody. 

T h e antigen-trapping enzyme- l inked immunosorbent assay that uses 
two monoclonal antibodies can provide quantitative determinations of u n 
k n o w n samples prov ided that the saturation leve l of the bound monoclonal 
antibody is not exceeded. F i g u r e 6 summarizes the steps i n this method. 
Ant ige n trapping assays based on this configuration should also provide the 
archaeological serologist w i t h a method that is applicable over a broad range 
of a lbumin concentrations typical ly encountered i n b lood stains i n samples, 
w h i c h may contain minute or large amounts of a lbumin . T h e trapping assay 
detects as l i t t le as 30 n g of pur i f i ed a lbumin (range of concentration i n serum 
is from 28 to 45 m g of a l b u m i n per m L ) . B y reduc ing the amount of b o u n d 
monoclonal antibody be low the saturation of the plate-coating step of this 
assay or by decreasing the amount of b iot inylated H S A - 1 i n the second step, 
the sensitivity of this assay may be adjusted to allow discr iminat ion between 
blood samples and other body fluids. 
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1. 

JUL J U L XX 
Add 0.1 ml monoclonal antibody, incubate 1 hr, 20°C. 

2. Block wells with TRIS-Tween, 10 min, 20°C. 

Add 0.1 ml sample of seminal fluid, incubate 1 hr, 20°C. 

4. Wash 3x to remove excess sample. 

Add biotinylated monoclonal antibody-streptavidin-
HRP, incubate 30min, 20°C. 

6. Wash 5x to remove excess antibody complex. 

Add 0.1ml ABTS substrate (x), incubate 30 min, 20°C. 
Score visually or measure O.D.414 . 

Figure 6. Summary of the steps of the ELISA for detecting human albumin. 
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F u r t h e r details on this method may be obtained from Ben jamin et a l . 
(43) or by obtaining product information about the commerc ia l assay from 
the manufacturer (Humagen, 1500 A v o n Street, Charlottesvi l le , V A 22901). 
W e do not k n o w the half-life of a lbumin i n blood stains on the surface of 
archaeological artifacts. D r i e d tissues from museum specimens or frozen 
samples of great age do retain a lbumin antigenicity (J , 44). 

T h e method requires that the a lbumin epitopes against w h i c h the mono
clonal antibodies are d irected retain their native conformation. L o y (J) noted 
that b lood residues on b u r i e d l i th i c artifacts are protected from microb io 
logical attack and ground water removal by electrostatic interactions w i t h 
soil clay particles. H e states: " I n some cases, up to 5 0 % of the original b lood 
residue may be sequestered i n the first 0.1 μπι of soi l ; thus, m u c h of the 
residue may i n fact be lost by extensive c leaning of artifact surfaces." This 
experience gives hope that a l b u m i n molecules may be maintained i n their 
native antigenic conformation and recovered from archaeological specimens. 

Conclusion 

Forens ic studies suggest that monoclonal antibodies specific to a lbumin may 
be used to determine the species of or ig in of b lood stains on archaeological 
artifacts. A monoclonal antibody that reacts specifically w i t h an epitope on 
h u m a n serum a l b u m i n has already been produced. 
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23 
Isotope Measurements and Provenance 
Studies of the Shroud of Turin 

Robert H. Dinegar1 and Larry A. Schwalbe2 

1University of New Mexico—Los Alamos, Los Alamos, NM 87544 
2Los Alamos National Laboratory, Los Alamos, NM 87545 

The findings and conclusions of the 1978 investigation of the Shroud 
of Turin are reviewed, and a proposal for additional research that 
was submitted in 1984 is described. The research proposal centers 
primarily on two experiments: radiocarbon dating and the proposed 
measurements of the stable hydrogen and oxygen isotopic concen
trations in the textile cellulose. The discussion of the dating experi
ment focuses on the history of attempts to perform the test during 
the past decade. That of stable isotope measurements treats the tech
nical aspects of the method and their implications for locating the 
geographical origin of the Shroud. 

T H E S H R O U D O F T U R I N R E S E A R C H P R O J E C T ( S T U R P ) , an A m e r i c a n team of 
scientists and technicians, conducted an extensive series of nondestructive 
examinations of the Shroud i n October 1978. A b o u t 4 years later, the data 
reduct ion and analyses were completed. Pub l i c l y released and discussed i n 
several forms (I , 2), the measurements and observations support the fol low
ing conclusions: 

1. T h e body image on the c loth is the result of an oxida
t i on -dehydrat i on reaction of the cellulose material of the c loth 
itself rather than the result of an appl ied pigment , stain, or 
dye. 

2. T h e process for the formation of the body image remains u n 
known. 

0065-2393/89/0220-0409$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Soc iety 
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3. T h e areas tradit ionally identi f ied as "bloodstains" contain 
b lood-der ived material . 

I n August 1984, S T U R P submitted a proposal to perform addit ional 
tests. T h e formal proposal , w h i c h consisted of 26 ind iv idua l projects, ad 
dressed three broad categories of current issues: questions about how the 
image was formed, conservation, and provenance. O f these issues, the most 
complex and perplex ing is how the image was produced on the surface of 
the c loth. Roughly hal f the experiments i n the 1984 proposal were a imed 
toward solving this prob lem. O f the remain ing experiments, nearly a l l are 
related to conservation. S T U R P , along w i t h the authorities i n T u r i n who are 
entrusted w i t h the care and preservation of the rel ic , recognize that a c o m 
prehensive characterization of the physical and chemical state of the fabric 
(and its associated materials) is necessary to support va l id recommendations 
for the safe handl ing and storage of the Shroud. 

T h e final two of the 26 projects pertained direct ly to questions of prove
nance. It is perhaps ironic that so l i t t le apparent effort was given to this 
prob lem. After a l l , knowing the t ime and place of the S h r o u d s or ig in is 
central to what many w o u l d consider the paramount question: Was the 
Shroud of T u r i n , as pious tradit ion holds, the bur ia l c loth of Jesus, or is it 
mere ly a c leverly hoaxed medieval rel ic? T h e two experiments that w i l l 
provide some insight to these questions are the focus of this chapter. B o t h 
involve measurements of the isotopic composit ion of the fabric. T h e first is 
the familiar and w ide ly pub l i c i zed radiocarbon procedure that should give 
an accurate date of or ig in . The second is a study of the stable isotope ratios 
of hydrogen and oxygen that cou ld locate the Shroud's place of or ig in . As 
we in tend to show, the attention and effort g iven to this research has been 
considerable. 

Determining the Age 

M a n y accept the Shroud as the authentic bur ia l c loth of Jesus, but those 
who defend this be l ie f must explain the complete lack of records docu
ment ing the Shroud's existence throughout most of its supposed 2000-year 
history. F o r a l l we know today, the Shroud could have been manufactured 
a short t ime before its recorded appearance i n the early 1350s. The issue of 
authenticity has therefore generated and sustained great interest i n the 
radiocarbon dating technique. A n objective date is possible; i n fact, an at
tempt to date the Shroud has been completed. 

P r e v i o u s P r o p o s a l s . M a n y investigators have had the idea of dating 
the c loth by C-14 determinat ion ever since 1955 w h e n W i l l a r d F. L i b b y 
showed that such analysis is both possible and meaningful . E v i d e n t l y , these 
thoughts were not fol lowed up , or the failure of attempts was kept secret, 
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for there is l i t t le , i f any, l i terature pub l i shed d u r i n g the 1950s-1970s on this 
subject. O n e documented attempt does exist (3), however, and that invo lved 
the group of investigators that later became S T U R P . L i t t l e came of this 
organization's attempt i n the late 1970s. A t the t ime , the posit ion of the 
Roman Catho l i c C h u r c h , i n whose care the c loth is entrusted, was that any 
type of testing should be nondestructive. I n addit ion, the established tech
nology (the L i b b y counting method) required an unacceptably large sample 
of c loth to be destroyed for a rel iable answer. Thus , w h e n S T U R P made its 
formal request to the Archb ishop of T u r i n , M i c h e l l e Pel legr ino , i n 1977 to 
r u n tests on the Shroud , radiocarbon analysis was not ment ioned. 

T h e test program of S T U R P , w h i c h invo lved a comprehensive invest i 
gation of the c loth using many wavelengths of the electromagnetic spectrum, 
photography, and the removal of surface material for chemical analysis, was 
approved i n A p r i l 1978. As S T U R P prepared to go to T u r i n i n the fal l , a 
we l l -known A m e r i c a n scientist (4) made an unsuccessful attempt to obtain 
threads and swatches of c loth that had been removed i n 1973 for a "qu i ck 
and d i r t y " age determinat ion. I n addit ion, two other Amer i can scientists 
wrote a formal proposal for radiocarbon analysis of the c loth us ing newly 
developed methods invo lv ing tandem accelerators and precise miniature 
proport ional counters. The latter request was somehow " lost" and C h u r c h 
authorities appeared u n w i l l i n g to have the Shroud carbon dated. 

Those interested in the c loth then split into three camps. O n e group 
pushed harder for immediate C-14 testing. A second said the or ig in of the 
c loth was so w e l l - k n o w n that no part of i t should be destroyed i n ver i fy ing 
its antiquity. A t h i r d counseled making plans for an age determinat ion i n 
several years. S T U R P was the vocal exponent of the last posit ion. 

A t the beg inning of the last week of August 1978, the H o l y Shroud of 
T u r i n was put on publ i c display over the h igh altar of the Cathedra l of Saint 
John the Baptist . T h e exposition marked the 400th anniversary of the 
Shroud's arr ival i n T u r i n from Chambéry, France . T h e pub l i c exposition 
ended the weekend of October 7 -8 , 1978, d u r i n g w h i c h t ime the Second 
International Sindonological Conference was he ld . Those interested i n the 
Shroud came from al l over the w o r l d to participate. D u r i n g the meet ing , 
the newly named Archb ishop of T u r i n , Anastasio Ballestrero, announced 
that w h e n the scientific c ommuni ty could settle on the best way to determine 
the age of the c loth , he w o u l d consider asking the owner of the Shroud , the 
exi led K i n g of Italy, U m b e r t o I I , to al low samples to be taken for analysis. 
H i s words were greeted w i t h enthusiasm by those ho ld ing the t h i r d posit ion 
ment ioned ; the other two camps redoubled their efforts to have this decision 
changed to the ir positions. A state of tension and pol i t ical intr igue developed 
that is st i l l very m u c h evident. 

S T U R P P r o p o s a l . O n October 9, 1978, the Shroud was placed i n 
the V i s i t i n g Prince 's rooms of the Royal Palace of the House of Savoy, and 
the testing proceeded continuously for 5 days. T h e data and analyses of more 
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than 100 h of c loth observation have been discussed for almost a decade. 
T h e results have been pub l i shed i n many journals. Mos t , i f not a l l , of the 
articles were refereed, and , to our knowledge, not one was rejected. T h e 
general conclusions reached by S T U R P scientists were those out l ined at the 
beg inning of this chapter. N e i t h e r the data nor the conclusions themselves 
have been challenged. W h a t has been argued, almost ad nauseam, is whether 
the work can be interpreted for or against a very early chronological date. 
N o pub l i shed article by any S T U R P scientist takes either posit ion. 

In 1979, S T U R P began decisive action to obtain permission to carbon 
date the Shroud . A C-14 committee was formed. Scientists from al l over the 
w o r l d were contacted and asked i f they were interested i n j o in ing the the 
effort. Some responded negatively, c i t ing the religious nature of the project. 
Others fai led to answer. W i t h various levels of enthusiasm, several agreed 
to become invo lved . T h e Ar i zona , Brookhaven, and Rochester laboratories 
from the U n i t e d States, as w e l l as Oxford and H a r w e l l of the U n i t e d K i n g d o m 
answered affirmatively. Later , the B r i t i s h M u s e u m and the F e d e r a l Institute 
of Technology i n Z u r i c h j o ined the effort. This array of scientists was deemed 
quite sufficient to carry out the age determination i n the most objective 
manner. T h e inc lus ion of both methods of C-14 determination, accelerator 
and counter, was thought to ensure the most accurate and precise dating. 
The chairman of the S T U R P C-14 committee kept the group informed and 
coordinated by letter, telephone, and personal visits over the ensuing years. 

I n 1983, at the radiocarbon conference i n Bradford , E n g l a n d , i t was 
suggested that a laboratory intercomparison experiment be undertaken. T h e 
B r i t i s h M u s e u m agreed to supply three samples of c loth of k n o w n dates to 
each laboratory. T h e intercomparison tests were carried out and the results 
reported at the radiocarbon conference h e l d i n T r o n d h e i m , Norway i n June 
1985. T h e proceedings of that meet ing contain the data and the report 
presented by the B r i t i s h M u s e u m (5). A n interlaboratory agreement on the 
dates was clearly established. Interestingly, a serendipitous result of this 
test was to b r i n g to l ight that the actual date of one of the samples furnished 
by the B r i t i s h M u s e u m was not correctly k n o w n at a l l ! 

W h i l e the intercomparison experiment was be ing performed, a proposal 
for n e w tests on the Shroud , of w h i c h radiocarbon dating was preeminent , 
was drawn up by S T U R P . T h e proposal dating project was approved by the 
original five laboratories, and the composite proposal was sent to the C a r d i n a l 
Archbishop of T u r i n i n the fall of 1984 for endorsement and forwarding to 
the See of Rome , w h i c h upon the death of U m b e r t o II had become the 
owner of the cloth. T h e Pontif ical Academy of Sciences thus received the 
report for comment. 

W i t h i n this atmosphere, S T U R P and the radiocarbon laboratories i n 
vo lved h e l d a special meet ing on the Shroud dating dur ing the radiocarbon 
conference i n Trondhe im. It was quick ly seen and made absolutely clear 
that one laboratory was dedicated to having the experiment come under the 
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single and direct oversight of the Pontif ical Academy of Sciences. T h e ad 
amant stance and continual l obby ing of this one laboratory caused a severe 
tension i n the project that exists to this day. 

Pontifical Academy of Sciences Criteria. I n the last week i n Sep
tember 1986, at the invitat ion of the C a r d i n a l Archbishop of T u r i n and the 
Pontif ical Academy of Sciences, scientists from S T U R P , the analyzing ra 
diocarbon laboratories (now inc lud ing a Swiss team), a textile expert from 
H o l l a n d , and an archaeologist from H o n g K o n g met i n T u r i n to discuss dating 
the Shroud . A lso present as observers were F r e n c h radiocarbon experts. 
T h e meet ing was chaired by the president of the Pontif ical Academy of 
Sciences, but under the oversight of the Archbishop of T u r i n and his sc ien
tific advisors. After 3 days of meetings it was dec ided that 

1. T h e samples for radiocarbon dating w o u l d be taken from the 
rel ic by the D u t c h c loth expert, under the direct ion of the 
scientific advisors to the C a r d i n a l Archbishop . 

2. T h e samples and " b l i n d s " w o u l d first be unwoven by the 
B r i t i s h M u s e u m and then d istr ibuted to the laboratories i n 
volved . 

3. T h e addit ional tests on the cloth as out l ined i n the S T U R P 
proposal w o u l d then be carr ied out. 

4. T h e radiocarbon data w o u l d be collated by the B r i t i s h M u 
seum, the statistical department of the Polytechnic Institute 
i n T u r i n , and a t h i r d group designated by the Pontif ical A c a d 
emy. 

5. T h e date of the Shroud of T u r i n w o u l d be announced to the 
wor ld by Easter 1988. 

I n A p r i l 1987, T u r i n rece ived positive instructions from R o m e on how 
to proceed. These d irected that no more than three samples were to be 
taken, w h i c h requ i red that three laboratories be chosen from the six that 
had offered the ir services. T h e choices were made after long del iberat ion 
and careful consultations. T h e cr i ter ia used for the selection were 

• the specific experience i n the field of archaeological radiocarbon 
dating 

• the sample size requ i red by the laboratory 

• the international mix of the group 

The cr i ter ion of sample size e l iminated those laboratories that use the t ra 
dit ional L i b b y count ing method. This situation was very unfortunate because 
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one laboratory of the six best meet ing the experience cr i ter ion was one of 
the two requ i r ing the larger sample size. H a r w e l l was thus e l iminated , even 
though it had per formed more radiocarbon experiments than the other five 
laboratories combined . Brookhaven, the other counter laboratory, was e l i m 
inated because i t , too, r equ i red a large sample and was relatively inexpe
r ienced i n archaeological dating. This e l iminat ion was also unfortunate, but 
from another standpoint: Brookhaven had done the pioneer development of 
the smal l proport ional counter technique. The accelerator laboratory at R o c h 
ester requ i red a sufficiently smal l sample, but they were passed over by 
reason of l itt le experience i n archaeological dating and their use of " n o n -
dedicated" equipment . Ar i zona , Oxford, and the Federa l Institute of T e c h 
nology i n Z u r i c h were left after the application of al l three cr iteria . T h e 
other scientists taking part i n the overal l investigation of the c loth, the B r i t i s h 
M u s e u m for overseeing the date determinat ion, and S T U R P for other ex
per iments , remained unaffected. 

T h e reaction of the laboratories to the proposed choices was predictable. 
B o t h Rochester and Brookhaven denounced the decision as scientifically 
flawed and questioned the qualifications of those who had advised the C h u r c h 
authorities. H a r w e l l expressed disappointment at not be ing chosen and l i k e 
wise disagreed w i t h the decision to cut the n u m b e r of laboratories from six 
to three. Ar i zona , Oxford , and Z u r i c h gave the opinion that any date obtained 
w o u l d be more w ide ly accepted i f a l l the laboratories were invo lved instead 
of just three. 

Current Protocol. T h e C-14 testing protocol at this t ime is essen
tial ly that submitted by S T U R P i n 1984 w i t h the modifications that took 
place i n T u r i n i n 1986. T h e few major changes that were made to conform 
to the sample-size cr i ter ion caused the loss of use of the counter method 
and an increase i n the error associated w i t h any date from ± 1 0 0 years to 
about ± 2 5 0 years. A l t h o u g h the crit icisms of the p lan offered b y the C h u r c h 
authorities are va l id and thought-provoking, the protocol certainly w i l l a l low 
a conclusion as to whether the c loth is of medieval or ig in or i f it comes from 
a m u c h earl ier t ime . 

O n the night of A p r i l 21, 1988, C a r d i n a l Ballestrero, L u i g i Gone l la , 
and G i o v a n n i R igg i , (Vice President of S T U R P ) w i t h the advice of a c loth 
expert from L y o n s , France , removed fabric samples from the Shroud and 
gave them to M i c h a e l Ti te of the B r i t i s h M u s e u m for d istr ibut ion to the 
three laboratories. S lowly , the radiocarbon dating of the Shroud is be ing 
accomplished and the Church ' s decision to give free hand to the scientific 
c ommuni ty is evident. 

Locating the Geographic Origin 

O u r discussion of the dating proposal centers more on the historical record 
of efforts to accomplish the work than i t does on the more familiar technical 
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aspects of the prob lem. I n our discussion of placing, the situation is reversed. 
U n l i k e radiocarbon dating, the idea of measuring the stable isotope ratios 
of hydrogen and oxygen to locate the geographic or ig in of the Shroud is 
fairly recent. T h e method is not w ide ly known or appreciated, and a technical 
discussion therefore is the most appropriate. 

Previous Physical Studies. Thus far, the available physical e v i 
dence concerning the S h r o u d s or ig in is suggestive but scanty and largely 
inconclusive. I n 1973, a fabric sample was removed from the edge of the 
Shroud near one e n d and given to a Belgian textile expert (Raes) for study. 
Unfortunately , despite several provocative observations, inc lud ing that of 
the Z-twist , w h i c h is apparently unusual for l i n e n , Raes (6) was unable place 
the or ig in of the material either from the twist or from the 3:1 herr ingbone 
weave type of the fabric. S t i l l , he d i d report finding traces of cotton i n w i t h 
the flax fibers and suggested that the l inen may have been spun w i t h the 
same equipment used previously for cotton. T h e latter observation supports 
a M i d d l e Eastern manufacture (because cotton was not grown i n E u r o p e at 
the time), but i t does not prove the conjecture. 

A second piece of evidence is offered by F r e i (7-9) who studied surface 
debris that was removed from the Shroud w i t h sticky tape. A m o n g the 
col lected materials, he observed and identi f ied po l len from plants that are 
un ique ly indigenous to Palestine and Anato l ia (JO). Some conclude from 
these observations that the Shroud originated i n the M i d d l e East and was 
subsequently brought to E u r o p e v ia Constantinople (4). B u t we consider i t 
just as l ike ly that the Shroud was produced i n E u r o p e and subsequently 
transported to Palest ine, perhaps on one of the Crusades, where it was 
exposed to the local po l l en ra in . 

Stable Isotope Method. A t this point , the evidence for placing the 
Shroud's or ig in is suggestive, but more work is clearly necessary i f we hope 
to reconstruct a convinc ing historical scenario. So far, the evidence has been 
somewhat indirect ; that is, it involves inc idental materials associated w i t h 
the fabric. T h e stable isotope experiment is qualitatively different from the 
earlier ones because, l ike radiocarbon, it involves direct measurements on 
the fabric itself. 

T h e Shroud is a l i n e n textile that consists of cellulose der ived from flax. 
E a c h of the constituent elements of the cellulose (hydrogen, carbon, and 
oxygen) exists i n several stable isotopic forms. T h e l ighter isotopes * H , 1 2 C , 
and I 6 0 are generally more abundant, but smaller concentrations of the 
heavier D ( 2 H) , 1 3 C , and l s O are also present i n measurable amounts. I n 
any sample, the relative quantities D / H , 1 3 C / 1 2 C , and 1 8 0 / 1 6 0 depend on 
the physical , chemical , and biological history of the material . 

T h e isotopic compositions of oxygen and hydrogen i n cellulose are par
t icularly inf luenced by the cl imate i n w h i c h the plant grew. C l i m a t e affects 
isotope ratios i n pr imar i l y two ways. F i r s t , temperature affects cellulose 
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composit ion through its effects on the isotopic concentrations of the local 
precipitat ion. I n general , the magnitudes 1 8 0 / 1 6 0 and D / H in rainwater 
decrease w i t h cooler temperatures (J J) , and corresponding decreases i n both 
carbon-bound D / H (12, 13) and 1 8 0 / 1 6 0 (14) ratios i n plant cellulose have 
been observed and measured. T h e second factor, the h u m i d i t y of the growing 
environment , affects the isotope ratios of terrestrial plant cellulose through 
its influence on the transpiration process. L o w humidit ies promote t ran
spiration and concentrate leaf water containing the heavier isotopes, because 
water molecules containing * H and 1 6 0 have higher vapor pressures and 
evaporate more readily. T h e effects of transpiration have also been observed 
experimental ly (15, 16). 

H o t , ar id climates therefore cause plant cellulose to have higher relative 
concentrations of the heavier hydrogen and oxygen isotopes than cellulose 
from plants grown i n cool, moist environments . The isotope ratios of cellulose 
have been used as rel iable indicators of the cl imate i n w h i c h the plants grew 
(17). Recent ly , D e N i r o et a l . (18) demonstrated how D / H and l s O / 1 6 0 ratios 
of cellulose prepared from modern and historic l inens of k n o w n provenance 
from E u r o p e and the M i d d l e East (Israel and Egypt) are related to the 
climates i n these regions. This very study was i n fact undertaken to supply 
a data base to w h i c h similar measurements on the Shroud could be compared 
to establish its geographical or ig in . The work's conclusion is that such a 
determinat ion is indeed possible, although over a l i m i t e d range, the data 
sets from E u r o p e and Israel overlap sl ightly, thus introduc ing the chance of 
an ambiguous result. 

W e support S T U R P ' s proposal to measure stable isotope ratios from the 
Shroud fabric. T h e data could establish the geographical or ig in of the c loth 
i n a direct and unambiguous way. Isotope ratio information is interesting i n 
itself, but it could have an impact on other issues as w e l l . F o r example, to 
someone familiar w i t h the range of artistic techniques and traditions available 
at a specific t ime and location, an accurate historical placement of the Shroud 
could suggest how the image was formed. In conservation, the information 
could prove useful i f the Shroud were to be un ique ly classified w i t h textiles 
of s imilar or igin. T h e data may even be a crit ical supplement to the r a d i 
ocarbon results if, as M e a c h a m (19) notes, the presence of volcanic activity 
i n the area where the Shroud l inen was produced could affect the outcome 
of the 1 4 C testing. 

Summary 

O u r understanding of the physical and chemical characteristics of the Shroud 
of T u r i n has increased enormously i n the past 10 years, but the work done 
thus far st i l l leaves unanswered some of the most intr iguing questions asked 
about this most remarkable object. Foremost among these are w h e n and 
where the Shroud came to be. W e bel ieve studies of the stable and unstable 
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isotopes of the fabric w i l l establish this information. O t h e r questions and 
problems remain . I n our v iew, the t ime is r ight to address these issues, and 
to see this done, we encourage the cont inued cooperation that we have seen 
between the C h u r c h and the scientific community . 
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Historical Silk Flags Studied by 
Scanning Electron Microscopy-Energy 
Dispersive X-ray Spectrometry 
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Department of Objects Conservation, Metropolitan Museum of Ar t , New York, 
N Y 10028 

Samples of colored silk taken from brittle flags in the National Mu
seum of American History (Washington, DC) have been subjected to 
light microscopy and scanning electron microscopy-energy dispersive 
X-ray spectrometry (SEM-EDS). The presence of mordants, weight
ing materials, and colorants is discussed with reference to the em-
brittlement of the silk. The ash content of the samples is reported. 
Micrographs of individual fibers are examined. The correlation be
tween fiber deterioration and elemental composition (as a reflection 
of possible manufacturing processes) is discussed. 

S I L K F A B R I C S H A V E B E E N H E L D I N H I G H E S T E E M for centuries. This con
sideration outweighs some of the problems inherent to the silk fibers, such 
as susceptibi l ity to damage from l ight and embri t t lement w i t h age. This 
esteem has encouraged museums to exhibit superb examples of the tech 
nological and aesthetic achievements associated w i t h the silk weaving of past 
centuries. E v e n w h e n treated poorly, some examples of silk art have survived 
quite w e l l . 

A m o n g 19th-century silks, Ch inese robes and silk embroideries are 

popular collectors' i tems. F a r Eastern silks have often survived export, rev-
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olut ion, and the vagaries of use quite w e l l . European and Amer i can silks of 
the same per iod have not. I n contrast to the health of F a r Eastern silks, 
many examples of E u r o p e a n and A m e r i c a n silk fabrics are shredded, split , 
and i n unexhibitable condit ion. F i g u r e 1 is an example of a deteriorated 
19th-century silk. 

Such degradation has been ascribed to the t in weight ing (I , 2), w h i c h 
was especially popular i n the last half of the 19th century. Because the 
standard method of analyzing weight ing processes requires gram quantities 
of si lk, curators and conservators have been reluctant to sacrifice samples. 
Recent ly , we demonstrated the possibi l ity of descr ibing weighted silks by 
using scanning electron microscopy-energy dispersive X - r a y spectrometry 
( S E M - E D S ) on prepared modern samples (3, 4). Several kinds of silk fibers, 
weighted i n a variety of ways, were successfully analyzed i n a set of b l i n d 
experiments. T h e weight ing procedures were based on recipes taken from 
standard processes descr ibed i n the l i terature. T i n and i ron compounds, 
along w i t h other inorganic substances, were used i n the weight ing treat
ments. It was generally possible to dist inguish between the weight ing treat
ments entirely on the basis of E D S results. The methods used are s imilar 
to those used on mordanted (5-8) and metal -wrapped textiles (9, 10). 

Because of the success w i t h S E M - E D S , the D i v i s i o n of A r m e d Forces 
His to ry at the Nat ional M u s e u m of A m e r i c a n His tory suppl ied some actual, 
deteriorated, accessioned m u s e u m material for examination by l ight m i -

Figure 1. A deteriorated 19th-century silk. 
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croscopy and S E M - E D S . A part of each specimen was also analyzed for ash 
content. Some samples were tested for dye class. 

T h e samples were taken from the vast group of mi l i tary flags transferred 
from the Quartermaster M u s e u m Col lec t ion i n Phi lade lphia to the S m i t h 
sonian Institution by the W a r Depar tment i n 1919. This donation of mi l i tary 
material was so large that it was shipped by railroad boxcar. A l l the flags 
sampled predate the year 1919. U n l i k e most silk fabrics, they can be dated 
quite accurately. T h e flags are also noteworthy for their deteriorated state. 
M a n y arr ived at the Smithsonian Institution wrapped i n b rown paper, l a 
be led "poor condi t ion" . T h e i r fragmentary condit ion, together w i t h the ir 
late 19th-century or ig in , has l e d the curatorial and conservation communi ty 
to assume that the damage was the result of weight ing dur ing the fabric 
manufacture. 

Table I gives catalog numbers and descriptions of the flags from w h i c h 
specimens were obtained at the National M u s e u m of A m e r i c a n His to ry , 
Washington, D C . 

Experimental Details 
Samples (about 1-2 mm 2) were taken from the specimens and arranged on spectro-
scopically pure carbon stubs in a manner that would permit viewing (either with 
optical microscopy or scanning electron microscopy). 

S E M - E D S Analyses. After observation at about 40 X magnification through 
a light microscope (Wild M8), the samples were carbon coated and subjected to 
S E M - E D S analysis (AMRay 1600T equivalent with attached Kevex EDS) . Generally, 
the operating conditions for the collection of E D S data were as follows: 15 kV, 
200-s collection time, 2.56 Χ ΙΟ5 μπι2(—0.25 mm 2) excitation areas. For some sam
ples, up to 10 replicate scans were performed at different spots. Sample preparation 
and data treatment have been described (4-9, J I). Photomicrographs and printouts 
of E D S scans were retained for files. 

Ash Content. Samples were removed from the specimens and submitted for 
ash analysis (Schwartzkopf Microanalytical Laboratory, Woodside, NY). Samples were 
burned in oxygen at 900-1000 °C for about 0.5 h. 

Color Analysis. Samples were removed from the specimens and analyzed for 
the colorants according to methods described in references 12 and 13. 

Results and Discussion 

Table II lists the qualitative E D S results of the 14 specimens. O n l y elements 
of atomic n u m b e r >11 were detected. The results were obtained as nor 
mal ized percentages according to the software program (ASAP) usually e m 
p loyed i n analyses from this laboratory. 
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Table II. Qualitative E D S Results 
Sample 
No. Na Mg Al Si Ρ s Cl κ Ca Fe Sn 
W l — — + + — + + — (+) + + -W2 - + - + + - (+) ( + ) ( + ) -W3 - - - + - + + - - + - -W4 + (+) + + - + + - (+) + (+) -W5 + + + - + + (+) + + - -W6 - - + - + + + (+) + - -W7 - - 4- + + + - - + - -W8 - _ - + - + + + - -W9a f l + (+) + + (+) + + (+) + + (+) -W9b -

(+) 
+ + + + - + (+) -W10 + ( + ) - + + (+) - - - - + + 

W l l — ( + ) ( + ) + (+) + + - - + ( + ) + + 
W12a& ( + ) + + + (+) (+) + + -W12b _ - ( + ) + - + + (+) (+) + -W13a c — + + _ -h + (+) + ( + ) -W13b — - + + - + + - (+) ( + ) 
W14 — — + + — + + - (+) + + -
SYMBOLS: + +, present in significant amounts (>30% of elements of atomic no. >11); +, 
present; - , Absent (not detected); and ( + ), possibly present (ca. 5% of elements of atomic no. 
>11). 
"Cream specimen: a is the darker (stained?) area; b is the lighter (unstained?) area. 
fcBlue specimen: a is the lighter (impainted) side; b is the darker (painted) side. 
cBlue specimen: a is the lighter (more faded?) side; b is the darker (less faded?) side. (Under 
a light microscope, at ca. 40 X magnification both sides look alike.) 

T h e wide variety and variabi l i ty of elements detected for identical ly 
colored silks immediate ly suggested that the methods of co lor ing these h i s 
torical flags were not at al l standardized. O f the three b lue specimens, two 
contained i ron , one d i d not. O f the three red samples, one contained i ron , 
one contained both i ron and t i n , and one contained neither i ron nor t i n . 
The cream samples showed four w i t h i r on , one w i t h t i n , and three w i t h 
neither i ron nor t i n . 

F o r three of the specimens E D S data were col lected i n two different 
areas: 

• Spec imen 9 (cream colored) showed greater discoloration i n 
one area (9a) than i n area (9b). T h e E D S data showed a larger 
variety of elements i n the discolored port ion , possibly because 
of the presence of soluble salts (Na). 

• Spec imen 12 (painted blue) appeared to be painted darker b lue 
on one side (12b), and l ighter b lue on the other (12a). T h e E D S 
data indicated no difference i n the e lemental distributions on 
either side. 
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• Spec imen 13 (blue) appeared similar on both sides under the 
l ight microscope at about 40 X magnification. B o t h sides 
showed traces of i r on , s imilar to the preceding result. 

Table III shows raw data for specimen 12b (painted blue) from scans 
performed on the painted side. Variations i n the numer ica l values il lustrate 
the extent of nonuni formity i n the sample and the general l eve l of repro
duc ib i l i ty achievable i n per forming such analyses. Two of the specimens, 
W 1 0 (cream) and W l l (red), showed substantial amounts of t in . T h e t in i n 
W l l is probably mordant, but i n W 1 0 it appears to be present as a weight ing 
material , as suggested by the results presented i n Table IV. Table I V shows 
the results of ashing the textile samples i n oxygen at 900-1000 °C for about 
0.5 h . This table shows that, of the 14 specimens tested, only W 1 0 was from 
a weighted silk. T h e ash content was consistent w i t h what might be expected 
from mordant ing and accretions gathered dur ing the l i fet ime of the silks. 
N o attempt was made w i t h these samples of to remove d ir t or accretions 
that may have had a small effect on the E D S and ashing results. 

A comparison of sample W 1 0 w i t h sample W 8 using S E M (Figure 2) 
confirms that no identi fying surface characteristics dist inguish weighted from 
unweighted silk. 

The prominence of sulfur, the major element i n a l l scans, reflects 

1. its presence i n the backbone chains of the fibroin (14) (meth
ionine, etc.) 

2. possible residue of b leaching or other processing left from the 
original manufacture 

3. that it was a possible component of the dy ing or mordant ing 
process 

Table ΙΠ. E D S Data for Sample 12b 
Sample 
No. Al Si S Cl Κ Ca Fe 
W12b 4.41 16.74 60.56 1.24 1.60 10.84 4.62 
W12bA 5.39 16.47 51.05 1.86 3.78 10.55 10.90 
W12bB 4.74 15.35 52.38 2.59 3.31 17.89 3.74 
W12bC 6.21 18.15 50.87 — 1.42 12.90 10.46 
W12bD 4.95 15.52 54.89 2.34 1.30 17.85 3.1 
W12bE 6.71 18.13 46.99 2.86 4.08 14.01 7.23 
W12bF 3.28 16.01 56.79 3.58 5.30 11.25 3.80 
W12bG 4.89 17.98 52.39 3.48 3.18 14.40 3.68 
W12bH 4.26 16.90 50.19 4.78 2.23 15.05 6.59 
NOTE: All values are percents. All elements are of atomic number >11; data were obtained 
from ASAP routine, normalized; normalization factors varied from 0.86-0.91. Na , Mg, P, and 
Sn were not present in any sample. All samples are from the painted blue specimen, darker 
(painted) side. 
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4. that it was a possible component of the weight ing process 

5. that it was a possible component of soi l , d irt , atmospheric 
po l lut ion , etc. that accumulated at the fabric surface. 

I n previous reports (4-8), we discussed the problems of d ist inguishing 
the presence of mordant in historical textiles, the confounding effects of 

Table IV. Ash Content of Flag Samples 
Sample Sample % Ash 
No. Color Asha Color 
W l Cream 0.61 Black 
W2 Cream 0.50 Rust 
W3 [Cream] f c — — 
W4 Red 2.79 Rust 
W5 Cream 1.13 Rust 
W6 Blue 0.42 Rust 
W7 Red 1.32 White 
W8 Cream 1.77 Black 
W9 Cream 1.81 Rust 
W10 Cream 46.49 White 
W l l Red 4.32 Rust 
W12 Blue 0.89 Rust 
W13 Blue 0.37 Rust 
W14 [Cream] f c — — 
"Samples burned under oxygen at 900-1000 °C, ca. 0.5 h. 
&No sample taken. 

Figure 2. Scanning electron microscopic image of sample W10. 
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accretions, and the possible use of sulfur as an internal standard (present as 
part o f the fiber chains i n a l l si lk and woo l samples). A l though the percent 
sulfur i n pure , untreated silk is far less than i n wool , it always represents a 
very substantial percentage of the E D S analyzable elements present. I n silk 
samples, it is invariably observed and falls w e l l w i t h i n the range of detect-
abi l i ty . H o w e v e r , because sulfur may be part of the b leaching and dye ing 
processes (15-18), and present as part of the historical accretion, the as
sumption of sulfur as an internal standard must be made w i t h great caution. 

I n this set o f E D S data, w ide variations i n sulfur were observed and , 
except for one sample (W10), sulfur had the highest percent composit ion of 
al l elements of atomic n u m b e r >11 . I n that sample (W10) i n w h i c h sulfur 
was observed i n trace amounts (about 5%), the weight ing agent was so 
abundant that the amount of sulfur detected represented only a small amount 
of the total detected material . T h e percentage of t in observed i n the weighted 
specimen was w i t h i n the range observed among t in-weighted standards that 
had been previously analyzed (cf. Table V, reference 4). 

Some of the colorants were analyzed w i t h techniques developed b y 
Schweppe (12, 13), and i n conjunction w i t h descriptive information d e l i n 
eated i n the Color Index (20). T h e tests are essentially spot tests that are 
done both separately and sequentially. T h e spot tests indicate the presence 
of sulfonic acid groups i n the dyestuffs. T h e colorants represented about 
1 -5% of the total weight of the sample. 

Table V. Dye Analyses 
Sample Color Testing 
W4 Red H 2 0 : si. sol.; C 2 H 5 O H : insol.; cone. C H 3 C O O H . si. s o l ; 

cone. N H 3 : soin, yellow, fiber colorless; + C 2 H 5 O H : pale 
red; cone. H 2 S 0 4 : soin, red-violet, fiber dark red; + 
H 2 0 : soin. si. yellow, fiber bright red. Indicative of 
Ponceau RR (C. I. Acid Red 26) 

W7 Red H 2 0 : soin. si. yellow, fiber insol. ; C 2 H 5 O H : soin, pink, 
fiber, n.r. ; cone. CH3COOH; n.r. ; cone. N H 3 : soin, red; 
cone. H 2 S 0 4 : soin, red, fiber dark red; + H 2 0 : soin, 
yellow, fiber red. Indicative of: Ponceau RR (C. I. Acid 
Red 26) 

W l l Red H 2 0 : n.r. ; C 2 H 5 O H : soin, pink, fiber, n.r.; cone. 
CH3COOH: n.r.; cone. N H 3 : sol. pink, fiber colorless; + 
cone. CH3COOH: Sol. colorless, fiber colorless Indicative 
of Fast Red AV (C. I. Acid Red 88) 

W6 Blue H 2 0 : inso l ; C 2 H 5 O H : n.r. ; cone. C H 3 C O O H : n.r.; cone. 
N H 3 : soin, and fiber nearly colorless; + cone. 
CH3COOH: sol. blue; cone. H 2 S 0 4 : soin, and fiber 
brown-red; + H z O : sol. blue. Indicative of Water Blue 
I N (C. I. Acid Blue 93) 
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E n g l i s h , F r e n c h , and G e r m a n 19th-century dye texts (16-19) suggest 
a penchant for the use of sulfuric acid, not only i n the dye ing process to 
maintain an acidic p H , but more importantly , as a final " sour" or c learing 
rinse. 

Summary 

1. N o standard process for the use of colorants on flags was dis 
covered: 

• R e d (three examples): O n e had iron (traces); one had i ron 
(traces) and t i n ; one had neither i ron nor t i n . 

• R lue (three examples): Two had i ron (no tin); one had neither 
i ron nor t i n . 

• C r e a m (eight examples ) : F o u r h a d i r o n ( t r a c e - s m a l l 
amounts) and no t i n ; one had t in (large amount) and no i r on ; 
three had neither i ron nor t in . 

2. O n l y one silk specimen from this group (W10) appeared to be 
weighted. T h e weight ing agent was t in i n some form. I n this 
sample, the most abundant e lement (of those elements of 
atomic n u m b e r >11) was t in . I n a l l other specimens, the most 
abundant element (of those elements of atomic n u m b e r >11) 
was sulfur. 

3. L i g h t and S E M images of the weighted silk specimen were 
compared to other specimens that were not weighted. N o 
obvious distinctions were revealed, despite the presence of 
about 5 0 % ash i n the case of the weighted silk and only about 
1% ash i n other cases. 

I n some cases, the deteriorated condit ion of historic silk flags may be 
the result of weight ing , but other factors must be important because even 
these l i m i t e d data show that many silk flags contain silks that are not 
weighted. Examples of factors other than weight ing that may account for 
the deteriorated condit ion of the banners are original manufacturing proc
esses (degumming, bleaching, etc.); storage (indoor air po l lut ion , temper 
ature -re lat ive h u m i d i t y cyc l ing, etc.); and conservation practices of the past. 

The wide ly h e l d opinion that weight ing is the cause of silk deterioration 
may give way, w i t h further study, to an understanding of deterioration as a 
result of acid treatments or other manufacturing processes used i n E u r o p e a n 
and Amer i can workshops d u r i n g the late 19th century. 
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25 
Characterization of Historical and 
Artificially Aged Silk Fabrics 

S. P. Hersh, P. A . Tucker, and M. A. Becker1 

College of Textiles, North Carolina State University, Raleigh, NC 27695-8301 

Several methods for characterizing the degradation of silk fabrics 
that have been subjected to natural and accelerated aging by exposure 
to heat and light are described. Change in color, strength degra
dation, and increases in amino- and ammonia-nitrogen contents were 
measured. Among the more notable findings were that the fabrics 
discolor on the order of 10 times faster when degraded thermally 
than when degraded by light (at equal levels of degradation as mea
sured by strength loss) and that strength loss is proportional to the 
increase in ammonia and amino group contents for fabrics degraded 
by heat or light. The amino group and ammonia contents of 16th-, 
18th-, and 19th-century silks range from values typical for artificially 
aged contemporary silks to 3 times greater for amino nitrogen and 
4 times greater for ammonia. All of the tin-weighted historical fabrics 
(except three dyed with logwood) have higher amino group contents 
than unweighted fabric. The ammonia contents do not vary much, 
however. 

T H E B A S I C K N O W L E D G E N E E D E D T O S U P P O R T appl ied research on the 
conservation and preservation of irreplaceable textiles is inadequate. To 
contribute to the knowledge needed to develop better and more acceptable 

'Current address: Department of Materials Science and Engineering, Johns 
Hopkins University, Baltimore, M D 21218 
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430 A R C H A E O L O G I C A L C H E M I S T R Y 

conservation methods, we performed several studies focusing on the con
servation and restoration of cotton (1-8). T h e most fragile textile, however , 
is generally agreed to be silk. References 9 and 10 rev iew some of the 
problems associated w i t h silk. Th is chapter is the continuation of an earl ier 
study on the mechanism of silk degradation (II) . 

A major factor that contributes to the fragility of si lk is the practice of 
weight ing , w h i c h has been conducted for at least 200 years (12,13). W e i g h t 
ing is the application of 3 0 % - 3 0 0 % of inorganic salts of a l u m i n u m , i r o n , 
lead, t i n , or z inc to silk fabrics to increase their body, drape, "scroop, " 
weight per uni t area, etc. B y the late 1800s, weight ing had become an 
accepted method of silk preparation. Because sensitivity to environmental 
stress is greatly inf luenced by the type and amount of we ight ing agents 
present i n the si lk, an analytical technique was developed to determine the 
presence of we ight ing agents. A convenient, nondestructive qualitative pro 
cedure for making such tests b y X - ray fluorescence spectroscopy was de 
scr ibed elsewhere (14). 

Strong alkalies cause far greater damage i n proteinaceous fibers than 
do strong acids (15). T h e damage caused by strong acids, however, is quite 
severe. U n d e r m i l d e r conditions, the l ight stability of unweighted silk is 
greatest at about p H 10 but decreases rapidly as the fabric p H becomes 
higher or lower (16). Because most weight ing compounds are h ighly acidic , 
weighted silks might be expected to be even less stable than unweighted 
silks. Th is sensit izing effect of weight ing has indeed been shown to occur 
and is far more detr imental to silks exposed to l ight than to fabrics stored 
i n the dark (17, 18). However , damage even dur ing dark storage is severe. 

Two major routes to silk degradation are oxidation and hydrolysis (16). 
Hydro lys i s of an amide group splits the po lymer chain to form an amino 
group and a carboxyl group. Determinat i on of the increase i n amino groups 
i n the silk, therefore, should prov ide a measure of hydro lyt i c degradation. 
Oxidat ion , on the other hand, is accompanied by the formation of ammonia 
(16). Thus , it should be possible to assess the chemical breakdown by meas
u r i n g the amount of amino and ammonia nitrogen present i n the silk. 

T h e ult imate objective of this study is to develop a technique for p re 
vent ing , or at least retarding, the degradation of silk by apply ing stabilizers 
and consolidants to the silk. Before progress can be made, i t is necessary to 
characterize the state of degradation of historical textiles and to establish, i f 
possible, the mechanisms by w h i c h these textiles reached their present state. 
Thus , the pr imary purpose of this chapter is to compare the state of deg
radation of historical si lk fabrics w i t h those of contemporary silk fabrics that 
have been artificially aged by exposure to dry heat and to l ight from a xenon 
arc lamp. Properties examined for this purpose are tensile strength, color 
change, and the concentration of amino groups and ammonia i n the water-
extractable components of the fabrics. 
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25. H E R S H E T A L . Historical and Artificially Aged Silk Fabrics 431 

Experimental Design 

T e s t M a t e r i a l s , C O N T E M P O R A R Y S I L K . A S reported earlier (11), fab
rics were chosen over yarns for treatment because of their ease of preparation 
and handl ing . Tensi le properties, however, were measured on yarns ex
tracted from the fabrics to take advantage of the ease of handl ing fabrics and 
the ease of testing yarns. 

T h e silk fabric studied was an unweighted p la in woven Chinese silk 
habutae (Testfabrics, Inc . , Midd lesex , N J , Style N o . 605) w i t h 126 e n d s / i n . 
(37.6 denier) and 117 p i c k s / i n . (32.1 denier) and weighing 1.11 o z / y d 2 . T h e 
fabric had been d e g u m m e d (14). F a b r i c was taken from the same bolt for 
al l tests. 

H I S T O R I C A L F A B R I C S . Fabrics and garments analyzed were 11 samples 
from the study col lection of the D i v i s i o n of Textiles, Nat ional M u s e u m of 
A m e r i c a n His tory of the Smithsonian Inst i tut ion, and one sample from the 
M u s e o Po ld i -Pezzo l i . M a n y of the garments were composites consisting of 
several layers and decorative elements. T h e fabrics examined were identi f ied 
as follows: 

1. late 19th- or early 20th-century w e d d i n g dress, beige 

2. early 20th-century green fabric w i t h green satin stripes 

3. late 19th- or early 20th-century white fabric w i t h p i p i n g 

4. 18th-century green brocade fabric background w i t h a flower 
and b u i l d i n g pattern 

5. late 18th- or early 19th-century p ink fabric w i t h embro idered 
metal l ic flowers 

6. late 19th-century three-layer vest, black top and l i n i n g and 
gold inner layer 

7. ca. 1901 E d w a r d i a n collar piece, green fabric w i t h beige lace 
and black velvet collar band (part of N o . 8) 

8. ca. 1901 E d w a r d i a n afternoon reception dress, bodice. 

9. late 19th-century skirt , beige embro idered face fabric and 
brown l i n i n g fabric. 

10. 1880-1900 dark b lue and black jacquard pattern fabric. 

11. late 19th-century qu i l t ed bedspread, ol ive w i t h p ink stripes. 

12. 16th-century F l e m i s h tapestry (being restored), deteriorated 
silk yarn sample. T h e yarn was fragmented into segments 1 
to 2 m m long. 
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Artificial Aging by Heat. The procedure developed earlier (II) 
was fol lowed. F a b r i c pieces (15 X 15 cm) were placed on racks covered w i t h 
a Fiberglas screen (7- X 3-cm mesh) i n a forced convection oven preheated 
to 150 °C. T h e screen was used to prevent any enhanced degradation that 
might be caused by direct contact w i t h the metal rack. T h e control si lk fabric 
was heated for up to 4 days i n 6-h increments, and then immediate ly placed 
i n a desiccator that contained sil ica gel to keep the silk dry whi le cooling. 

Artificial Aging by Light. Pieces of silk fabric (20 X 7 cm) were 
mounted i n standard specimen holders as specified i n the A m e r i c a n Asso
ciation of Texti le Chemists and Colorists ( A A T C C ) Test M e t h o d 16E-1982, 
"Colorfastness to L i g h t : Water -Coo led X e n o n A r c L a m p , Cont inuous L i g h t " 
(19). Samples of the contemporary fabric were exposed to l ight for 2-day 
intervals for up to 20 days i n a water-cooled xenon arc fading apparatus 
Weather-ometer , m o d e l E S 2 5 (Atlas E le c t r i c Devices , Chicago, I L ) . T h e 
Weather-ometer was operated at 50 °C w i t h an arc intensity of 1500 W. T h e 
relative h u m i d i t y was maintained at 3 0 % ± 5%. The sample was exposed 
to 108 k j / m 2 at 2-day intervals. U p o n removal from the Weather-ometer , 
the samples were placed i n acid-free tissue paper, then equi l ibrated under 
standard test conditions for future testing. 

Parameters to Measure Degradation, B R E A K I N G S T R E N G T H . 

W a r p yarns were extracted from the fabrics, and their breaking loads were 
determined at a gauge length of 5.0 c m and a rate of extension of 50 m m / 
m i n on a tensile testing machine (Instron 1123) as set forth i n the A m e r i c a n 
Society for Test ing and Materials ( A S T M ) Test M e t h o d D2256-80, " B r e a k i n g 
L o a d (Strength) and Elongat ion of Yarn by the Single-Strand M e t h o d " (20). 
N o r m a l l y , 21 measurements were made from each fabric sample. The break
ing strength of the yarns extracted from the control fabric was 100.0 gf (2.6 
gf/denier) w i t h a standard deviation of approximately 8 gf. 

C O L O R D I F F E R E N C E . S i lk discolors w h e n exposed to heat and l ight. 
The color change is taken as one measure of the extent of degradation. T h e 
color difference of each treated sample was evaluated on a D iano M a t c h -
Scan spectrophotometer against a standard untreated silk sample. The color 
differences A E * a b are reported i n C I E L A B color difference units ( C D U ) for 
I l luminant D ^ , and were calculated by (21) 

A E * a b = [ ( A L * ) 2 + (Δα* ) 2 + (A fe* ) 2 f (1) 

where A L * is the change i n lightness, from l ighter ( + ) to darker (-), Δα* 
is the change i n shade from red ( + ) to green (-), and Δ&* is the change i n 
shade from ye l low ( 4- ) to b lue (-) w i t h respect to a standard (untreated silk 
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25. H E E S H E T A L . Historical and Artificially Aged Silk Fabrics 433 

fabric). The variables L * , α*, and are def ined as 

L * = 1 1 6 ( Y / Y 0 f - 16 (2) 

a* = 500 [(X/X0f - ( Y / Y o f ] (3) 
fc* = 2 0 0 [ ( Y / Y 0 f - (Z/Z0f] (4) 

where X , Y , and Ζ are the tr ist imulus values for the sample, and X 0 , Y 0 , 
and Z0 are the values for the reference white . 

AMINO GROUP CONTENT. E a c h fabric was ground i n a W i l e y m i l l fitted 
w i t h a N o . 40 mesh screen. T h e concentration of amino groups was then 
determined color imetrical ly by the reaction of 20 m g of the ground silk fabric 
w i t h n i n h y d r i n by us ing the procedure descr ibed earl ier (11, 22). T h e re 
action of n i n h y d r i n w i t h compounds containing α-amino groups and w i t h 
a m m o n i u m salts forms a compound known as Ruhmann's purp le that has a 
max imum absorption at 570 n m . Stock solutions of dZ-leucine and a m m o n i u m 
chloride were prepared for calibration. Suitably d i lu ted aliquots of the stock 
solutions were then analyzed by using the n i n h y d r i n procedure. T h e ca l i 
bration curves obtained (shown i n F i g u r e 1) were v irtual ly identical and fit 
the fol lowing l inear least-squares regression equations: 

leucine [ - N H 2 ] ( n m o l / m L ) = 59.45 A + 0.0585 ( r 2 = 0.9980) (5a) 

N H 4 C 1 [ N H 3 ] ( n m o l / m L ) = 60.28 A + 0.450 ( r 2 = 0.9995) (5b) 

n m o K - N H ^ o r N H ^ / m L 

Figure 1. Calibration curve for amino group (dl-kucine) and ammonium ion 
(ammonium chloride) analysis by ninhydrin method. 
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where [ - N H 2 ] and [ N H 3 ] are the concentrations of amino groups and a m 
monia , respectively; A is the absorbance of the test solution at 570 n m ; and 
r is the correlation coefficient. Because the analysis of the silk fabrics by the 
n i n h y d r i n method gives the sum of [ - N H 2 ] and [ N H 3 ] , the amino group 
concentration was calculated by subtracting the independent ly measured 
ammonia concentration. 

AMMONIA CONTENT. T h e concentration of ammonia nitrogen i n the 
water-extractable components of the fabric was determined colorimetrical ly 
by N e s s l e r s reaction (23). U n d e r alkaline conditions, N e s s l e r s reagent (mer
curic i od ide -potass ium iodide solution) reacts w i t h ammonia that has been 
released from a m m o n i u m salts by the alkal i present to produce a ye l low 
compound by the fo l lowing reaction: 

2 K 2 H g I 4 + N H 3 + 3 K O H - * H g 2 O I N H 2 + 7 K I + 2 H 2 0 

A 50-mg sample of each ground fabric was introduced into a 5 0 - m L E r l e n -
meyer flask, and 2 0 - 3 0 m L of de i on i zed -d i s t i l l ed water was added. After 
approximately 15 m i n , each solution was filtered through ashless filter paper 
into a 100 -mL vo lumetr ic flask. A 2 - m L aliquot of Nessler 's reagent (ΑΡΗA, 
F i s h e r Scientif ic Co. ) was added to the 100 -mL solution. After at least 10 
m i n , but not longer than 20 m i n , the absorbance of the solution at 425 n m 
was measured on a Bausch and L o m b Spectronic 20 spectrophotometer. A 
solution submitted to the same treatment but to w h i c h no silk was added 
was used as the blank. Care must be taken to prevent contamination of the 
water and reagents, because a number of organic materials interfere w i t h 
the measurement. T h e colored solution formed after adding the N e s s l e r s 
reagent developed some turb id i ty on the samples degraded 10 days or more 
by l ight. Thus far, the reason for this complication has not been established. 

Two solutions were prepared for each historical silk sample. N e s s l e r s 
reagent was added to one, and de i on i zed -d i s t i l l ed water was added to the 
other, so that an independent measurement could be made of the amount 
of discoloration contr ibuted to the solution by the silk and its degradation 
p r o d u c t s a n d c o n t a m i n a n t s , i f any . F o r these m e a s u r e m e n t s , d e i o n 
i z e d - d i s t i l l e d water was used as the blank, and a separate absorbance meas
urement was made on the solution of water and Ness l e r s reagent. 

T h e total absorbance A of the solution containing the a m m o n i a - N e s s l e r s 
complex is the sum of three absorbances: 

A = A f l + A„ + As (6) 

where Aa is the absorbance of the ammonia -Ness ler ' s complex, An is the 
absorbance of the Ness l e r s reagent, and As is the absorbance of the soluble 
silk constituents and degradation products. A is obtained by subtracting A n 

and A s f rom A . T h e absorption of silk degradation products, A s , is negl igible 
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25. H E R S H E T A L . Historical and Artificially Aged Silk Fabrics 435 

for the contemporary silks, whereas a correction for As must be made i n the 
analysis of the historical samples to correct for any leaching of dyes ? soi l , 
and other contaminants. 

A stock solution of N H 4 C 1 dissolved i n de i on i zed -d i s t i l l ed water was 
prepared for calibration. Al iquots of this solution were further d i lu ted to 
obtain the solutions for the calibration curve. E a c h solution was then sub
jected to the treatment just described. The calibration curve (Figure 2) was 
fit by the l inear least-squares regression equation 

[ N H 3 ] ( n m o l / m L ) = 321.5 Aa - 0.439 ( r 2 = 0.9979) (7) 

where [ N H 3 ] is the concentration of ammonia i n nanomoles of N H 3 per 
mi l l i l i t e r . 

Results and Discussion 

Heat Degradation, S T R E N G T H . The breaking strengths of yarns 
extracted from the fabric after heating at 150 °C are shown i n F i g u r e 3. 
Cons ider ing "property k inet i cs " as described by A r n e y and Chapela ine (24), 
the data suggest a typical zero-order reaction scheme i n w h i c h the strength 
S decreases at a constant rate w i t h t ime t expressed as follows: 

dS/dt = -k0 (8) 
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436 ARCHAEOLOGICAL CHEMISTRY 

HEATING TIME (hours) 

Figure 3, Strength loss and total color change of silk fabric as a function of 
heating time at 150 °C. 

where k0 is the zero-order rate constant. W h e n the data are plotted as the 
logarithm of strength as a function of t ime , however, a straight l ine is also 
obtained. Such a curve indicates a first-order reaction i n w h i c h the rate of 
strength loss (or degradation) is d irect ly proport ional to the amount of m a 
terial present at any given t ime. 

dS/dt = -kS (9) 

where k is the first-order rate constant. T h e first-order rate constant k can 
be estimated from the slope of the In S vs. t curve , whose equation is g iven 
by 

In S = -kt + a (10) 

where k is the slope of the l ine and a is the intercept on the S-axis. T h e 
slope k i n equation 10 is the same as the rate constant i n equation 9 as can 
be shown by differentiating equation 10 w i t h respect to i : 

(1/S) (dS/dt) = -k (11) 
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25. H E R S H E T A L . Historical and Artificially Aged Silk Fabrics 437 

and 

dS/dt = -kS (12) 

A l inear regression of the strengths l isted i n Table I and shown i n F i g u r e 3 
gives the least-squares equation for the loss i n strength as a function of 
heating t ime 

S(gf) = - 0 . 6 8 4 i ( h ) + 99.29 ( r 2 = 0.9941) (13) 

where t (h) is the heating t ime i n hours. Thus , the strength decreases at the 
rate of 0.684 g f /h w h e n heated at 150 °C; 0.684 g f /h is also the zero-order 
rate constant. The strength of the yarn was reduced to about 3 0 % of its 
original value after 4 days of heating. The regression equation that uses the 
natural logarithm of the strength and generates the first-order rate constant 
is 

S(gf) = - 0 . 0 1 1 0 In t(h) + 4.67 ( r 2 = 0.9807) (14) 

Table I. Properties of Silk Fabric After Heating at 150 °C 
Heating 
Time 
(h) 

Breaking 
Strength 

(gf) 

Total Color 
Change, ΔΕ 

(CIELAB units) 
Ammonia 

Concentration0 

Amino group 
Concentration1 

0 100.0 0.00 11.1 53.9 
6 98.3 6.71 
12 88.2 11.79 16.8 66.5 
18 84.9 16.24 
24 80.4 18.20 22.1 69.3 
30 79.8 20.42 
36 79.3 22.32 32.6 68.3 
42 71.1 25.44 
48 65.8 26.99 44.4 72.4 
54 58.9 28.78 
60 58.0 30.66 37.1 74.9 
66 53.3 31.39 
72 51.4 34.15 37.8 95.5 
78 48.0 34.86 
84 42.4 36.79 43.0 105.3 
90 39.4 37.79 
96 30.9 39.39 55.5 107.2 

Rate of Chang e c 

Zero-order 16.4 7.03 9.74 -
Range 0 < t < 96 t < 24 0 < t < 96 -

First-order 26.4% - - -
Range 0 < t < 96 - - -

aUnits are micromoles of N H 3 per gram of silk. 
fcUnits are micromoles of N H 2 per gram of silk. 
cSame units as for the corresponding column per day. 
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T h e value of k, - 0 .0110 , indicates that the strength decreases at the rate of 
1.10% per hour. Because the square of the correlation coefficients of equa
tions 13 and 14 are v ir tual ly identical , the zero- and first-order degradation 
kinetics fit the data equally w e l l . Thus , it is not possible to dist inguish 
between the two mechanisms on the basis of the present data. I f the deg
radation is carr ied further, the degradation generally follows first-order k i 
netics ( I I , 25). F i rs t -order kinetics were fol lowed i n the study of l ight 
degradation descr ibed i n the next section. 

COLOR D I F F E R E N C E . As shown i n F i g u r e 3 and Table I , the color of 
the aged fabric changes tremendously over 4 days w h e n heated at 150 °C. 
A regression analysis of the l inear port ion of the l ine from t ime t = 24 to 
96 h (i.e., t > 24 h) gives the relationship: 

àEm24 = 0.293f(h) + 12.362 ( r 2 = 0.9941) (15) 

Thus , after the first 24 h w h e n the discoloration rate is somewhat faster, the 
silk fabric changes color at a rate of about 0.29 color difference units ( C D U ) 
per hour. 

AMINO GROUP CONTENT. T h e amino group contents of heated samples 
are l is ted i n Table I and are shown i n F i g u r e 4. A l though the data showing 

Figure 4. Amino group and ammonia contents of light (xenon arc)- and heat 
(150 °C)-aged silk fabrics as a function of time. 
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2 5 . H E R S H E T A L . Historical and Artificially Aged Silk Fabrics 439 

the relationship between amino concentration [ - N H 2 ] and t ime t are scat
tered, evidently , amino groups are formed under these heating conditions. 
Because the amino groups present i n silk occur only at the ends of the 
molecular chains and on the lysine and arginine side chains, the increase i n 
amino groups is indicative of a decrease i n chain length as a function of 
heating t ime. Such a result w o u l d also reduce the breaking strength as shown 
i n F i g u r e 5. T h e breaking strength decreases l inearly w i t h increasing amino 
group content and is descr ibed by the equation: 

S(gf) = - 1 . 1 4 8 [ - N H 2 ] ^ m o l / g o f silk) + 157.27 ( r 2 = 0.9051) (16) 

Thus , the strength decreases at rate of about 1.15 gf per micromole o f - N H 2 

per gram of silk. Because of the complex relationship between po lymer chain 
scission, molecular weight , and strength, and the presence of s ide-chain 
amino groups i n silk, it is difficult to relate these parameters theoretically. 

AMMONIA CONTENT. T h e concentration of ammonia i n the heated sam
ples is reported i n Table I and shown i n F i g u r e 4. The formation of ammonia 

20 ι ι — ι — ι — ι — L 
0 20 40 60 80 100 120 

NITROGEN CONTENT (μmol/gsilk) 

Figure 5. Strength loss of light (xenon arc)- and heat (150 °C)~aged silk fabrics 
as a function of nitrogen content expressed as molar concentrations of ammonia 

and amino groups. 
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440 ARCHAEOLOGICAL CHEMISTRY 

i n silk has been attr ibuted to oxidation (16) and is also indicative of fiber 
degradation. A l inear regression gives the relationship between ammonia 
concentration [ N H 3 ] and t ime t (in hours) 

[ N H 3 ] ( m o l / g of silk) = 0.406*(h) + 13.87 ( r 2 = 0.9330) (17) 

A m m o n i a is be ing formed at a rate of 0.406 μιηοΐ/g of s i l k / h under these 
heating conditions. T h e relationship between strength and ammonia con
centration, as shown i n F i g u r e 5 and Table I , is described by the regression 
equation: 

S(gf) = - 1 . 4 6 6 [NH 3 ] (|xmol /g of silk) + 115.8 ( r 2 = 0.9268) (18) 

C o m p a r i n g equation 15 w i t h equation 16 shows that the strength decreases 
more rapidly w i t h the formation of ammonia than it does w i t h the formation 
of amino groups (1.466/1.148 = 1.28; i . e . , 2 8 % faster). 

L i g h t D e g r a d a t i o n , STRENGTH. The breaking strengths of yarns 
extracted from fabrics artif icially aged by l ight are l isted i n Table II and are 
shown i n Figures 6 (linear strength plot) and 7 (log strength plot). A l though 
both plots show some curvature, the latter relationship deviates less from a 

Table II. Properties of Silk Fabrics After Exposure to Xenon Arc Lamp 
Irradiation Breaking Total Color 
Time Strength Change, ΔΕ Ammonia Amino group 
(days) (gf) (CIELAB units) Concentration" Concentration1" 

0 100.0 0.00 11.1 53.9 
2 91.5 2.05 15.5 53.4 
4 75.6 3.07 25.3 61.5 
6 60.2 3.82 37.1 58.7 
8 43.8 4.33 43.7 67.4 
10 29.8 5.08 c 116.8 d 

12 21.7 5.42 c 116.8r f 

14 15.7 6.19 c 135.7d 

16 11.3 6.48 c 148.3d 

18 8.7 6.67 c 149. Sd 

20 6.8 6.75 c 163.0 d 

Rate of Changi 
Zero-order — 0.221 4.35 1.48 

Range - t > 6 0 < t < 8 0 < t < 8 
First-order 14.5% - - _ 

Range 0 < t < 20 - - -
"Units are micromoles of NH3 per gram of silk. 
feUnits are micromoles of NH2 per gram of silk. 
"Solution was turbid. 
rfSum of ammonia and amino group concentrations. 
''Same units as for the corresponding column per day. 
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2 5 . H E R S H E T A L . Historical and Artificially Aged Silk Fabrics 4 4 1 

IRRADIATION TIME (days) 

Figure 6. Strength and total color change of silk fabric as a function of ir
radiation time (xenon arc). 

IRRADIATION TIME (days) 
Figure 7. Logarithm of strength of silk fabric as a function of irradiation time 

(xenon arc). 
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442 ARCHAEOLOGICAL CHEMISTRY 

straight l ine . These data suggest that more than one mechanism might be 
responsible for the degradation. T h e In s trength- t ime relationship, however , 
provides an excellent fit to first-order kinetics as follows: 

Thus , w h e n exposed to artificial l ight , the strength decreases exponentially 
as a function of t ime at a rate of 14% per day. In contrast, the first-order 
heat degradation rate at 150 °C (equation 14) was (0.011 X 24 h/day)/0.145) 
or 1.82 times faster. 

COLOR D I F F E R E N C E . U n l i k e those samples aged by heat, the color of 
those exposed to l ight increased m u c h less. T h e measurements are l isted i n 
Table II and are shown i n F i g u r e 6. The regression equation descr ibing the 
total color difference at exposure times of 6 days or longer as a function of 
t ime is g iven by: 

I n this case, the color changed about 0.22 C D U per day compared w i t h a 
rate of 7.03 C D U per day for silk heated at 150 °C. Thus , d u r i n g the l inear 
port ion of the aging curve, the color changes about 32 times faster w h e n 
heated than w h e n irradiated. 

AMINO GROUP CONTENT. A l though the data are scattered, F i g u r e 4 
shows that the amino content increases w i t h irradiat ion, but at a much lower 
rate than that at w h i c h amino groups are formed by heating. The heated 
samples (Figure 5) contain more amino groups, at constant strength, than 
do the l ight-aged samples. T h e relationship between strength and the amino 
group content of silk degraded by l ight is described by 

SfeOee = - 3 . 5 5 [ - N H 2 ] ^ m o l / g o f silk) + 283.4 ( r 2 = 0.8089) (21) 

Thus , the strength decreases at a rate of 3.55 gf per mole of - N H 2 per gram 
of silk w h e n exposed to l ight. This rate is about 3 times faster than that of 
silk exposed to heat. 

AMMONIA CONTENT. T h e concentrations of ammonia present i n the 
samples are l isted i n Table II and shown i n F i g u r e 4. T h e concentration 
appears l inear up to approximately 40 μπιοί of N H 3 / g of silk (8 days) and is 
descr ibed by 

[ N H 3 U 8 ^ m o l / g o f silk) = 4.345i(days) + 9.172 ( r 2 = 0.9906) (22) 

As indicated i n Table I I , the ammonia concentrations of the samples i r r a 
diated 10 days or longer could not be measured because the solutions became 

In S(gf) = -0 .145f (days) + 4.821 ( r 2 = 0.9947) (19) 

Δ £ « = 0.221f(days) + 2.716 ( r 2 = 0.9740) (20) 
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2 5 . H E R S H E T A L . Historical and Artificially Aged Silk Fabrics 443 

turb id . The reason for the turb id i ty has not yet been determined . T h e 
strength vs. [ N H 3 ] relation is described by the equation 

S(gf) [ NH 3]<40 = - 1 . 6 4 0 [ N H 3 ] ( ^ o l / g o f s i l k ) + 117.77 ( r 2 = 0.9957) 

(23) 

Thus the strength decreases at the rate of 1.64 gf per mole of N H 3 per gram 
of silk w i t h increasing ammonia content. 

Additional Differences Between Heat and Light Aging 

Another interest ing difference i n the tensile strength-co lor difference re la 
tionships for heat- and l ight-degraded samples is shown i n F i g u r e 8. Heat -
aged samples discolor approximately 10 times more than l ight-aged samples 
w h e n degraded to the same strength. Thus , different mechanisms might be 
responsible for the degradation caused by heat and l ight. Another difference 

TOTAL COLOR CHANGE» ΔΕ (CIELAB units) 

Figure 8. Strength of light (xenon arc)- and heat (150 °C)-aged silk fabric as 
a function of total color change. 
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444 ARCHAEOLOGICAL CHEMISTRY 

between l ight - and heat-degraded samples is suggested by the plot of the 
relationships between ammonia content and amino-group content shown i n 
the lower left corner of F i g u r e 9. M o r e detai led studies w i l l be needed to 
obtain more accurate k inet ic and chemical data before the nature of these 
hypothesized mechanisms can be established. 

I f the strength of si lk were determined exclusively by its molecular 
chain length, and i f the chain length (or average molecular weight) were 
decreased by hydrolysis w i t h a concomitant increase i n amino e n d groups, 
the strength of silk cou ld probably be predic ted by measuring the concen
tration of amino groups independent of the mode of degradation. T h e curves 
i n F i g u r e 5 show that strength decreases w i t h increasing amino group con
tent, but the relationship is different for silks degraded by l ight and by heat. 
A t a g iven strength, heat aging generates more amino groups than does l ight 
aging (as indicated by equations 16 and 21 and F i g u r e 5, approximately 3 
t imes as m u c h , m u c h less than the 10-fold increase i n color). T h u s , this 
result is further evidence that the degradation mechanisms invo lved might 
be different for l ight and heat. In contrast, the relationship between strength 
and ammonia content as g iven by equations 23 and 18 and discussed earl ier 
is almost identical for l ight and heat degradation (1.64 vs. 1.47 gf per m i 
cromole per gram of silk,) respectively. 

Evaluation of Historical Fabric Samples 

A comparison of the state of degradation of historical si lk fabrics w i t h those 
of artificially aged contemporary fabrics w o u l d be very useful i n any effort 
to determine the mechanisms by w h i c h naturally aged silk is degraded. Such 
knowledge w o u l d also aid i n the selection and evaluation of stabilizers to 
slow the degradation process. F o r these reasons, the historical fabrics were 
evaluated. 

T h e change i n color upon natural aging could not be determined for 
the historical fabrics because the ir or iginal colors are unknown. The breaking 
strengths of yarns were extremely difficult to measure because of the types 
of weaves and difficulty i n extracting yarns long enough to test. F i g u r e 9 
shows the relationship between the amino group and ammonia contents of 
the historic fabrics along w i t h the data for the artificially aged fabrics. T h e 
presence of we ight ing and mordant ing agents i n the historical fabrics was 
previously de termined and reported (14). T h e data plotted i n F i g u r e 9 are 
g iven i n Table III . 

O n l y three of the historical fabrics had amino group and ammonia con
tents w i t h i n the range of the artificially aged contemporary fabrics. M o s t , 
however , were up to 3 times greater i n amino group content and four t imes 
greater i n ammonia content. Samples 4 and 5, both 18th-century fabrics 
containing no weight ing agents, had relatively low concentrations of both 
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2 5 . H E R S H E T A L . Historical and Artificially Aged Silk Fabrics 447 

amino groups and ammonia , approximately 30 and 55 μηιοΐ/g of silk, re 
spectively. O n e particularly str iking feature is that the three fabrics dyed 
w i t h logwood, w h i c h contained t in and i ron (and i n one sample also copper), 
a l l appear to the left (low amino side) of the artificially aged property e n 
velope. (The black facing fabric from sample 6, w h i c h was also dyed w i t h 
logwood but contained only traces of i ron and t i n , however, had a h igh amino 
group content, 188 μιηοΐ/g of silk.) 

I n sample 9, a skirt i n w h i c h the face fabric was weighted w i t h t in and 
the l i n i n g fabric was not, the amino group concentration is 220% greater for 
the t in-weighted fabric than for the unweighted fabric. The ammonia con
centration was about 10% greater i n the weighted face fabric. (These points 
are the two having the highest concentrations of ammonia shown i n F i g u r e 
9 and are connected w i t h a dotted line.) T h e t in-weighted fabric was fractured 
and badly split , whereas the unweighted l i n i n g was st i l l i n one piece and 
relatively strong. Sample 9 was the best sample available for w h i c h a direct 
side-by-side comparison could be made between a weighted and a similar 
unweighted fabric w i t h the same history. 

Another comparison invo lv ing one nonweighted and five weighted c om
ponents from samples 7 and 8 (which are part of the same costume) is also 
shown i n F i g u r e 9 connected by dashed l ines. A l l of the weighted fabrics 
(except those d y e d w i t h logwood) have higher amino group contents than 
the unweighted fabric. T h e ammonia contents do not vary m u c h , however. 
B o t h fabric components of sample 11, an unweighted qui l t , have similar 
amino group and ammonia contents. Some of the measured concentrations 
might be artificially increased because of the presence of soil , dyes, and 
other contaminants. 

Conclusions 

T h e rates of si lk degradation as measured b y strength loss and discoloration 
are different for heat-aged and l ight-aged samples. A l though the heated 
samples discolor m u c h more rapidly than the irradiated samples, the ir ac
companying strength losses are less. T h e heated samples discolor 10 times 
more than the l ight-aged samples at equal breaking strength. T h e increase 
i n amino group and ammonia contents is an adequate indicator of degra
dation, although identi fy ing the mechanism indicated by each w i l l require 
further work. I n order to adequately compare historical samples w i t h con
temporary samples, addit ional studies w i l l be required . Add i t i ona l insights 
might be gained by carrying out aging studies i n the presence of moisture, 
oxygen, nitrogen, added weight ing agents or combinations thereof; and by 
measuring addit ional characteristics of the fibers such as molecular weight , 
molecular weight d istr ibut ion , and amino acid composit ion. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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Determination of Elemental 
Distribution in Ancient Fibers 

Kathryn A. Jakes1 and Allen Angel2 

1Department of Textiles and Clothing, Ohio State University, Columbus, 
O H 43210 

2Center for Advanced Ultrastructural Research, University of Georgia, Athens, 
G A 30602 

Archaeological textiles can provide a vast body of evidence for pre
historic environments, cultures, and technologies. They may contain 
clues to the processes of degradation, alteration, or mineralization 
that occurred after burial. Determination of elemental composition 
and distribution within fiber structures can contribute to the under
standing of biological, systemic, and diagenetic contexts of ancient 
textiles. A technique suitable for brittle, fragile, and very small sam
ples of archaeological fibers was developed, in which fibers were 
freeze fractured, freeze dried, mounted in carbon paste, and analyzed 
with a scanning electron microscope coupled to an energy-dispersive 
spectrometer. Elemental content and distribution in cross sections of 
fibers have implications for identification of fibers, description of 
fiber processing, determination of fabrication technology, and elu
cidation of the history of the fiber in long-term storage or burial. 

FABRICS THAT ARE RECOVERED FROM ARCHAEOLOGICAL SITES are often so 
badly degraded that fiber identif ication on the basis of physical morphology 
is difficult. T h e changes that occur d u r i n g diagenesis destroy physical and 
chemical evidence that is necessary to discern fiber information. O n the 
other hand, the changes that occur d u r i n g diagenesis, as w e l l as those that 
occur at any stage of the fiber's l i fet ime, leave a record w i t h i n the fiber's 
chemical and physical structure, such that the altered fiber reflects its h is 
tory. F ibers are not inert , but interact w i t h their surroundings i n both subtle 

0065-2393/89/0220-0451$06.00/0 
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452 ARCHAEOLOGICAL CHEMISTRY 

and obvious ways. Just as a fiber exposed to an intense stress, such as 
immers ion i n a solvent, w i l l respond to the stress by absorbing the chemical , 
swel l ing, and dissolving or decomposing, a fiber reacts i n response to a less 
intense stress w i t h smaller changes i n chemical and physical structure. T h e 
result of the stress may not be apparent u n t i l the perturbations accumulate 
over a long t ime . Thus , a textile hanging unsupported w i l l , over t ime , show 
evidence of molecular creep, and a fiber stored for a long t ime i n a po l lut ing 
environment may change color because of absorbed sulfur and nitrogen 
oxides. 

Degraded fibers may be difficult to identify by the standard techniques 
prescr ibed for modern materials, but their structures offer valuable clues to 
the conditions of the fiber's growth (the biological context), to fiber prepa
ration and fabric processing technology, to fabric use (the systemic or cul tural 
context), and to the conditions of bur ia l or long-term storage (the diagenetic 
context). Information must be extracted from the fibers chemical and phys
ical structure to interpret what the clues indicate. The goals of our work 
were 

1. to develop a technique that used energy-dispersive analysis 
of X-rays that was appropriate for preparation, elemental anal
ysis, and mapping the e lemental d istr ibut ion of small , fragile 
fiber samples, typical of those recovered from archaeological 
sites (or of a size smal l enough to be min imal ly destructive of 
artifacts i n collections) 

2. to determine the e lemental content and distr ibut ion of a group 
of samples representing a broad spectrum of fiber types and 
histories 

3. to explore the implications of the analytical results for inter 
pretation of the biological , systemic, and diagenetic contexts 
of archaeological and historical materials. 

Experimental Details 

S a m p l e s . F i b e r samples were selected from a variety of sources to 
represent a range of fiber types, a variety of conditions of long-term storage 
or bur ia l , and a variety of ages. T h e samples were 

1. modern wool , Testfabrics N o . 522 

2. modern l i n e n , Testfabrics N o . L - 5 3 

3. modern silk, Testfabrics N o . 601 

4. woo l tunic , Copt i c , ca. A . D . 200 

5. hair fiber, Paracas 500 B . C . - A . D . 150, catalog N o . 382-37 
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2 6 . J A K E S & A N G E L Elemental Distribution in Ancient Fibers 453 

6. bast fibers, E t o w a h M o u n d C , Georgia , ca. A . D . 1200, cat
alog N o . 840 

7. bast fibers, E t o w a h M o u n d C , Georg ia , ca. A . D . 1200, cat
alog N o . 1145 

8. feathers, E t o w a h M o u n d C , Georgia , ca. A . D . 1200, catalog 
N o . 1145 

9. metal -wrapped l i n e n , Turkey , 15th century, catalog T S M 
13.1919 

10. m e t a l - w r a p p e d s i l k , I t a l y , 15th c e n t u r y , cata log M M A 
46.156.134 

M a n y of the fabric structures from w h i c h these samples were taken have 
been descr ibed i n other publications (1-3). I n exper iment ing w i t h appro
priate methods for preparation of samples for e lemental analysis, fibers are 
of l i m i t e d value because they cannot be proven to belong to the textile object 
i n the box. F o r experimental purposes, these fabrics served w e l l as repre 
sentative br i t t le , fragile, and minute fibrous samples for preparation and 
analysis. 

M a t e r i a l s . F ibers were rapidly frozen on a l iquid-nitrogen-cooled 
block, then fractured several times w i t h a precooled razor blade. T h e fibers 
were placed immediate ly i n a h igh-vacuum evaporator ( N R C ) to freeze-dry 
overnight to sublimate any existing water and to prevent condensation over 
the surface of the samples after freezing. (Such condensation of water cou ld 
result i n e lemental translocation.) F ibers were treated i n this manner to 
produce smooth, flat cross sections, a requirement for energy-dispersive 
spectrometry ( E D S ) of X-rays and X - ray mapping. E a c h fractured fiber was 
mounted i n a 1-mm hole d r i l l e d into a carbon planchet (SPI , West Chester , 
PA). The fibers were first affixed w i t h pure carbon paste (SPI, West Chester , 
PA) , then or iented i n an upr ight posit ion to al low at least 0.5 m m of fiber 
to extend out of the hole, such that the fractured plane was paral le l to the 
surface of the planchet. T h e samples were then coated w i t h approximately 
40 n m of carbon by using high-vacuum evaporative techniques. 

A scanning electron microscope (Phil ips 505) equ ipped w i t h four sc in-
ti l lator-type backscattered electron detectors and an energy-dispersive X -
ray microanalysis system (Tracor N o r t h e r n 5500) were used to analyze the 
specimens. 

M e t h o d . F i r s t , fibers were examined for morphology. I f a smooth 
fractured plane was present and or iented to allow visualization of the entire 
cross section, then 50-nm spot X - r a y analyses were obtained from a n u m b e r 
of points at the per iphery of the section and its center. Samples were i r r a -
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diated for 50 -500 s and spectra col lected at 25 kV. Several fibers of each 
type from a g iven planchet were analyzed. 

W h e n spectra indicated e lemental variation over the span of the cross 
section, or the presence of elements w i t h atomic numbers higher than F e , 
backscattered electron imaging was used to qualitatively assess the d i s t r i 
but ional variation of these elements and possible sites at w h i c h some e le 
ments had accumulated. Because the signal from backscattered electrons 
increased w i t h atomic weight , accumulations of specific elements could be 
de termined by the intensity of the signal. Backscattered electron imaging 
was not per formed on samples that were pr imar i ly organic. 

I f spot analyses or backscattered imaging showed e lemental variations, 
X - ray maps were obtained to determine the distr ibut ion of a single e lement 
i n each fiber. Specific regions of spectra were defined, and maps corre
sponding to these energy regions were made. To ensure that data came from 
the sectioned fiber and not from other random locations on the planchet, 
maps of the whole spectrum, def ined as an energy region, were obtained. 
X - ray maps were col lected w i t h d w e l l times of 0 .2 -0 .3 s and 256- X 256-
pixe l resolution. A digital secondary electron or backscattered electron image 
usually was made for v isual comparison and overlap w i t h the e lemental maps. 
F u r t h e r details of the technique are reported i n reference 4. 

Results 

Al though freeze-fracturing, freeze-drying, and E D S analysis were generally 
satisfactory, some difficulties were encountered because of the nature of the 
fiber samples. F i r s t , not a l l of the samples fractured smoothly, nor d i d a l l 
of the fibers i n one sample display smooth, flat cross sections. Because the 
X - ray microanalytical technique requires a flat surface geometry to obtain 
accurate counts, this was the surface type selected from each fiber sample 
examined. A l though different fiber fracture tips may indicate different causes 
of degradation (5, 6), i t was assumed that any of the fibers of a yarn selected 
for e lemental analysis were representative of a l l of the fibers i n the yarn 
bundle . Because the fibers examined i n each sample were sectioned from a 
single yarn , i t was assumed that the fibers i n the yarn experienced the same 
conditions throughout the ir l i fetimes, except for some possible variation i n 
growth conditions. I n further work, many microsized samples could be ex
amined by the technique descr ibed i n this chapter to determine the extent 
of variation w i t h i n a single yarn. 

Add i t i ona l difficulties i n e lemental analysis occurred w i t h fibers that 
were complete ly or pr imar i l y organic. The e lemental spectra obtained for 
these fibers displayed a broad band typical of hydrocarbons, and no e lemental 
maps cou ld be determined . 

F i n a l l y , fibers w i t h extremely fine structures, such as the feather sam
ple , h indered e lemental mapping even w h e n they contained elements heavy 
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enough to be counted by E D S analysis. These materials w o u l d heat up and 
move under the X - r a y beam. Consequent ly , an inside spot -outs ide spot 
comparison and backscattered electron imaging had to be re l i ed upon , rather 
than an e lemental map, to get e lemental d istr ibut ion information. 

D a t a obtained i n the E D S analyses are l isted i n Table I. T h e fiber 
standards (primari ly organic ) gave broad E D S spectra. N o heavy e lemental 
composit ion was indicated i n si lk, and only a smal l quantity of ca lc ium could 
be detected i n l i n e n . N o e lemental maps cou ld be obtained for silk or l i n e n . 
T h e E D S spectra of woo l reflected its sulfur content. I n some of the samples, 
the somewhat h igher concentration of sulfur i n one-half of the cross section, 
w h i c h is expected of this natural ly b icomponent fiber, was apparent (7). I n 
other samples, the differentiation was not clear. 

Table I. Elemental Components and Their Locations in 
Archaeological and Historical F iber Samples 

Penetrating Throughout 
Element Surface Layer Fiber 
Ca 382.37 Modern linen 

E M C 840 
E M C 1145, feather 
E M C 1145, core 
M M A 46.156.134 
T S M 13.1919 
Coptic tunic 

C u E M C 840fl E M C 1145, core 
E M C 1145° E M C 1145, feather 

E M C 840 
Fe E M C 840 

E M C 1145, core 
E M C 1145, feather 

Ρ E M C 1145, feather E M C 1145, core 
E M C 840 
E M C 1145, feather3 

Κ E M C 1145, feather 
E M C 1145, core 

Ag T S M 19.19 
S Modern wooP 

382.376 

E M C 840 
E M C 1145, feather 

Si E M C 840 
E M C 1145, feather 
E M C 1145, core 

NOTES: E M C means Etowah Mound C. The samples are described 
under "Experimental Methods". The only elements found on the 
surface were Ca and Si, found only on hair fiber 382.37. 
aPermeating throughout but somewhat larger concentration in sur
face layer. 
^Somewhat heavier concentration in one-half of the cross section. 
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T h e Paracas hair fiber shown i n F i g u r e 1 fractured cleanly. In some 
cases, the E D S maps revealed a higher concentration of sulfur i n one-half 
of the cross section, s imilar to the sulfur distr ibut ion of woo l (see F i g u r e 2). 
K , S i , and C a were found on the fiber edges only (Figures 2 and 3). I n many 
cases, they were c l u m p e d together on the fiber surface i n a manner that 
indicated soil aggregation. N o penetration of these elements into the fiber 
surface was seen. I n the E D S maps of the Copt i c wool fiber, the sulfur and 
calc ium were evenly d istr ibuted throughout the fiber. 

Figure 1. Hair fiber from Paracas (ca. A.D. 200); magnification: 2230 X. 

Figure 2. Elemental dot map of Paracas hair fiber indicating distribution of 
sulfur (left) and potassium (right). 
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Figure 3. Elemental dot map of Paracas hair fiber indicating distribution of 
silicon (left) and calcium (right). 

The feather wrapping of E t o w a h M o u n d G ( E M C ) 1145 contained A l , 
S i , P, S, C l , K , C a , F e , and C u . The inside spot -outs ide spot e lemental 
comparison indicated that the outer edge of each feather barbule contained 
more F e and Ρ than the inside. T h e backscattered electron image corrob
orated this point. T h e outer r i m of the feathers appeared br ighter because 
of the greater concentration of i r on , a fact indicat ing that i ron had penetrated 
only into the surface of the feathers. A l , S i , S, C l , K , C a , and C u were 
d is tr ibuted throughout the material . 

A micrograph of E M C 1145 core is shown i n F igure 4, the backscattered 
image is shown i n F i g u r e 5, and the e lemental dot maps are shown i n F i g u r e 
6. T h e bast fibers, E M C 1145 core, and E M C 840, have similar spectra, 
and contained A l , S i , P, S, K , C a , F e , and C u . E M C 1145 also contained 
some C I . The E D S maps of these materials indicate that both materials 
contained higher concentrations of i ron i n their outer surface layers and had 
calc ium and copper d istr ibuted throughout. Phosphorus and sulfur were 
confined to the fiber's interior . As w i t h the feathers, the backscattered elec
tron image of these materials reflected the i ron concentrated i n the surface 
layers. 

E l e m e n t a l maps of the metal -wrapped l i n e n ( T S M 13.1919) showed that 
the metal wrapping was si lver, but the fibers i n the yarn also contained some 
si lver and ca lc ium. The maps of the metal -wrapped silk ( M M A 46.156.134) 
show that the metal wrapping was gold-coated si lver, and that ca lc ium was 
present i n the fibers but not si lver. Potassium was present i n both the metal 
wrapping and the fiber core. 

The metal surface of the metal -wrapped silk showed a variation i n co l 
oration i n the backscattered image, and this variation reflected the variable 
composit ion of the surface layer (Figure 7). T h e e lemental map shows areas 
where si lver broke through the gold coating. W i t h no other heavy elements 
present, it is assumed that these layers were si lver oxides. 
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Figure 4. Bast fiber from Etowah Mound 1145 core (ca. A.D. 1200). Secondary 
electron image; magnification: 1200 X . 

Figure 5. Bast fiber from Etowah Mound 1145 core (ca. A.D. 1200). Back-
scattered electron image; magnification: 345 x . 
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Figure 6. Elemental dot map of bast fiber, Etowah Mound C 1145 core, 
indicating distribution of iron (left) and copper (right). 

Figure 7. Metal-wrapped silk from Italy (15th century). Backscattered electron 
image; magnification: 686 X . 
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Discussion 

T h e interaction of fibers w i t h the ir environment is often studied by observing 
the changes i n physical and chemical structure as reactions occur. Typica l 
changes studied are increase i n oxidized or unsaturated groups, decrease i n 
degree of po lymerizat ion , decrease i n tensile strength, and changes i n m o r 
phology. Another way to monitor the interaction of fibers w i t h the env i ron 
ment is to determine w h i c h compounds are absorbed or adsorbed into the 
fibers. F ibers can be altered b y sorption of or reaction w i t h hydrocarbons, 
such as soils; however , this work focused on compounds that contained 
heavier elements, because of the ir more obvious differences from the h y 
drocarbon structure of fibers. 

Energy-d ispers ive analysis of X-rays was the chosen analytical method 
because of its sensitivity to elements heavier than sodium, its capabil ity of 
mapping e lemental d is tr ibut ion , and its capacity for combination w i t h a 
scanning electron microscope. E D S microanalysis has been reported to be 
suitable for the determinat ion of mordant treatments on historical fibers 
(8-10) and has been used to characterize metal wrappings of combinat ion 
yarns (11-13). E D S microanalysis has also been used to determine the c o m 
posit ion of pseudomorphs and fibers i n the process of minera l replacement 
(13, 14, IS). 

I n this chapter, the results of past research are expanded because fiber 
cross sections were examined, rather than longitudinal views of fibers, and 
distributions of elements were obtained i n addit ion to overal l e lemental 
spectra. Because the X - r a y beam penetrates only a small distance into the 
surface of a sample (approximately 8 -10 μηι for a 25 -kV excitation ), ex
amination of a longitudinal ly mounted fiber produces e lemental spectra of 
surface layers only. Such spectra may not be representative of the bu lk of 
the fiber. In addit ion , this work improves upon past research i n that the 
freeze-fracturing-freeze-drying E D S technique is suited to very smal l , frag
i le fiber samples (whether single fibers or small yarn pieces), and is l i m i t e d 
i n size only i n the operators abi l i ty to see and handle the samples. B y us ing 
this procedure, compression of the fiber cross section and elemental redis 
tr ibut ion are avoided. 

T h e abi l i ty to visualize e lemental content and the d istr ibut ion of those 
elements w i t h i n a fibers structure is potential ly significant for the in terpre 
tation of the biological , systemic, and diagenetic contexts of fibrous materials. 
I f fiber ident i ty is questionable, E D S analysis can provide some addit ional 
information. H a i r fibers contain a significant amount of sulfur, and that sulfur 
is somewhat more concentrated i n one-half of the fibers' cross sections. This 
b icomponent nature sometimes is apparent i n e lemental maps and can be 
useful i n identi fy ing wool or hair. Because si l ica and calc ium oxalate crystals 
form i n plant materials as they grow, overal l d istr ibut ion of large amounts 
of si l icon or ca lc ium indicates bast fibers. This d istr ibut ion can readi ly be 
dist inguished from local ized soil contamination on fiber surfaces; the larger 
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concentration excludes the possibi l ity that the presence of calc ium is due to 
residual soap scum. W h e n calc ium oxalate and silica crystals are indicated 
by E D S , further study of these crystals and their shape may aid fiber i d e n 
tification. These crystals, also cal led phytol i ths, do not degrade after bur ia l 
and so provide an endur ing mode of plant identification when the rest of 
the fiber is gone (16-18). 

E l e m e n t a l content and mapping also w i l l contribute to the understand
ing of the systemic context of fibrous materials. The modern l inen examined 
i n this work contained a quantity of calc ium that was too small in comparison 
to the organic nature of the fiber to be mapped. Possibly this calc ium was 
the result of residual soap scum from cleaning. M o r e significant quantities 
of elements, such as ca lc ium, magnesium, and i ron , w i t h i n the l inen or other 
bast fibers could indicate that the fiber was retted in hard water. Because 
bast fibers can act as ion-exchange columns and attract minerals , and because 
these ions could be more concentrated i n the protoplasm l i n i n g the l u m e n , 
e lemental mapping could provide more evidence concerning bast fiber pro
cessing. O t h e r aspects of fiber-yarn-fabric treatment that can be indicated 
by E D S analysis are dye ing w i t h mordants, whi ten ing and delustering w i t h 
agents such as t i tanium dioxide, and weight ing of silk. The elemental maps 
w i l l reveal depth of penetration of these treatments. 

Examinat ion of the metal -wrapped yarns shows that E D S analysis and 
mapping can be used to infer yarn structure (systemic contextual information) 
and long-term storage conditions (diagenetic contextual information). F ibers 
surrounded w i t h si lver metal showed absorbed silver ions; fibers surrounded 
w i t h gold-coated si lver d i d not. A l though some silver oxides were present 
on the surface of the metal wrapping , the inert gold coating or other e n v i 
ronmental conditions h indered si lver ion migration into this yarn. T h e fibers, 
thus, reflect their long-term storage conditions. These fabrics have not been 
bur i ed , and have not been subjected to long-term immers ion in water. 
Rather, conditions of normal humid i ty and temperature have been sufficient 
for e lemental transfer to the inner fibers and for corrosion layers to form on 
the metal wrappings. H a r d i n and Duffield (11) found sulfur-containing cor
rosion layers on the si lver wrapping of 16th-century Turk i sh combination 
yarns and attr ibuted the sulfur source to burn ing fossil fuels. 

E D S analysis of yarn cross sections could provide additional information, 
and document, for example, whether sulfur from the air permeates the 
fibrous core as w e l l . Such is the case in the " fume fading" of textiles enclosed 
in environments w i t h sulfur and nitrogen oxides. E l e m e n t a l mapping of the 
fiber cross sections wou ld show the depth of penetration of the absorbed or 
adsorbed species, and perhaps indicate the length of exposure, as w e l l as of 
exposure to gaseous rather than aqueous environments. 

T h e results of the analysis of materials examined i n this work part icularly 
l end themselves to inferences of diagenetic context. Just as the meta l -
wrapped yarns showed that metal ions can transfer to fibers i n contact w i t h 
si lver, fibers b u r i e d in association w i t h copper reflect that association by 
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the ir large copper content. A t present, it is be l ieved that the copper is b o u n d 
to fiber cellulose or prote in polymers . U n d e r appropriate conditions, how
ever, the copper local ized w i t h i n the fiber structure w i l l oxidize to form 
copper minerals such as malachite and cuprite . The result ing fiber pseu-
domorph maintains the physical shape of the fiber but no longer has its 
organic composit ion (19, 20). 

T h e presence of S i , A l , P, C a , and Κ throughout the fibers from E t o w a h 
M o u n d is evidence of the interaction between the fiber and soil i n a wet 
environment . These soi l e lements, as w e l l as copper ion from the corroding 
copper metal , readi ly dissolve i n an oxidiz ing aqueous environment and 
migrate w i t h water percolating through the ground. B y absorbing this ground 
water, b u r i e d fibers also absorb the dissolved elements. 

I ron ions migrate only under reduc ing conditions, and therefore do not 
behave i n a manner s imilar to the other soil elements. Rather , micropart i -
culate i ron is carr ied by the waters percolating through the site and deposits 
i n the fiber surface i n a manner comparable to rust staining of m o d e r n 
textiles. W h e t h e r the i ron particles are mechanical ly entrapped or are c om-
plexed i n some manner w i t h the fiber's organic structure has not been 
determined , but the backscattered electron images of the fibers from E t o w a h 
M o u n d clearly show this th in layer of i r on penetration (Figure 5). 

I n contrast to the wet, ox id iz ing conditions of the E t o w a h M o u n d , w i t h 
its i ron-containing clayl ike soi l , the dry conditions and l imestone-type soil 
of the Paracas peninsula have resulted i n fibers w i t h soil encrustations of 
s i l icon and ca l c ium, but w i t h no absorbed soil elements. 

A n unresolved question remains concerning the presence of significant 
quantities of sulfur i n the materials from E t o w a h M o u n d . N o t only do the 
fibers contain sulfur, but copper sulfate corrosion layers are also present on 
the associated copper metal from these burials (21). Because sulfur is present 
i n the soil only i n trace quantities, some other sulfur source must be found. 
T h e source of the sulfur may be a treatment of the textile or may be a product 
of the decomposing body nearby. F u r t h e r examination other textiles from 
these burials should provide answers to the questions of the source of sulfur. 

Conclusions 

T h e freeze-fracturing, freeze-drying, E D S analysis, and mapping procedure 
was tai lored for the examination of br i t t le , fragile, and smal l fiber samples. 
Eva luat ion of a group of fibers w i t h this technique produced results that 
suggest a great potential for produc ing information that may contribute to 
the understanding of the biological , systemic, and diagenetic contexts of 
archaeological and historical textiles. I n each of the cases described, many 
implications for contextual information cou ld be inferred from the data, but 
no conclusions cou ld be drawn for any of the materials examined because 
many more samples from wel l -documented sites need to be studied. 
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E l e m e n t a l content and distr ibut ion may be useful i n de termin ing b io 

logical context (discussed here only i n terms of fiber identification), but 
further work may suggest growth conditions of the fibers as w e l l . Inferences 
concerning systemic contexts were discussed, inc lud ing fiber processing, 
dyeing , and finishing. F u r t h e r work, part icularly examining treated m o d e l 
fibers, w i l l confirm the speculations made here. T h e def init ion of the d i 
agenetic contexts of archaeological materials made here can be veri f ied and 
expanded w i t h the analysis of samples from ful ly documented sites. E x a m 
ination of soi l , metal , wood, or any other associated material from the sites 
must be inc luded as w e l l as evaluation of moisture content, acidity, and 
oxidation potential . After study of ful ly documented materials, patterns can 
be deduced, in c lud ing def init ion of those factors that persist through diage
nesis and those that change i n predictable manner. F r o m these patterns, i t 
w i l l be possible to examine fibers of unknown origin and to infer some 
information concerning their biological , systemic, and diagenetic contexts. 
Determinat i on of e lemental content and mapping of e lemental d istr ibut ion 
can make an important contr ibut ion to the understanding of archaeological 
and historical materials. 
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27 
Photomicrography and Statistical 
Sampling of Pseudomorphs 
after Textiles 
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The nature and extent of pseudomorphs after textiles on a Shang 
bronze spearpoint are explored by using mapping of the evidence by 
photomicrography and simple random sampling. The two techniques 
are designed to increase the rigor of the methodology used to study 
certain forms of the archaeological textile record that require exten
sive analysis. Complete linkage cluster analysis and classification and 
regression tree (CART) of technical fabrication attribute data reveal 
the presence of unbalanced plain weave silk fabric with areas of float. 

THE RECONSTRUCTION OF PAST HUMAN BEHAVIOR from early textile re 
mains continues to challenge the analyst. Despi te recent strides made i n 
understanding the basic chemistry and degradation of textile fibers i n the 
diagenetic context (I , 2), there is not yet a rigorous methodology capable of 
y i e ld ing va l id and rel iable data w i t h w h i c h to infer human behavior. Because 
textiles were used wide ly i n nearly a l l facets of the cul tural system, they 
provide important evidence of past decis ion-making. Yet their composit ion 
has resulted i n differing degrees of survival , i n forms often difficult to analyze. 

0065-2393/89/0220-0465$06.00/0 
© 1989 A m e r i c a n C h e m i c a l Society 
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W i t h o u t better research designs, textile analysts r u n the risk of hav ing po
tential ly powerful data be ing misappl ied i n the development of inferences 
about the past use of textiles. T h e purpose of the research described i n this 
chapter was to apply two techniques of analysis to the investigation of pseu
domorphs after textiles, one form of the archaeological textile record. Spe
cifically these techniques are mapping textile evidence by photomicrography 
and statistical sampl ing of that evidence. 

Archaeological textiles occasionally occur i n forms that mislead the an 
alyst. T h e minera l i zed fabric evidence k n o w n as pseudomorphs after fabric 
is one such form. Fabr i c remains may be recovered i n pieces c r u m p l e d 
together and may exhibit pronounced structural variation. I n such instances, 
one cannot re ly on a series of tests from one area of the fabric to identify 
characteristics of the entire fabric. 

T h e fragmented and fragile condit ion of archaeological fabrics has l e d 
to bias because scientists have evaluated parts of fabrics that were accessible 
and of interest. W i t h o u t sampl ing designed to avoid bias, inferences relat ing 
to the structure of textile remains or the human behavior associated w i t h 
their product ion and use may be i n question. To infer the whole from the 
part w i t h any degree of rigor requires an assumption that the part (a single 
observation) represents the whole (textile remains). That assumption should 
not be made unless data gleaned from analysis of the fragment are obtained 
through probabil ist ic sampling procedures, because the alternative of us ing 
a large nonprobabi l ist ic sample is difficult to accomplish (3). T h e potential 
error i n haphazard sampling cou ld negate the results of very precise ins t ru 
mental and technical fabrication analyses. 

M a p p i n g the textile evidence by photomicrography is another technique 
used to study the archaeological textile record. M a p p i n g is the preparation 
of an enlarged visual record of adjacent areas of fabric from photomicro
graphs, and i t allows the investigator to plot the movement and interaction 
of textile components and to study the fabric i n detail . M a p p i n g also provides 
the means to trace the spatial relationships of a fragment's fiber-yarn-fabric 
evidence w i t h respect to adjacent fragments or to a metal host. T h e tech
niques of mapping by photomicrography and statistical sampling improve 
the re l iabi l i ty of the data obtained. U s e d together, they strengthen the 
research design developed to evaluate archaeological textile remains. 

Examinat ion of archaeological textile evidence includes analysis of two 
classes of evidence to y i e l d what is referred to as attribute data. These 
data are der ived from (1) technical fabrication examinations of the fi
b e r - y a r n - f a b r i c evidence and (2) the physical and chemical analyses of the 
fiber. B o t h classes of information are necessary to characterize ful ly the fabric 
evidence, and both require photomicrography as an in i t ia l step i n the ana
lyt ical procedure. T h e nature of the information sought leads to different 
avenues of testing. Because both are essential to the complete understanding 
of the textile, the sets of results obtained i n the testing complement each 
other. 
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Two problems should be considered w h e n conduct ing an investigation 
that incorporates mapping and sampling techniques. O n e prob lem is that 
the irreplaceable and fragile nature of the textile evidence demands n o n 
destructive or min imal ly destructive procedures. Removal of enough m i -
crosized samples to provide a statistical sample w o u l d destroy m u c h of the 
textile. Another consideration is that the cost of techniques such as as X - r a y 
diffraction ( X R D ) or F o u r i e r transform infrared spectroscopy (FTIR) w o u l d 
be prohib i t ive w h e n appl ied to a large n u m b e r of samples. Because of these 
constraints, chemical and physical data should be obtained from a l i m i t e d 
n u m b e r of locations. These areas can best be identi f ied once a survey of the 
evidence has been conducted and technical fabrication analyses of evidence 
obtained from a random sample of locations have been performed. 

W e used mapping by photomicrography and statistical sampl ing to eva l 
uate pseudomorphs after fabric from one Shang bronze weapon, a spearpoint 
(Spl ) , dated about 1300 B . C . (Figure 1). T h e spearpoint has been the focus 
of earl ier investigations (J , 2,4, 5), w h i c h constitute a survey of the evidence. 
This investigation emphasizes technical fabrication data through sampl ing 
and mapping , and the implications for future chemical and physical analyses. 

Methodology 

The objective of the study is to determine the nature and extent of pseu
domorphs on S p l b y mapping , w i t h photomicrography and statistical sam
p l i n g t e c h n i q u e s . T h e " p o p u l a t i o n " to be s t u d i e d c o n s i s t e d o f a l l 
pseudomorphs after fabric located on the spearpoint. A survey previously 
conducted w i t h microscopy identi f ied the general location of the minera l i zed 
fabrics. A research hypothesis, der ived from the survey of evidence, gov
erned the study and is as follows: Pseudomorphs after fabric located on S p l 
are fragments of an unbalanced plain-weave type of fabric. 

Figure 1. Shang bronze spearpoint (Spl) from the Museum of Anthropology, 
University of Missouri— Columbia. Reduction: 45 x . 
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Data Collection 

M a p p i n g . N o attempt was made to map the entire area of pseudo
morphs after fabric; rather, photomicrographs of adjacent location points 
were rev iewed , and two groups were selected for further study. C r i t e r i a for 
inc lusion i n the map were the proximity to other location points and 10.2 X 
magnification for the photomicrograph. Slides were developed as 5- X 7-
i n . photographs. T h e photographs were placed upon a neutral-colored mat 
board and fitted together so that yarns could be tracked across several location 
points. 

S a m p l i n g . A sample was drawn at random from a list of randomly 
combined χ and y coordinates that indicated location points for pseudo-
morphic evidence. T h e location point is def ined as the field of v is ion at 10 X 
magnification that a l lowed attribute data occurr ing i n the field to be ob
served. T h e spearpoint was placed upon a special microscope stage that had 
a centimeter gr id system. T h e χ axis was identi f ied by letters A - Y , and the 
y axis was identi f ied by numbers 1-10. These combinations of coordinates 
l ed to the spatial location points or subunits of the site. Photomicrog
raphy was used to record the minera l ized fabric attributes at 101 location 
points. 

Before sampling, a list of attribute dimensions based upon available 
technical fabrication information was compi led . The d imension of an attribute 
differs from the attribute and is defined as a trait or characteristic capable 
of subdivis ion into numerous subcategories (attributes). F o r example, color 
is a d imens ion of an attribute; r ed is an attribute. F o r the evidence be ing 
studied, fiber entity or the n u m b e r of fiber entities occurr ing together nat
ural ly is an attribute d imension. Attr ibutes of the d imension "f iber ent i ty " 
inc lude singles, pairs, and bundles. T h e entities form the basis for convert ing 
fibers into yarn. T h e attribute dimensions identi f ied inc luded fiber entity, 
fiber c r i m p , fiber surface, yarn type, number of yarn components, yarn twist 
d irect ion, n u m b e r of yarn systems, yarn system direct ion, type of inter -
work ing , layers identi f ied, and fabric deformation. 

At t r ibute data were identi f ied from the photomicrographs of each lo 
cation point i n the sample, and each potential categorical variable (attribute) 
was recorded as present or absent. Because it was desirable to determine 
whether the evidence at the location points was related, the data were 
subjected to hierarchical c lustering. T h e measure of dissimilarity used i n 
the project was the number of matches among attribute measurements that 
two location points shared. F o r example, two points had a diss imilarity of 0 
i f they matched on a l l attribute measurements, and at the other extreme, 
the two location points had a dissimilarity of 13 (the total n u m b e r of measured 
attributes) i f they d i d not match on any of the measurements. E a c h match 
was weighed as equally important. I n addit ion to this intui t ive measure of 
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2 7 . S I B L E Y E T A L . Pseudomorphs after Textiles 469 

dissimilarity , we used complete linkage (also called nearest neighbor), a 
procedure that tends to form clusters i n w h i c h a l l points w i t h i n a cluster are 
relatively homogeneous w i t h regard to their attributes. 

Once clusters were determined , the next step was to identify w h i c h 
measures were important i n def ining the clusters. A classification procedure 
similar to d iscr iminant analysis was used to determine w h i c h attributes ac
tually placed a point i n a particular cluster. Because a l l measurements are 
categorical (presence or absence), a nonparametric procedure cal led classi
fication and regression tree ( C A R T ) was used. 

O f the 13 available attributes, three have direct relevance to the research 
hypothesis concerning incidence of unbalanced plain-weave fabric. These 
attributes are the presence of float i n one set of yarns of a fabric structure, 
the presence of a p la in weave (defined as a repeated s imple alternating) 
interworking pattern (1/1), and the presence of layers of fabric. I f a l l three 
are present, there are at least three possible interpretations: 

1. Two layers of a single patterned fabric are present. 

2. Layers of different fabrics are present. 

3. Layers of p la in fabric and patterned fabric are superimposed 
on one another. 

A structural patterned fabric is suggested by the presence of float and p la in 
weave together without any layers. I f layers of fabric are observed i n con
junct ion w i t h float but without 1/1 interworking , then two layers of float 
fabric are indicated. The presence of float by itself w o u l d suggest a single 
layer of float fabric, and the presence of 1/1 by itself w o u l d support a p la in 
weave. Layers of fabric w o u l d only occur where some interworking of fabric 
evidence is present either, i n the form of repeated s imple alternating systems 
or the repeated float progression of alternation. These combinations are 
summarized i n Table I. T h e remain ing 11 attributes w o u l d define fiber and 
yarn characteristics, but taken by themselves, do not indicate fabric struc
ture. 

Table I. The Six Attribute Combinations for 
Pseudomorphs After Fabric on Shang Spearpoint 

Combination Float 111 Layers 
1 Present Present 
2 Present Present 
3 Present Absent 
4 Absent Present 
5 Present Absent 
6 Absent Present 

Present 
Absent 
Present 
Present 
Absent 
Absent 
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Results 

M a p p i n g of the two areas chosen for magnification shows the interplay of 
two different systems of yarns i n a regular plain-weave inter lac ing pattern. 
O n e system consistently has yarns that are 1.5 times larger than those of 
the other system. T h e difference i n the yarn systems confirms the unbalanced 
plain-weave structure, w h i c h is observable without magnification as r i b b e d 
fabric (Figure 2). O n e of the areas shows the presence of layers of minera l i zed 
remains on the blade. A section of red , identi f ied as cuprite i n the p l a i n -
weave formation, rests on top of a green or malachite section (6). B o t h 
formations share the same type of structure, and the two layers do not have 
the same orientation w i t h respect to the spearpoint, despite the s imilar i ty 
i n weave. 

T h e pseudomorphs after fabric were located i n an area roughly between 
H and U on the χ axis, and between 3.6 and 9.0 on the y axis. Th i s area 
corresponds to approximately 5 2 % of the spearpoint's length and 8 1 % of its 
w i d t h . Examinat ion of the spearpoint d u r i n g the survey phase had already 
indicated shifts i n the geometry of the fabric w i t h respect to the weapon's 
form (6). 

O f 101 sampl ing units drawn, 11 revealed no pseudomorphs after fabrics 
present, and two points had pseudomorphic evidence that could not be 
identi f ied because of b l u r r i n g of the photomicrograph. O n l y the remain ing 
88 location points y i e lded textile information. 

Figure 2. Mapping by photomicrography of pseudomorphs after fabric on 
Shang spearpoint (Spl). Magnification: 51 X . 
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Inspection of the fabric attribute dimensions for al l location points re 
vealed that certain attributes were either absent or unrecognizable. These 
attributes are fiber bundle , fiber single, fiber c r i m p , fiber surface, fiber 
pattern, yarn type, and yarn twist direct ion. Therefore, these attributes were 
deleted from the statistical analysis. T h e remaining attributes were either 
present at al l location points or exhibited variation. These attributes inc luded 
the three (layers, 1/1, and float) whose interactive effects had direct relevance 
to the research hypothesis, and the fol lowing fiber and yarn attributes: pa ired 
fibers, 0 twist, combined yarns, yarn system A , yarn systems A + B , yarn 
systems A + Β + C 4- D , fabric distortion, red , green, and black. 

Statistical Analysis 

In the first complete l inkage analysis, the interaction term (layers, 1/1, float) 
was assigned the same weight as any of the other relevant attributes. The 
algorithm y ie lded three clusters (Figure 3) w h e n there was only one match 
(or equivalently , w h e n the m a x i m u m distance between clusters was 12 "no 
matches"). Two of these clusters accounted for only 13 of the 101 location 
points. Interestingly, 11 of these 13 points were precisely those and only 
those points that revealed no pseudomorphs. The other two points were 
those for w h i c h pseudomorphic evidence could not be identi f ied. As such, 
these two small clusters were taken together to form the cluster of " i n d e -
terminates" . W h e n matches were increased to three, the b ig cluster of 88 
location points was subdiv ided into three smaller clusters. A cluster could 
represent either a fabric type or a fabric pattern. 

W h e n there are only two clusters, a C A R T demonstrates that yarn 
system direct ion A is the most important classification attribute. This infor
mation was not surpris ing because yarn system A indicated the presence of 
some k i n d of pseudomorph after fabric evidence. W h e n the one b i g cluster 
is subdiv ided into three smaller ones, attributes important i n forming the 
clusters are as follows: The presence of layers, whether in combination w i t h 
1/1 interworking , w i t h float interworking , or w i t h both, completely deter
mines one cluster. Another cluster is dominated by no-layer locations having 
at least float present. T h e t h i r d attribute comprises locations where only 
1/1 interworking is present among the three interacting attributes 
(Table II). 

The two latter clusters are not completely distinct from each other, and 
could reasonably be taken together. The nondetection of layers and the 
presence of at least one layer of 1/1 interworking and float w o u l d characterize 
this cluster. T h e classification tree, when the number of clusters is four, 
shows that the more important classification attributes, i n decreasing order 
of significance, are yarn system direct ion A , float, r ed yarn , layers, and fabric 
distortion. F loat is the only attribute that is found i n a single cluster. The 
remaining attributes were dispersed among the three clusters. 
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Table II. Unweighted Attribute Interaction for Four Clusters 
Attributes Cluster 1 Cluster 2 Cluster 3 Cluster 4 
Float, 1/1, layers 
Float, 1/1 
Float, layers 
Float 
1/1, layers 
1/1 
A l l absent 13.00 

T h e second cluster analysis invo lved attaching twice as m u c h importance 
to the interaction term than to any of the other 12 attributes. W e obtained 
basically the same cluster tree as w i t h the first method , w i t h only a few 
modifications; some cluster breakups were more severe than before, i n d i 
cating more cluster-to-cluster distinctiveness, and some were less severe. 
Inspection of the tree indicated that there were either two clusters, i n w h i c h 
case one cluster was approximately twice as b i g as the other cluster, or there 
were three clusters, w i t h the larger cluster subdiv ided into two clusters. 
(See F i g u r e 4.) F u r t h e r examination of spatial plots revealed no clear sep
aration of cluster, whether the number of clusters was designated two or 
three (Figures 5a and b). 

W h e n the n u m b e r of clusters was two, the classification tree showed 
that the interaction t e rm perfectly determined to w h i c h cluster a location 
point should belong. W h e n layers were detected and either 1/1 in terwork ing 
or float is present, the location point goes to C luster 2. W h e n layers is not 
present, the location goes to C lus ter 1. W i t h our data set, the cases for 
w h i c h both 1/1 interwork ing and float were absent were also those cases for 
w h i c h layers were e ither absent or could not be identi f ied. Statistically, the 
interaction t e rm and the variable corresponding to the detection of layers 
measure essentially the same effects. Table III shows how layers completely 
determine cluster membership . 

W h e n the larger cluster was broken into two (i.e., a total of three 
clusters), one subcluster corresponded to the indeterminates, and the other 
had no layers w i t h either 1/1 interworking or float present (see Table IV) . 
Moreover , the corresponding classification l isted the interaction t e r m , or 
equivalently the layer variable, and yarn system direct ion A as the more 
important classification variables. 

W h e n we considered four clusters under the first setup, it was suggested 
that two of these four clusters could reasonably be seen to constitute only 
one cluster. Indeed , the analysis veri f ied this suggestion. E x h i b i t i n g either 
1/1 or float as the type of interworking i n only one layer is a strong enough 
measure of homogeneity to w e l d the corresponding location points. 

I n either setup, there is adequate evidence that grouping the location 
points into three clusters is a useful summary of the data. Two of these 
clusters can be determined by the presence or absence of layers. T h e t h i r d 
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Figure 5. Spatial plots of weighted interaction. 

Table III. Weighted Attribute Interaction for 
Two Clusters 

Attributes Cluster 1 Cluster 2 
Float, 1/1, layers - 2 . 0 0 
Float, 1 /1 7 . 0 0 
Float, layers - 2 . 0 0 
Float 9 . 0 0 
1 / 1 , layers - 2 8 . 0 0 
1 /1 4 0 . 0 0 
A l l absent 1 3 . 0 0 -
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Table IV. Weighted Attribute Interaction for 
Three Clusters 

Attributes Cluster 1 Cluster 2 Cluster 3 
Float, 1/1, layers - 2.00 
Float, 1/1 7.00 
Float, layers - 2.00 
Float 9.00 
1/1, layers - 28.00 
1/1 40.00 
A l l absent - - 13.00 

layer consists of the indeterminates. Because the indeterminates are of no 
practical importance, there are essentially only two clusters. 

O f the 88 sampl ing units w i t h pseudomorphs studied, 77 (88%) con
tained evidence of 1/1 interworking of the two yarn systems. Float inter 
work ing without any other type of interworking was observed at n ine 
locations (10%), and seven locations (8%) displayed evidence of 1/1 and float 
together. Two locations contained layers i n conjunction w i t h float inter 
work ing , and two locations contained layers, float, and 1/1 interworking . 
The attribute "layers of fabric" was found at 32 location points (36%). 

T h e incidence of float and float w i t h 1/1 interworking occurred i n the 
L - Q area of the χ axis and between 4.9 and 7.7 on the y axis. Two adjacent 
points [(N.2, 6.2) and (N.2 , 6.3)] differ i n the " i n t e r w o r k i n g " attribute d i 
mension. T h e point (N .2 , 6.2) is classified as float only and (N.2 , 6.3) is 
classified as float plus 1/1 interworking . A l l of the micrographs displaying 
float were i n the area where at least the main layer had a s imilar orientation 
across the blade. This area also had raised pseudomorphs after fabric that 
suggested a c r u m p l e d fabric. 

Interpretation 

O f the 32 location points where layers were identi f ied, only two points also 
had both 1/1 interworking and float; however, this finding d i d not necessarily 
indicate that one layer contained 1/1 only and the other layer contained float 
only. Thus , for only two points w i t h i n this cluster (Table IV, cluster 2) can 
we possibly suspect that there were two different types of fabrics. F o r the 
other points i n this same cluster, we concluded that 1/1 was superimposed 
on 1/1, or float was superimposed on float, w h i c h is strongly indicative of 
the presence of only one fabric. F o r the other cluster for w h i c h no layers 
were identi f ied, there was only one type of fabric w i t h some structural 
variation. 

A cluster is strong evidence that there is only one fabric type. O n e 
question remains: A r e there two types of fabric present, or do the differences 
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between clusters only signify a certain type of patterning w i t h i n a single 
fabric? The latter hypothesis w i l l be supported i f the two clusters tend not 
to be separated spatially. Examinat ion of the spatial plot suggests there was 
no spatial separation (Figure 5 a, b). 

Strong evidence suggests that only one type of fabric was present; it 
was an unbalanced p la in weave. T h e evidence also indicates there were areas 
of float in terwork ing that w o u l d support the possibi l i ty of structural pat
terning . The minera l i zed fabric identi f ied as an unbalanced p la in weave 
located on the spearpoint should be considered a variant w i t h areas of float. 

Discussion 

T h e sampling technique appl ied i n the research project unexpectedly ex
posed areas of float interworking . The sp inning of more than one yarn i n a 
consistent manner i n conjunction w i t h 1/1 interlacing is indicative of a struc
tural ly patterned fabric. Such patterning is achieved by changing the system 
of interlacing at certain points to provide visual variation. However , con
sistency and pattern i n float interworking became keys to the identif ication 
of a fabric as structurally patterned, because flaws or discrepancies i n the 
inter lac ing order can lead to float. In the case of the pseudomorphic evidence, 
there is not enough consistency to confirm a structurally patterned fabric. 
T h e evidence col lected supports the possibi l i ty of a structurally patterned 
interpretation, however. Because the pseudomorphs after fabric are difficult 
to evaluate, caution should be used in identification of fabric structure. 

Statistical sampl ing combined w i t h cluster analysis is a useful invest i 
gative tool because it revealed an important characteristic, that is, the pres
ence of float interworking . N o t only d i d the technique reduce the possibi l i ty 
of bias i n selecting points to measure, but it also al lowed identif ication of a 
structural feature hitherto unobserved. 

Despi te the differential survival of material culture i n the archaeological 
record, the record is more extensive than previously real ized, albeit i n c o m 
plete. T h e archaeologist faced w i t h constraints of t ime and cost must choose 
what to study. Sampl ing based upon probabi l i ty is a tool that is used i n 
creasingly to reconstruct the past. This tool may be appl ied to a n u m b e r of 
situations or populations. T h e population to be sampled may be a geographic 
region or a culture area (7, 8), i t may consist of subunits of a specific site 
(9-11), i t may comprise attribute traits or variables of artifacts (12, 13), or 
it may be composed of a specific class of artifacts from a given site (11, 14). 
T h e classes of data recoverable from the archaeological record (populations) 
seem infinite but tend to group themselves into cul tural , environmental , 
and spatial types of information (J 5). 

I f the attribute analysis had revealed that the pseudomorphs after fabric 
located upon the spearpoint indicated only an unbalanced p la in weave, then 
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the probabi l i ty of the presence of different types of fabric w o u l d have been 
low. If, however, enough variation i n fabric attributes had existed, then the 
possibi l i ty of mul t ip le fabric types w o u l d have been strengthened. Variat ion, 
of course, may have been the result of other possibilities such as structural 
patterning i n one fabric, layers of fabric, or even deformation of fabric struc
ture. G i v e n extensive and pronounced variation i n fabric attributes and 
breaks i n the regularity of pseudomorph patterning, the presence of more 
than one type of fabric w o u l d have to be considered. T h e presence of m u l 
tiples of one type of fabric w i t h regularity i n attributes cannot be discounted, 
part icularly i f there are breaks or discontinuities i n the pseudomorphic e v i 
dence. Care fu l analysis of the evidence is essential. 

T h e research hypothesis is partial ly supported because the float occurred 
i n one fabric type as demonstrated by cluster analysis: T h e new definit ion 
of the fabric expands our knowledge of Shang fabric product ion substantially. 
T h e unbalanced p la in weave structure produced a ribbed effect on the surface 
of the fabric, w i t h the size of the rib related to the size and number of the 
yarns (16). I f the n u m b e r of yarns i n one direct ion is great enough to cover 
the yarns from the other system, then the fabric is cal led either warp-faced 
or weft-faced. W i t h o u t a selvage, we cannot identify w h i c h of these two 
possibilities was present on the spearpoint. However , one w ide ly used struc
ture found i n the H a n Dynasty fabrics (206 B . C . - A . D . 220) is the warp -
faced compound silk fabric, w h i c h achieved its structural pattern by float 
(17). I f the Shang pseudomorphs after fabric located upon the spearpoint 
are part of a warp-faced, unbalanced plain-weave fabric w i t h patterning, 
then the Shang people apparently used the same weaving techniques as the 
H a n , but some 1000 years earlier. O n the other hand, i f the minera l i zed 
fabric was part of an unbalanced plain-weave fabric that contained weaving 
flaws, then the earl ier Shang were developing the weaving tradit ion that 
later evolved into the H a n warp-faced silk identi f ied by B u r n h a m (17). 

T h e presence of layers of minera l i zed fabric suggests that the silk fabric 
may have been wrapped around the blade, but the fabric was altered i n the 
diagenetic context. A l l evidence of fabric was destroyed on the reverse side 
of the spearpoint. F u r t h e r m o r e , the shift i n the geometric relation of the 
layers w i t h the same attributes, as indicated i n the mapped area, tends to 
support the wrapp ing of one fabric rather than the possibi l ity of double c loth 
or some other compound fabric variant. The H a n warp-faced compound 
tabby (unbalanced p la in weave) has two sets of warp that are integrated into 
one layer and may be considered a compound fabric w i t h complementary 
warp (16, 17). T h e reason for the placement of fabric and weapon i n the 
bur ia l context remains a crucial question for reconstruction of past decision 
making. 

M a p p i n g by photomicrography and sampling have assisted i n the tech
nical fabrication analysis of pseudomorphs after fabric from the Shang spear
point. T h e two techniques have strengthened the investigative efforts and 
should be useful i n analyzing other mis leading forms of archaeological textile 
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evidence. C e r t a i n recommendations for the application of mapping should 
be considered. 

1. A vert ical d imension must be considered at each location 
point. T h e investigator should record and evaluate evidence 
at a l l levels that are v is ib le , rather than observing only the 
upper l eve l of evidence i n the field of v is ion. 

2. At t r ibute dimensions need to be more clearly def ined and 
l i n k e d more closely to the in i t ia l survey i n order to focus upon 
variation. 

3. Select ion of sites for the mapp ing by photomicrography should 
occur after the sampling and cluster analysis are accomplished. 
Results of sampl ing could suggest certain areas to be studied 
i n greater detail . 

4. T h e use of a stratified random sampling technique w o u l d be 
useful. 

T h e next stage i n the research project w i l l focus upon those location points 
where significant variation exists, or where the data col lected are puzz l ing . 
Select ion of a l i m i t e d n u m b e r of points for the physical and chemical testing 
w o u l d preserve at least part of the evidence and assist i n the search for 
information about the character of the fiber. A n array of instrumental analyses 
w o u l d be designed to y i e l d essential data about the textile evidence and its 
mineral izat ion processes. 

Summary 

T h e objective of this study was the determination of the nature and extent 
of pseudomorphs after fabric located on one Shang Dynasty bronze spear
point. R e i d , Schiffer, and Neff (9) noted that the very nature of archaeological 
research involves sampling, but the real concern is w i t h "how to secure a 
sample that best provides data to answer questions about past behavioral 
systems." I f the ult imate goal of studies of pseudomorphs after textiles is to 
infer the use of textiles i n a cultural system where other forms of textile 
evidence do not survive, then the investigator must determine first the 
nature and extent of the minera l i zed evidence on a metal host/object. T h e 
techniques used i n this chapter give us the opportunity to expand our k n o w l 
edge of one form of the archaeological textile record. The presence of layers 
of an unbalanced plain-weave silk fabric w i t h areas of float was conf irmed. 
A profile of the fabr i c -meta l object relation is a beginning, but many more 
objects and pseudomorphs w o u l d need to be examined before generalizations 
can be made about cul tural context. A careful and systematic study of one 
object and its pseudomorphs w i l l provide the basis for more extensive work 
i n the future. 
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University of Toronto, 21,113, 289, 337 
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Yale University, 369 

Subject Index 

A 

Abietane skeleton, 375, 378 
Abietic acid 

disproportionation, 375 
loss in manufacture of pine pitch, 377 
oxidation, 375 
structure, 371 

Accelerator mass spectrometry (AMS), 12, 
316,322 

Achemenide pendant 
age, 253 
description, 250 
detail, 251/ 
elemental analysis of solders, 252, 252i, 

253 
photograph, 251/ 
PIXE analysis of solders, 252,252f, 253 
solders, 250,251/ 

Aegean region 
Cycladic islands, 161 
emergence of civilization, 160 
location, 159 
metallurgy, 160 
native copper, 160 
neolithic life, 159 

Aghia Triadha ingots 
age of ores, 189 
Anatolian origin, 189 
Cretan ores, 189 

Aging process in silk, acceleration, 16 
Alanine, ESR spectrum after gamma-

irradiation, 366, 367/ 
Alanine radical 

ESR spectroscopy, 355/ 
quintet signal, 366 

Alanine signal 
generation in bone, 367 
heat response, 357 
signal production threshold, 367 
Zhoukoudian bone, 374 

Albumin, trapped, 399 
Albumin in body fluids, 15 
Albumin in tissue extracts and body fluids, 

400i 
Alluvial fans, sedimentary deposits, 35 
Amber 

Baltic, 14, 383, 385/, 387/ 
C-13 NMR, 14, 381-388 
C-13 NMR spectra, 383, 384/-38S/ 
color, 383 
description, 13, 381 
distinguishing sources, 382 
Dominican, 14,383, 385/ 
history of analysis, 381 
Mexican, 383, 384/ 
source, 14, 381, 382 

American Indian pots 
Anorthite, 147 
clinopyroxene, 147 
Dolomite, 147 
Hematite, 147 

Amino acid racemization (AAR), 323 
Amino acids 

alanine, 11 
aspartic acid, 11 
dental calculus, 11 
enantiomeric forms, 11 
ESR spectroscopy, 366-367 
fossils, 10-11 
D,L-isoleucine, 11 
isomeric forms, 11 
laboratory-produced, 11 
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465 
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University of California at Riverside, 321 
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University of Georgia, 451 
University of Illinois at Urbana-

Champaign, 233 
University of London, 353 
University of New Mexico—Los Alamos, 

409 
University of Oxford, 159 
University of Pennsylvania, 113 
University of South Carolina, 33 
University of Texas, 465 
University of Toronto, 21,113, 289, 337 
University of Virginia, 1,145,389 
Vassar College, 369 
Yale University, 369 

Subject Index 

A 

Abietane skeleton, 375, 378 
Abietic acid 

disproportionation, 375 
loss in manufacture of pine pitch, 377 
oxidation, 375 
structure, 371 

Accelerator mass spectrometry (AMS), 12, 
316,322 

Achemenide pendant 
age, 253 
description, 250 
detail, 251/ 
elemental analysis of solders, 252, 252i, 

253 
photograph, 251/ 
PIXE analysis of solders, 252,252f, 253 
solders, 250,251/ 

Aegean region 
Cycladic islands, 161 
emergence of civilization, 160 
location, 159 
metallurgy, 160 
native copper, 160 
neolithic life, 159 

Aghia Triadha ingots 
age of ores, 189 
Anatolian origin, 189 
Cretan ores, 189 

Aging process in silk, acceleration, 16 
Alanine, ESR spectrum after gamma-

irradiation, 366, 367/ 
Alanine radical 

ESR spectroscopy, 355/ 
quintet signal, 366 

Alanine signal 
generation in bone, 367 
heat response, 357 
signal production threshold, 367 
Zhoukoudian bone, 374 

Albumin, trapped, 399 
Albumin in body fluids, 15 
Albumin in tissue extracts and body fluids, 

400i 
Alluvial fans, sedimentary deposits, 35 
Amber 

Baltic, 14, 383, 385/, 387/ 
C-13 NMR, 14, 381-388 
C-13 NMR spectra, 383, 384/-38S/ 
color, 383 
description, 13, 381 
distinguishing sources, 382 
Dominican, 14,383, 385/ 
history of analysis, 381 
Mexican, 383, 384/ 
source, 14, 381, 382 

American Indian pots 
Anorthite, 147 
clinopyroxene, 147 
Dolomite, 147 
Hematite, 147 

Amino acid racemization (AAR), 323 
Amino acids 

alanine, 11 
aspartic acid, 11 
dental calculus, 11 
enantiomeric forms, 11 
ESR spectroscopy, 366-367 
fossils, 10-11 
D,L-isoleucine, 11 
isomeric forms, 11 
laboratory-produced, 11 
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Amino group analysis, nmhydrin method, 
433, 433/ 

Ammonia analysis by Nessler s reaction 
calibration curve, 435, 435/ 
silk, 434-435,435/ 

Ammonium ion analysis, nmhydrin method, 
433, 433/ 

Amphora lining, IR spectrum, 376, 377/ 
Amphora sherds 

Byzantine, 372 
Corinthian, 372 
Graeco-Italic, 372 
Greek, 372 
IR spectroscopy, 372, 373i 
Punic, 372 
Roman, 372 
See also Transport amphoras 

Amphoras, organic tars, 14 
Analytical instrumentation, impact on 

archaeology, 58 
Anasazi pottery, analysis, 7 
Anatolia, metal artifacts, 179 
Anatolian copper ore deposits, 179 
Anatolian ore sources, 183 
Anorthite 

American Indian pots, 147 
chemical formula, 150 
lamp sherds, 147 
Predynastic Egyptian ceramics, 147 

Anthropology, relationship to 
archaeological chemistry, 290/ 

Antibodies 
cross-reactivity, 393-395 
description, 397, 398 
reaction with denatured protein, 390 

Antibody, high-affinity binding to 
segmental site, 391 

Antibody response, hen egg-white 
lysozyme antibodies, 392 

Antichimp sera, immunological studies, 14 
Antigen-trapping assay, monoclonal 

antibodies, 401/ 
Antigen structure, 390 
Antigenic determinants, See Antigenic sites 
Antigenic site(s) 

amino acid composition, 392-393 
assembled, 390-391 
bovine serum albumin (BSA), 392 
continuum, 391-392 
description, 391 
protein surface, 391 
segmental, 390-391 
sperm whale myoglobin, 394 

Antigenicity, definition, 390 
Antigens, protein, See Protein antigens 
Antihuman sera, immunological studies, 14 
Apatite 

biological, 348 
calculated formula bone, 345 
recrystallization, 348 
replacement of Ca and P, 345 
See also Hydroxylapatite 

Apatite groundmass 
bone, SEM photomicrograph, 349/ 
kaolinite, 347 
subhedral hematite, 347 

Archaeological-physicochemical systems, 
290 

Archaeological bone 
ashing, 341f, 342 
buried, 339 
calcium concentration, 340, 343/ 
Egyptian, 339 
elemental analysis, 340, 341f 
INAA, 339 
mummified, 339 
phosphorus concentration, 340, 343/ 

Archaeological chemistry 
description, 1-3 
history, 2 
Mallet, John W., 2 

Archaeological fibers, energy-dispersive X-
ray spectrometry, 16 

Archaeological interpretation, geochemical 
findings, 52-56 

Archaeological jewelry, cadmium as an 
indication of forgery, 253 

Archaeological materials, carbon 
concentration, 316 

Archaeological rhyolite, INAA, 26-27, 27i 
Archaeological sites, technological, 

164 
Archaeology 

chemists' contributions, 2 
relationship to archaeological chemistry, 

290/ 
Archaeometallurgy 

lead isotope analysis, 161 
provenance studies, 161 

Archaeometry 
relationship to archaeological chemistry, 

290/ 
vs. macroarchaeometry, 290 

Archaic Mark 
authenticity, 270 
date, 271i 
forgeries, 278 
FTIR analysis, 270-287,271i 
Leningrad manuscript, 270 
miniatures, 270 
page sizes, 270 
pigment spectra, 275, 286/ 

Archeological samples, immunological 
activity, 14-15 

Argonne tandem linac accelerator system 
(ATLAS), 328 

Armenoi, bronze artifacts, 189,191/ 
Arsenic, ETAA, 139# 
Arsenical copper 

accidental production, 173 
Bronze Age use, 170 
lead isotope composition, 170 
provenance studies, 170 
use by Early Cycladic people, 161 
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Art history 
pigment use, 266 
relationship to archaeological chemistry, 

290/ 
Art objects, authentication, 9 
Ascites production, 397 
Asphalt, definition, 370 
Assembled antigenic site, 390-391,391/ 
Assembled epitope, description, 391, 391/ 
Atomic absorption (AA) spectroscopy 

ceramics analysis, 126 
compared to NAA, 7 

Attribute 
dimension, 468 
subdivision, 468 

Attribute data, definition, 466 
Attribute interaction for four clusters, 

unweighted, 473* 
Aucilla polychrome 

alkali and R E E content, 101,102/, 103/ 
description, 91, 92, 93/ 
INAA, 94-102 
majolica ceramics from Santa Catalina de 

Guale Mission, 106* 
production attributions, 100, 101* 
production site determination, 94-102 
production sites, 91-92 

Authentication, art objects, 9 
Authentification, definition, 265 
Autoradiography, pigment analysis, 266 
Average-linkage cluster analysis, 62, 96 
Ayia Photia 

copper origin, 173 
location, 173 

Ayios Yoannis slag heap, chemical analyses 
of slags and ores, 173 

Β 

Backscattered electron imaging, fibers, 455 
Bast fiber 

backscattered electron image, 458/ 
elemental dot map, 459/ 
secondary electron image, 458/ 

Best-levels linkage, dendrogram, 66 
Biotinylatio^, monoclonal antibody, 398 
Bitumen, definition, 370 
Blood 

deterr lination of species, 390 
hemoglobin crystallization, 390 
immunological crystallization, 390 
on artifacts, 389-390 

Blue Nile 
drainage basins, 48-49 
pyroxene minerals, 49 
sediments, 35 

Blue Nile silt, INAA analysis, 50 
Bone(s) 

2800 B.P., SEM photomicrograph, 
346/-S47/ 

4000 B.P., SEM photomicrograph, 350/ 

Bone(s)—Continued 
5500 B.P., SEM photomicrograph, 349/ 
ashed, 344 
calcium-40/calcium-44 ratio, 330 
calcium-41 analysis, 12 
calcium concentration, 344 
carbon-13 analysis, 12 
carbon signal, 358 
carnallite, 348 
contact with soil, 13 
contaminated, 344 
crystal morphology, 340 
description, 358 
development of inorganic mineral phase, 

337 
diet information, 338 
effect of burial, 344 
ESR spectroscopy, 358 
ESR studies, 354 
fresh, 358 
generation of alanine signal, 367 
growth of apatite crystallites, 348 
heated, 366 
ICP, 339 
nitrogen-15 analysis, 12 
organic loss, 348 
phosphorus concentration, 344 
physical characteristics, 10 
powder patterns, 340 
racemization as dating technique, 11-12 
SEM, 13,340,346/-350/ 
strontium concentration, 338 
surface contamination, 338 

Abu Hueyra bone, 366* 
heating experiments, 366* 
modern rabbit bone, 366* 
modern sheep bone, 366* 

XRD, 13, 340, 345 
XRF, 339 
See also Archaeological bone, Buried 

bone, Heated bone, Modern bone 
Bone collagen 

immunological distance, 14 
species-specificity, 14 

Bone lattices 
description, 358 
phosphate lattice, 358 

Bovine serum albumin (BSA) 
antigenic sites, 392 
antigenic structure, 396 
immunogenicity, 392 

Brass, density, 217 
Brazing gold jewelry, 9 
Brazing alloys 

cadmium, 249 
cadmium-based, 257 
soft metallurgy, 258 
zinc content, 257 

Bronze, density, 217 
Bronze Age, metal trade, 161 
Bronze Age Mediterranean, metal sources, 8 
Bronze Age use, arsenical copper, 170 
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I N D E X 487 

Bronze artifacts, lead isotope ratio, 8 
Buried bone 

decay, 358 
difficulty of trace element analysis, 348 
Egyptian, 339 
mineralization, 358 
organic content, 337 

Buried bones 
S E M , 346 
soil contamination, 348 
XRD,347 

Byzantine hollow pearl 
cadmium in solder, 256 
cadmium sulfate as brazing material, 255/ 
electron micrograph, 256/ 
elemental maps obtained by photograph, 

255/ 
PIXE analysis, 255 
size, 255/ 

C 

Cadmium 
boiling point, 258 
brazing alloys, 249 
from cadmium sulfide, solubility, 258 
selective ehmination in solders, 257 
solder as indication of recent 

manufacture of jewelry, 250 
use in antiquity, 250 
volatility, 257 

Cadmium-containing solders 
ancient vs. modern, 253-254 
ternary composition diagram for ancient 

solder, 255/ 
ternary composition diagram for modern 

solder, 254/ 
Cadmium solder(s) 

Byzantine hollow pearl, 256 
jewelry, 9, 250 

Cadmium sulfide 
brazing material, Byzantine hollow pearl, 

255 
greenockite, 257 
melting point, 258 

Calcareous deposits, 29 
Calcite 

chemical formula, 147 
decomposition, 150 
lamp sherds, 147 
Predynastic Egyptian ceramics, 147 

Calcium 
extracted ion from a modern bovine 

bone, 328 
isotope suppression, 328 
metallic, 331 
post-depositional exchange, 326 

Calcium-40/calcium-44 ratio, bone, 330 

Calcium-41 
AMS measurement, 327 
analysis in bones and collagen, 12 
concentration in meteorites, 331 
concentration in natural preenriched 

terrestrial samples, 329* 
decay, 325 
effect of diagenetic processes, 330 
equilibrium concentrations in terrestrial 

samples, 326 
equilibrium with calcium 40,324-325 
half-life, 323,326 
incorporation into tissues, 324 
ion acceleration, 327 
measurement in terrestrial samples, 327-328 
preenrichment, 331 
production, 323 
tandem-accelerated ions, 331 
variation in content, 330 

Calcium-41 dating 
accuracy, 330 
bone, 327, 328,338 
effect of diagenesis on bone samples, 338 
model, 329-330 
sample preparation, 331 

Calcium-41 measurement 
Argonne linac accelerator system 

(ATLAS), 328 
Calutron isotope separator, 328 

Calcium isotopes 
distribution, 330 
exchange, 330 
fractionation, 330 
See also Calcium-40, Calcium-41 

Calutron isotope separator, calcium-41 
measurement, 328 

Canadian-Portuguese archaeological 
project, 21 

Canonical correlation analysis 
description, 134,135/, 136 
results for sherd data, 136,137/ 
sherd data, 136 

Canonical variables, uses, 136 
Carbon-13 analysis, bones, 12 
Carbon-13 nuclear magnetic resonance (C-

13-NMR) spectroscopy 
amber, 14,381-388 
cross polarization, 383 
magic angle spinning, 383-383 

Carbon-14 
favored mode of production, 325 
half-life, 314-315 
measurement, 316 

Carbon-14 analysis 
acceleration mass spectrometry, 322 
calibration to yield calendar age, 314-315 
dating archaeological sites, 2 
decay equation, 315 
isotopic enrichment, 322 
limitations, 322 
maximum dating range, 322 
metal artifact, 7 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ix

00
2

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 
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Carbon-14 dating 
calibration curve, 315 
decay equation, 315 
errors, 317 
expression of results, 317 
interpretation of results, 317 
invention, 315 
isotopic fractionation, 315 
precision, 315 
sampling, 316 
sources of error, 315-316 
vs. radiocalcium dating, 325 

Carbon-14 enrichment, laser-based, 322 
Carbon-14 techniques 

current status, 313 
introduction, 313 

Carnallite 
bone, 348 
chemical formula, 348 
contaminant in buried bone, 348 
crystals, SEM photomicrograph, 349/ 

Cassiterite, lead content, 170 
Cassiterite smelts, trace element 

concentration, 207f 
Cathedral glass 

metal oxides associated with colors, 238, 
238f 

XRF,238 
Caves 

Alta Mira, Spain, 291 
climatic studies, 291 
Lascaux, France, 291 
macroarchaeometry, 291 

Celtic artifacts 
native gold, 2 
silver extraction, 2 

Centering, 64 
Centroid, 68 
Ceramic analysis 

history, 127 
systematic approach, 127 

Ceramic characterization, NAA, 114 
Ceramic crucibles, metal-fused, 8 
Ceramic paste mixtures 

elemental concentrations calculation, 71 
hypothetical, 71 

Ceramic production, compositional profile, 
60 

Ceramic sample, compositional profile, 
69 

Ceramic temper, XRD, 145 
Ceramics 

firing temperatures, 146 
INAA, 5 
Iranian, See Neolithic Iranian ceramics 
linings, 369 
maximum firing temperature, 146, 

153-154 
mineralogical changes after burial, 154 
residues, 369 
tempers, See Temper 

Ceramics analysis 
atomic absorption, 126 
Môssbauer spectroscopy, 126 
photoacoustic analysis, 126 
scanning auger spectroscopy, 126 
spark source mass spectrometry, 
X-ray xeroradiography, 126 
XRF, 126 

Chalandriam, lead isotope analyses of 
copper objects, 179,180/-181/, 183 

Chalandriani 
excavation, 175 
graves, 175 
sauce boats, 175 

Champlevé process, 234 
Charcoal, lead content, 165 
Chemical analysis 

byproducts of Cu smelting, 164 
pottery, 5 

Chert(s) 
aluminum concentration, 29/ 
coastal, 28,28/, 29 
description, 23 
ESR spectroscopy, 358, 359/ 
feldspar, 4 
fine-grained, 27f 
from a volcanic setting vs. cherts from 

sedimentary environment, 30 
from Samouqueira, thin-section analyses, 

30 
impurities, 4 
inland, 28, 28/, 29 
separation from rhyolitelike rocks, 26, 

26/, 27 
sodium chloride concentration, 28, 28/, 29 
sources, 23 
titanium concentration, 29/ 
volcanic origin, 4 

Chiapas, Mexico, 382 
Chinauda-Sacojito data 

patterning, 83 
principal components coefficient, 78, 78i 

Chinauda-Sacojito whiteware, analysis, 
71-72 

Chopping tools 
graywacke, 23, 24* 
quartzite, 23,24* 
rock types used, 23, 24* 

Chromium, ETAA, 139* 
Chronology for majolica ceramics, Sagrario 

excavations, 87 
Chrysanthus gospels, 270 

date, 271* 
FTIR analysis, 271* 

Chrysocolla 
description, 249 
greenockite, 262 
malachite, 262 
Pliny's description, 259-261 
use, 249 
verdigris, 262 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ix

00
2

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



I N D E X 489 

Classification and regression tree (CART), 
four clusters, 473-474 
three clusters, 473-474 
two clusters, 471,473 

Classification functions, 134,135*, 136* 
Classification matrix, 134,135*, 136* 
Clay 

formation, 33 
heterogeneity, 82 
sedimentary deposits, 33 
temperature-dependent properties, 146 
variance-covariance processes, 71-72 
See also Sedimentary clay 

Clay minerals 
decomposition, 146 
dehydration, 146 
formation, 34 

Clay paste 
analysis, problems, 146 
illitie, 146 
Plum Red Ware, 55 

Clay sources, identification, 34 
Clay-carbonate mixtures, progressive 

heating, 146-155 
Clays, progressive heating, 146-155 
Climate, Nekhen, 52-53 
Clinical chemistry, 14 
Clinopyroxene, lamp sherds, 147 
Cluster analysis 

average levels, 62 
definition, 62 
grouping, 66 
group separation, 60, 60/ 

Cluster definition, 469 
Cluster determination, 469 
Coal tar, 370 
Coarse-grained sand, temper, 34 
Cobalt 

ETAA, 140* 
used for dating coins, 220 

Cochineal insects 
CorrusUicis, 275, 285/ 
Cossus cacti, 275,285/ 
reference spectrum, 275, 284/ 
whole insect spectrum, 275,285/ 

Coin identification, 215 
Coins 

analysis, 8 
production, 8 

Coins of the Roman Republic 
antimony content, 223, 225/ 
arsenic content, 222, 222/ 
cobalt content, 219,220/ 
copper dendrites, 226, 228/ 
iron content, 219, 219/ 
lead content, 224, 226/ 
microstructures, 226, 228/ 
nickel content, 220,221/ 
silver content, 222,222/ 
tin content, 223, 224/ 
zinc content, 221 

Colophony 
definition, 370 
source, 370 

Colored medieval glass 
chemistry, 237-239 
copper as colorant, 237 
opacifiers, 238 

Columbia Gun Metal majolica 
Columbia Plain majolica, 90 
description, 90 
INAA data, 105-111 

Columbia Plain majolica, 92 
Columbia Gun Metal majolica, 90 
description, 90 
from Santa Catalina de Guale Mission, 

107* 
INAA analysis, 90 
INAA data, 105-111 
Sevilla White majolica, 90 

Comparator form of INAA, 202 
Complete linkage cluster analysis 

unweighted interaction, 472 
weighted interaction, 474/ 

Compositional analysis 
alternative models, 70 
data matrix, 59 
observations, 59 
pottery, 69-84 
variable number, 59 

Compositional analysis of ceramics, 
temper, 69 

Compositional data, modeling vs. 
summarizing, 69-70 

Compositional data analysis in archaeology, 
57-84 

Compositional data matrices 
centering, 64 
standardization, 64 

Computers, archaeological chemistry, 2 
Conservation, relationship to archaeological 

chemistry, 290/ 
Conservation planning, Nefertari s tomb, 

305-308 
Conservation science, relationship to 

archaeological chemistry, 290/ 
Cooking, 353, 358 
Cophentic correlation, 66 
Copper 

byproducts of Cu smelting, 164 
earth s crust, 7 
ETAA, 139* 
small-scale crucible smelting, 160 
U /Pb ratios irr deposits, 170 
vein deposits, 170 

Copper artifacts 
provenance studies, 170 
with pyrite-blende-galena ore deposits, 

170 
Copper-based artifacts, lead isotope 

analysis for provenance studies, 
164 
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Copper-based coins of the Roman Empire 
Augustan quadrantes, 213 
chemical analyses, 213 
zinc content, 213 

Copper-based coins of the Roman Republic 
antimony content, 229-230 
arsenic content, 229-230 
cast asses, 217/, 218/ 
chemical compositions, 219,219/ 
cobalt content, 229-230 
Crawford number, 215 
denominations, 229-230 
description, 214 
interior porosity, 216i, 217 
iron content, 219, 219/ 
lead content, 229-230 
physical measurements, 216f 
quality control, 215 
vs. Imperial coins, 229 
XRF analysis, 214 

Copper deposits 
Bronze Age, 164,172 
lead isotope fields, 165 

Copper ore(s) 
azurite, 179 
cuprite, 179 
deposits, geological models ages, 

180-181/ 
flux addition, 164 
gangue, 164 
malachite, 179 

Copper oxide, glass colorant, 239 
Copper production, Cyprus, 172 
y-Cordierite, 152 
Cornwall tin, elemental analysis, 204, 205f 
Correspondence analysis, 65 
Crete, Unexplored Mansion, 171 
Cristobalite, Predynastic Egyptian 

ceramics, 147 
Cross-reactivity 

cause, 393 
polyclonal antisera, 395 

Cross polarization, C-13 NMR, 383 
Crystal morphology, bone, 340 
Crystalline materials, XRD, 145 
Cycladic islands 

economy, 161 
Kea, 172 
Keos, 189,193/ 
Kythnos, 172 
Siphnos, 172 
Thera, 194/ 
western, 195 

Cypriot Bronze Age pottery, 185-186 
Cypriot copper, oxhide ingots, 185 
Cypriot copper artifacts, NAA, 183,184/ 
Cypriot copper ores, 168,169/, 183 
Cyprus 

copper deposits, 185 
copper metallurgy, 185 
copper production, 172 

Cyprus—Continued 
lead isotope fields characteristic of Cu 

deposits, 165-166/, 167/, 168/ 
oxide ingots, 186 
trade with Mynos and Mycenae, 185 

Cytochrome, target antigen, 395 
Cytochrome c 

evolution, 392 

rabbit antibody response, 392 

D 
Daggers, reriveting, 171 
Dalma Tepe 

group elemental ratios, 117,118f 
location, 114,115/ 
sherds 

calcium anomalies, 116,118/, 118i 
calcium concentrations, 116,116i, 117/ 
chemical concentrations, 115,116f 

Data analysis 
goals, 59 
impact on archaeology, 58 

Data bases, archaeological chemistry, 2 
Data interpretation, 58 
Data matrices 

centering, 64 
major product, 64 
minor product, 64 
standardization, 64 

Data matrix, compositional analysis, 59 
Data reduction, 59 
Data representation 

normal distribution, 63 
scaling, 63 
transformations, 63 
weighting, 63 

Data set, optimum structure, 62 
Dating methods 

amino acid racemization, 323 
obsidian hydration, 323 
potassium/argon, 323 
thermoluminescence, 323 
uranium series, 323 

Defect signals, g-values, 356, 356/ 
Definition, 64 
Dehydroabietic acid, 371, 375 
Dehydroxylated montmorillonite, XRD, 

150,151f 
Del Mar Man skeleton, racemization as 

dating technique, 11-12 
Deltas, sedimentary deposits, 35 
Dendrogram 

best-levels linkage, 66 
clusters, 66 
resemblance coefficients, 66 

Dental calculus, amino acids, 11 
Derived factors, rotation, 65 
Diet information 

bones, 338 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
88

-0
22

0.
ix

00
2

In Archaeological Chemistry IV; Allen, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 
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Diet information—Continued 
from calcified tissue, 10 
Sr concentration, 338 

Differential sedimentation, 34 
Differentiation between artifacts, 

selectivity, 2 
Dimensionality reduction 

ordination, 63 
reference axes, 64 
uses, 64 

Directly coupled plasma-optical emission 
spectroscopy, majolica ceramics, 88 

Discriminant analysis, 68, 72 
Discriminate function analysis 

advantages, 134 
classification functions, 134,136* 
software, 134 

Dissimilarity, measurement, 468-469 
Diterpene acids, 375 
Dolomite, American Indian pots, 147 
Durazno white ware, analysis, 71-72 
Dyes 

analysis, 426, 426* 
use of sulfuric acid, 427 

Ε 

Early Aceramic Neolithic period, Fiais, 23 
Early Cycladic copper-based alloy artifacts, 

lead isotope compositions, 176/, 177/ 
Early Cycladic objects, sources, 183 
Early Cycladic people 

lead source, 172,174/, 175/ 
Mediterranean metallurgy, 161 
silver source, 172,174/, 175/ 
social stratification, 161 
tools, 172 

Early Mesolithic period, Palheiroes do 
Alegra, 23 

Effects of human entry, Nefertari s tomb, 
298-299 

Efflorescent materials 1 

pottery provenance studies, 290 
removal from wall paintings, 289 

Egyptian Antiquities Organization, 294 
Egyptian archaeological sites, 

macroarchaeometric approach, 291 
Egyptian pottery, Predynastic, See 

Predynastic Egyptian pottery 
Eigenvectors, 64 
E l Kab formation 

Nile sediment sampling, 39 
REE concentration, 42 

E l Kab lithozone, Neonile sediment, 37 
E l Kab REE distribution patterns, 44/ 
Electron cyclotron resonance (ECR), 

331-332 
Electron micrograph, Byzantine hollow 

pearl, 255 

Electron probe microanalysis, metal oxides 
associated with colors, 238, 238* 

Electron spin resonance (ESR)-active 
species 

coal, 356 
comparison to thermoluminescence, 356 
irradiation materials, 356 
organic radicals, 356 
paramagnetic species, 356 
transition metal ions, 356, 357/ 

Electron spin resonance (ESR) dating, 
potential range, 358 

Electron spin resonance (ESR) dating signal 
g-value, 361 
iron interference, 366 
Zhoukoudian Bone, 360*, 361-368 

Electron spin resonance (ESR) signal, 
Zhoukoudian bones, 360* 

Electron spin resonance (ESR) 
spectroscopy, 353 

after γ-irradiation, 366, 367/ 
alanine radical, 355/ 
amino acids, 366-367 
anisotropic g-value, 356/ 
archaeological samples, 355 
bone, 354, 358 
chert, 358, 359/ 
defect signal, 356, 356/ 
effect of temperature, 13 
description, 354 
fresh bone, 358 
g-value, 354 
heated bone, 362/ 
history, 354 
iron(III), 357/ 
Lorentzian shape, 361 
manganese(II), 357 
microwave irradiation, 354 
multiple-line spectrum, 355 
polycrystalline samples, 358 
sensitivity, 367 
signal intensity vs. laboratory dosage, 

358,359/ 
simulation, 363/, 364* 
single-line spectrum, 354, 354/ 
soil horizons, 323 
thermal history, 353 
unpaired electrons, 354/ 

Electrothermal atomization (ETAA) 
accuracy, 126 
analysis time, 126 
arsenic, 139* 
ceramics analysis, 127 
chromium, 139* 
cobalt, 140* 
copper, 139* 
disadvantages, 126 
instrumental conditions for sherd 

samples, 139*-141# 
lead, 140* 
nickel, 140* 
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4 9 2 A R C H A E O L O G I C A L C H E M I S T R Y 

Electrothermal atomization—Continued 
sample size, 126 
selenium, 140t 
sensitivity, 126 
vanadium, 141i 
zinc, 141# 

Elemental analysis 
energy-dispersive X-ray fluorescence, 266 
lower limits of detection by INAA, 203 
NAA, 127 
enamel, XRF, 239 
silk flags, EDS, 421,423f 

Elemental concentration space, centroids, 59 
Elfleda Bond Goodspeed Gospels 

description, 269 
date, 271f 
FTIR analysis, 271f 

ELISA, See Enzyme-linked immunosorbent 
assay 

Enamel composition, 235 
Enameled copper cross 

colors, 236/ 
description, 236/ 
photograph, 236/ 
serial production, 236/ 
size, 236/ 

Enameled reliquary 
colors, 237 
description, 237 
photograph, 237 
size, 237 
X R F analysis of various regions, 241, 

244/-24S/ 
Enamels, See Limoges enamels 
Energy-dispersive X-ray fluorescence, 

elemental analysis, 266 
Energy-dispersive X-ray microanalysis 

advantages, 460 
X-ray beam penetration, 460 

Energy-dispersive X-ray spectrometry 
archaeological fibers, 16 
elemental analysis of silk flags, 421,423# 

Enge split-pole magnetic spectrometer, 328 
Enzyme-linked immunosorbent assay 

(ELISA) 
description, 396 
antigen-trapping, 402 
human albumin, 402, 403/ 
monoclonal antibodies, 399/ 
serum samples tested, 398 

Epidotes, White Nile, 49 
Epimerization, dating technique, 11 
Epitopes, See Antigenic sites 
Equivalent dose (ED), definition, 358 
Ergani Maden mines 

lead isotope model ages, 188 
oxhide ingots, 188 

Errors in carbon-14 dating 
systematic, 317 
random, 317 
variance range, 317 

Esna shale bed formation 
montmorillonite, 295 
swelling on hydration, 295 

Etruscan granulation work, 252 
Euclidean distance 

calculation, 62 
definition, 62 
pairwise comparisons, 62 
spherical constraint, 62 
with correlated variables, 62 

Europium anomaly 
negative, 45, 46, 46/ 
R E E concentration, 42 
R E E patterns, 44 

Evolutionary substitutions in the primary 
sequence, proteins, 392 

Evolutionary variance in amino acid 
sequence, 392i 

F 

F-distributed statistic, 68 
Fabric, mineralized, 478 
Fabrics 

Han Dynasty, 478 
historical, 431 

Factor analysis, 64 
statistical assumptions, 64-65 

Falheiroes do Alegra 
dates, 23 
location, 22/, 23 

Faunal successions, 323 
Feather wrapping 

elemental analysis, 457 
iron penetration, 457 

Feldspar 
chert, 4 
composition, 4 
rhyolite, 4 

Ferroan dolomite 
chemical formula, 147 
decomposition, 151 

Ferrugineous fluxes, lead content, 164-165 
Fiais 

dates, 23 
flaked rock crystal quartz, 24 

Fiber(s) 
backscattered electron imaging, 455 
changes during diagenesis, 451 
cross sections, 460 
EDS, 453-459 
elemental concentrations, 455i 
freeze-dry, 454 
freeze-fracture, 454 
identification, 16 
identification of degraded fabrics, 452 
interaction with environment, 460, 462 
morphology, 16 
response to stress, 452 
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I N D E X 493 

Fig springs/San Juan polychrome majolica 
description, 90, 91 
INAA, 94-102 
Mexico City production, 90 
production site, 94-102 
Puebla production, 90 
Santa Catalina de Guale Mission, 91/ 

Fine-grained chert, INAA classification, 
26-27, 27f 

Fine-grained clay sediments, temper, 34 
First principal component, 64 
Flaked rock crystal quartz, Fiais, 24 
Flame atomic absorption (FAA), ceramics 

analysis, 127 
Flood plains, sedimentary deposits, 35 
Fluxes 

ferrugineous, 164-165 
gangue separations, 164-165 
siliceous, 164-165 

Fossils 
amino acids, 10-11 
microscopy, 10 
SEM, 10 

Fourier transform infrared (FTIR) analysis, 
14, 467 

Archaic Mark, 270-287 
Chrysanthus, 271i 
Elfleda Bond Goodspeed Gospels, 271i 
Georgius gospels, 270-287 
Greek gospel book (12th-century), 

270-287 
Haskell gospels, 270-287 
Lectionary of Constantine the reader, 

270-287 
Lectionary of St. Menas the wonder 

worker, 270-287 
Nicolaus gospels, 270 
Rockefeller-McCormick New Testament, 

271* 
Fourier transform infrared (FTIR) 

microspectroscopy 
advantages, 268 
microscope accessory, 268, 269/ 
organic pigment samples, 273, 
reference spectra, 273 
vs. grating instruments, 268 

Freeze-dry, fibers, 454 
Freeze-fracture, fibers, 454 
Fume fading, 461 

Fundamental partition equation, 67 

G 
g-value 

anisotropic, 356/, 358 
archaeological samples, 354-355 
definition, 354,354/ 

Gamma-ray analysis, pigment, 266 
Gas chromatography-mass spectrometry, 

14,372,374 

Gas chromatography (GC) 
resin acids, 371 
transport amphoras, 372 

Gehlenite 
chemical formula, 150 
Predynastic Egyptian ceramics, 147 

Geochemical findings, archaeological 
interpretation, 52-56 

Geological mixing problems, Q-mode 
factors, 65 

Geological rhyolite, INAA, 26-27, 27f 
Geological sources 

homogeneity, 5 
rare earth elements, 5 
soapstone artifacts, 5 
variability, 5 

Geomagnetic reversals, 322 
Georgius gospels 

date, 271f 
FTIR analysis, 270-287 

Glacial-interglacial scheme, 323 
Glass 

cathedral, See Cathedral glass 
chemical compositions, 4 
chemistry of raw natural materials, 2 

Goggins s studies, majolica ceramics, 87 
Gold-cadmium-copper alloy, 258, 259/ 
Gold 

cadmium addition for brazing alloys, 
258 

effect of Cd on melting point, 249-250 
impurities, 8 
melting point, 258 

Gold jewelry 
brazing, 9 
cadmium solders, 9 
PIXE,9 
soldering, 9 

Gold soldiers 
preparation, 249 
See also Chrysocolla 

Goldsmithery, ancient Iranian, 250-257 
Graywacke, chopping tools, 23, 24f 
Great Wadi 

cores taken, 39 
location, 36, 37/ 
Nekhen Temple, 48 
Predynastic settiements, 36 

Greek gospel book (12th-century) 
FTIR analysis, 270-287 
insect pigment, 275, 286 
pigment spectra, 275, 286/ 

Greenockite 
cadmium sulfide, 257 
on zinc blendes, 257 

Group evaluative procedures, 67-68 
Grouping, clustering analysis, 66 
Grouping of artifacts, hierarchical 

aggregative clustering, 4 
Guale Indians, 91 
Gum resins, definition, 370 
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494 A R C H A E O L O G I C A L C H E M I S T R Y 

Gypsum 
dehydration process, 302-303 
transition to orthorhombic anhydrite, 

302-303 
Gypsum-based plasters 

formation, 301 
properties, 301 
purity, 301 

H 

Hair, bicomponent nature, 460-461 
Hair fiber 

fracture, 456 
micrograph, 456/ 
sulfur distribution, 456 

Hajji Firuz 
group elemental ratios, 117,118f 
location, 114,115/ 

Hajji Firuz-phase 
aluminum content, 120 
manganese content, 120 
Mn-T i scattergram, 120/ 

Hajji Firuz sherds 
calcium anomalies, 116,118/, 118# 
calcium concentrations, 116,116i, 117/ 
chemical concentrations, 115,116f 

Han Dynasty fabrics, 478 
Hard Orange Ware 

Ca concentrations, 55 
temper, 54-55 
X-ray intensity ratios of Ca /A l and Ca/Si , 

48f 
Haskell gospels 

date, 271f 
FTIR analysis, 270-287 
pigment analysis, 274, 279/, 280/ 
pigment binders, 274, 279/, 280/ 
pigment spectra, 274, 279/, 280/ 

Heated bone 
Abu Huyera bone, 362/ 
ESR spectra, 362/ 
modern sheep's bone, 364 
structural changes, 364 

Heating, use of fire, 353 
Hematite 

American Indian pots, 147 
Predynastic Egyptian ceramics, 147 

Hen egg-white lysozyme antibodies, 
antibody response, 392 

Hierakonapolis 
archaeological significance, 35-36 
cemetery complexes, 36 
Greek translation, 36 
history, 36 
location, 36,37/ 
Nekhen, 36 

Hierarchical aggregative clustering 
program (AGCLUS), description, 
95-96 

Hierarchical cluster analysis 
based on Euclidean distances, 60,61/, 62 
description, 66 
example, 72 

Hierarchical clustering techniques, selection 
of appropriate measure of similarity, 66 

High-energy mass spectrometry, sampling, 
316 

Historical fabrics 
amino group content, 444,445/ 
ammonia content, 444,445/ 
breaking strength of yarns, 444 
change in color upon natural aging, 444 
logwood dye, 447 

Holocene era, 53 
Holocine prehistory of southern Portugal, 

21-30 
Hominid evolution, chronological 

frameworks, 322 
Hominidae 

Early Pleistocene, 321 
Miocene, 321 
Pliocene, 321 

Hominids, age assignment, 332 
Homo sapiens 

archaic, 332 
modern, 332 
Neanderthal variant, 332 

Horemheb s tomb 
chloride content, 299, 301i 
comparison to Nefertari s tomb, 

299-301 
differential scanning calorimetry, 301 
elemental analysis of plasters, 299, 300i 
location, 294/, 299 
orthorhombic CaS0 4 ,303 
plaster, 302 
plaster quality, 301 
restoration, 299 
sulfate content, 299, 301i 
(XRD), 301 

Hotelling T 2 statistic, description, 68 
Hotelling T2 tests 

applied to AA data, 133,133f 
elemental analysis, 133 

Human albumin 
ELISA, 402,403/ 
monoclonal antibodies, 398 

Human blood, identification, 402 
Human bones as archaeological samples, 

337-351 
Human serum, albumin detection, 389-401 
Hybridoma cell lines, production, 396 
Hydroxy lapatite 

bone, 337 
chemical formula, 343 
concentration, 340, 343/ 
organic diluent, 343 
phosphorus concentration, 340, 343/ 
SEM photomicrograph, 350/ 
theoretical formula, 345 
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Hygrothermograph 
clockwork, 296 
description, 295-296 
interfaced with microcomputer, 296 

Hyperfine splitting 
definition, 355 
measurement, 355 

Hyperspace, 68 
Hypothesis generation, 59 
Hypothesis testing, 59 

I 

Ichtucknee Blue-on-Blue, 93-94 
Ichtucknee Blue-on-White, 93-94 
Immune response, factors that influence, 

392 
Immunogenicity 

BSA, 392 
definition, 390 
intrinsic, 391 

Immunological activity, archeological 
samples, 14-15 

Immunological cross-reactivity, vs. amino 
acid sequence, 392, 393i 

Immunological distances, immunological 
responses, 14 

Immunological methods, species 
differentiation, 395-398 

Immunological responses 
immunological distance, 14 
selectivity, 14 

Immunological studies, antichimp and 
antihuman sera, 14 

Impurities 
gold, 8 
smelted ores, 8 

Inductively coupled plasma, bone, 339 
Inductively coupled plasma (ICP) emission 

spectroscopy, compared to NAA, 7 
Inferences from statistical model, 69 
Infrared (IR) spectroscopy 

transport amphoras, 372 
uses, 374,375 

Infrared microscopy, medieval 
manuscripts, 9 

Infrared spectra of pigments 
complications, 274 
spectral subtraction, 274 

Infrared spectroscopy, 268 
Inks 

FTIR, 9 
inorganic salts, 9 

Inorganic salts, inks, 9 
Insect pigments, reference spectrum, 275, 

284/, 285/ 
Instrumental neutron activation analysis 

(INAA) 
archaeological bone, 339 
archaeological rhyolite, 26-27, 27i 

Instrumental neutron activation analysis— 
Continued 

Blue Nile silt, 50 
ceramics, 5 
Columbia Plain majolica, 90 
comparator form, 202 
experimental parameters, majolica 

ceramics, 95f 
geological rhyolite, 26-27, 27i 
majolica, 6 
metal residues 

correction for ceramic contamination, 
202-203, 204 

elemental analysis, 202f, 205# 
sample preparation, 201-202 

modern bone, 339 
Nile river sediment, 41 
phosphorus measurement, 340 
quartz, 41 
screening technique for A l contamination, 

348 
silicon, 41 
soil contamination, 348 
White Nile silt, 50 

Internal slag, 200 
Interrupted proton decoupling 

amber spectra, 386,387/ 
description, 382 
interruption time, 386 
quaternary carbon selection, 386 

Iranian goldsmithery 
4th century B.C., Achemenide pendant, 

250, 251/, 252i 
1st through 9th century A.D., cadmium 

solders, 253 
Iron(III) 

ESR spectrum, 357/, 359 
g-value, 357/, 359 

D,L-Isoleucine, 11 
Isotopic fractionation 

carbon-14, 315 
causes, 315 
description, 315 

Isotopic studies, effect of recrystallization 
process, 348 

ISOTRACE Lab, radiocarbon data log, 23 

Κ 

fc-means cluster analysis 
example, 72 
partitioning, 67 

Kaolinite 
apatite groundmass, 347 
chemical formula, 147 
heating studies, 146 
illitic clay pastes, 146 

Kaolinite mixed with calcite, progressive 
heating studies, 148-149,148ί-149ί 

Kas shipwreck, 186 
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Kastri 
Anatolian pottery, 175 
Bronze age occupation, 175 
excavation, 173,175 
lead isotope analyses of copper objects, 

179,180/-181/, 183 
location, 173,175 
metal artifacts, 179 
metallurgy, 175 
tin bronze objects from proven Early 

Cycladic contexts, 175 
Kayenta Anasazi 

Klethla Valley Site, 129,130 
Navajo Mountain site, 129,130/ 
Pueblo Η era, 129 

Kayenta Anasazi region 
ceramic exchange, 127 
map, 130/ 

7-Ketodehydroabietic acid, 371,375 
Klethla Valley region, production of 

Tusayan White Ware, 127 
Klethla Valley sherds 

preparation for analysis, 127-128 
verification of analytical procedures, 128, 

129* 
Kom el Ahmr 

Green F. W, 37,38/ 
Nekhen, 37,38/ 
QuibellJ. E.,37,38/ 

Kythnian coper ore deposit 
Early Cycladic tools, 173 
lead isotope field, 173 

Kythnian copper distribution 
Aegean islands, 173 
Kea, 173,178/ 

Kythnos 
ancient iron slag heap, 172-173 
lead isotope fields characteristic of Cu 

deposits, 165-166/, 167/, 168/ 
Kythnos Hoard 

lead isotope compositions, 176/, 177/ 
lead isotope data, 173,176/, 177/ 

L 

Lake Tana Basin, volcanic rock, 49 
Lanthanides, See Rare earth elements 
Late Bronze Age copper alloy objects from 

Aghia Irini, lead isotope composition, 
189,193/ 

Late Bronze Age metal trade, 185-186 
Late Chalcolithie period, metal trade, 161 
Late Minoan bronze, 185 
Late Minoan Η founders hoard, copper 

source, 171 
Laurion, lead isotope fields characteristic of 

Cu deposits, 165-166/, 167/, 168/ 
Laurion lead isotope compositions, oxhide 

ingot, 193 

Laurion ore deposit, lead-silver deposits, 
172 

Lava, 4 
Lava flows, extrusive, 24 
Lead 

ETAA, 140* 
isotope ratio determination, 162 
isotopic composition, 162 

Lead-silver deposits, Bronze Age, 164 
Lead, thermal ionization mass 

spectrometry, 162 
Lead isotope-trace element diagram, 

determination of metal mixing, 172 
Lead isotope analysis 

accuracy, 162,163 
advantages, 165,166/-168/ 
alternative to chemical analysis, 162 
archaeometallurgy, 161 
byproducts of Cu smelting, 164 
description, 162 
effect of corrosion, 162 
lead isotope fields, 165,166/-168/ 
model age calculation, 163 
ore bodies, 162-163 
remelted artifacts, 170-171 
sample collection, 168 
systematic approach for provenance 

studies, 164 
thermal ionization mass spectrometry, 

162 
Lead isotope analysis of copper objects 

Chalandriam, 179,180/-181/, 183 
Kastri, 179,180/-181/, 183 

Lead isotope archaeology, metal 
provenance studies, 161-162 

Lead isotope composition 
arsenical copper, 170 
geological age of the ore deposit, 179 
Late Bronze Age copper alloy objects 

from Aghia Irini, 189,193/ 
Late Bronze Age objects from Thera, 

194 
Lead isotope composition of metal, 

perturbation, 168 
Lead isotope compositions 

Early Bronze Age objects from Aghia 
Irini, 178 

Early Cycladic lead and silver artifacts, 
174/ 

oxide ingots, 186-187,187/, 188/ 
Lead isotope data, Cretan ores, 189,190/ 
Lead isotope fields characteristic of copper 

deposits 
Cyprus, 165-166/, 167/, 168/ 
Kythnos, 165-166/, 167/, 168/ 
Laurion, 165-166/, 167/, 168/ 
multivariate discriminant analysis, 165, 

168/ 
Lead isotope model ages, Ergani Maden 

mines, 188 
Lead isotope ratios, bronze artifacts, 8 
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Lead isotope uniformity 
Australian deposits, 163 
Cyprus, 163 
Gossan, 163 
Laurion, 163 
strata-bound ore deposits, 163 

Lead silicate glasses, colorants, 239 
Leaded bronzes 

concentration gradients, 214 
corrosion, 214-215 
XRF analysis, 215 

Lectionary of Constantine the reader 
date, 271* 
FTIR analysis, 270-287 

Lectionary of St. Menas the wonder worker 
date, 271* 
FTIR analysis, 270-287 

Leningrad codex, page sizes, 270 
Leningrad gospel, forgeries, 278 
Libby counting method, Shroud of Turin, 

413 
Limestone, calcium-41 dating, 329 
Limoges, location, 234 
Limoges enameled copper cross 

analysis of copper corpus, 239, 240 
analysis of substrate, 239, 240/ 
elemental analysis, 239 
X R F analysis of various regions, 241, 241*, 

241/-244/ 
Limoges enamels 

color production, 9 
description, 234 
iconography, 235 
style, 235 
XRF, 9 

Lindisfarne gospels, pigment use, 266 
Lindow Man, stomach contents, 354 
Linear combinations, reference axes, 64 
Linen 

calcium content, 461 
heavy element content, 455 
metal-wrapped, 457 

Linkage analysis, 471, 472/ 
Lithic artifacts, Portugal, 21-30 
Lithic raw materials 

geochemical process, 3 
properties, 3 

Location point, definition, 468 
Loess stratigraphie cycles, 323 
Log-normal distribution, 63 
Lorentzian shape, ESR spectroscopy, 361 
Lvov platform, 126 

M 

Macroarchaeological chemistry, 289 
Macroarchaeometry 

accelerated degradation, 291 

Macroarchaeometry—Continued 
amino acid racemization, 291 
applicability, 291 
caves, 291 
definition, 290 
free-radical production in solids, 291 
large objects, 290 
long-term chemical reactions, 291 
relationship to archaeological chemistry, 

290/ 
Magic angle spinning, C-13 NMR, 382-383 
Magnesium aluminum silicate, XRD, 152, 

153* 
Magnetic, Predynastic Egyptian ceramics, 

147 
Magnetite, lamp sherds, 147 
Mahalanobis distance, 68 
Majolica ceramics 

binomial designations, 90 
chemical data, 96, 98#-99* 
chemical studies, 88 
chemically distinct sherds, 6 
directly coupled plasma-optical emission 

spectroscopy, 88 
from excavations at Santa Catalina de 

Gaule Mission 
Aucilla polychrome, 106* 
Ichtucknee Blue-on-White, 110* 
Mt. Royal Polychrome, 107* 
Puebla polychrome, 107* 
San Juan Polychrome, 106* 
San Luis Blue-on-Blue, 106* 
San Luis Blue-on-white, 107* 
Santo Domingo Blue-on-White, 110* 
Unidentified Blue-on-White, 110* 
Unidentified Blue and Yellow, 110* 
Yayal Blue-on-White, 110* 

from excavations in Mexico City 
Columbia Gun Metal, 105* 
Mexico City Copies of Columbia Plain, 

105* 
Mexico City White, 105* 
San Juan Polychrome, 105* 
Sevilla White, 105* 

INAA of modern samples, 94, 111* 
Listers' studies, 87 
Metropolitan Cathedral, 87 
Mexican production, 87, 89 
microscopic examination, 6 
modern Puebla production, 89, 96,100, 

101* 
source of 16th-century samples, 90 
Spanish and Mexican production 

differentiation, 88 
Spanish production, 87 
statistical testing of compositional groups, 

97 
thin-section petrography, 88 

Major product matrix 
eigenvalues, 65 
Q-mode factor analysis, 65 
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Mallet, John W., contribution to 
archeological chemistry, 2 

Manganese(II) 
ESR spectrum, 357/, 359 
forbidden lines, 357/ 
g-value, 357/, 359 

Mapping 
definition, 466 
textiles, 466 

Masmas formation 
Neonile sediments, 42 
R E E distribution patterns, 44, 44/ 
Wadi deposits, 45 

Massive milky quartz, 23 
Mathematical pattern-recognition 

techniques, 62 
Matrix modifiers, ETAA analysis, 126 
Maximum remaining variation, 64 
Maximum variance, 64 
Meat 

strontium concentration, 338 
zinc concentration, 338 

Medieval enamels 
coloring agents, 234 
XRF, 234 

Medieval glass, colored, See Colored 
medieval glass 

Medieval manuscripts 
Armenian (Greater Armenian), 267 
Byzantine, 267 
Cilician (Lesser Armenian), 267 
collections, 267 
colophons, 267 
FTIR analysis, 270-287 
IR microscopy, 9 
microscopy, 271-273 
nonpigment components, 274, 278i 
pigment components, 274, 276f-277f 
sampling procedure, 271 
XRD, 271-273 

Medieval paint additives 
calcium carbonate, 273 
egg, 273 
kaolin, 273 
reference spectra, 273 

Medieval pigments 
additives, 274 
chromatographic separation, 274 

Mediterranean, Bronze Age 
lead isotope analysis for provenance 

studies, 164 
ore sources, 172-194 

Mediterranean copper use, map, 182/ 
Mediterranean metallurgy, early Cycladic 

people, 161 
Mediterranean region, common ore 

deposits, 163-164 
Megalithic structures, 22 
Mesolithic diet, Samouqueira, 23 
Metakaolinite 

American Indian pots, 147 
lamp sherds, 147 

Metakaolinite—Continued 
Predynastic Egyptian ceramics, 147 
XRD, 150 

Metal(s) 
alloying, 160 
concentration in localized deposits, 7 
corrosion, 214-215 
production, 160 
smelting, 160 
surface inhomogeneities, 214-215 

Metal artifacts 
Anatolia, 179 
carbon-14 analysis, 7 
chemical analysis for provenance studies, 

162 
Kastri, 179 
NAA, 8 
production, 7 
Thermi, 179 
Troy Η, 179 
XRF, 8 

Metal alloys, chemistry of raw natural 
materials, 2 

Metal oxides associated with colors, 
electron probe microanalysis, 238, 238f 

Metal provenance studies, lead isotope 
archaeology, 161-162 

Metal residues from Tel Dan Israel 
correlation plot of gold relative to arsenic 

concentration, 207/, 208i 
correlation plot of gold relative to 

copper, 207, 208f, 209/ 
correlation plot of gold relative to tin, 

207,208*, 209/ 
trace element concentration, 207* 

Metal sources, Bronze Age Mediterranean, 
8 

Metal trade 
Bronze Age, 161, 204 
development, 161 
Late Chalcolithic period, 161 

Metal-working technology, SEM, 8 
Metal-wrapped silk, backscattered electron 

image, 459/ 
Metallic calcium, preparation, 331 
Metallographic examination of coins, 

225-228 
"Metallschock" theory, 172 
Metallurgy 

development, 160 
effect on social stratification, 160 
effect on war, 160 
procurement of metals, 160 

Metamorphism, 5 
Methylated diterpene resin acids, 371 
Metropolitan Cathedral 

dating majolica samples, 90 
excavation of floor, 89 
majolica ceramics, 87 
non-Spanish majolica, 89 
types of ceramics excavated, 90 

Mexican ambers, C-13 NMR, 381-388 
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Mexican majolica 
ceramic typology, 90 
date of first production, 89-90 
early trade, 89 
paste compositions, 93 
production 

history, 88-89 
Metropolitan Cathedral site, 88-89 

volcanic inclusions, 88 
Mexico City 

16th-century pottery, 88-89 
kilns, 88 
majolica, chemical data, 96, 98*-99* 
majolica production, 89 
street names and pottery making, 89 

Mexico City White majolica 
Columbia Plain majolica, 90 
description, 90 
from excavations in Mexico City, 105* 
INAA, 94-102 
production attributions, 100, 101* 
production site, 94-102 

Microlithic assemblages, rock crystal 
quartz, 23 

Microscopic examination, majolica, 6 
Microwave irradiation, ESR spectroscopy, 

354 
Minerals in clay, 5 
Minoan graves, metal objects, 171 
Minoan palaces 

artistic achievement, 160 
function, 159-160 
location, 159 

Minoan pottery 
stirrup jars, 186 
vases, 186 

Minoan society, social satisfaction, 160 
Minor product matrix 

correlation matrix, 64 
covariance matrix, 64 
eigenvalues, 65 

Model age calculation, lead isotope 
analysis, 163 

Modern bone 
ashing, 340, 341*-342* 
calcium concentration, 340, 343/ 
calcium-magnesium ratio, 345 
femoral, 339 
phosphorus concentration, 340, 343/ 

Modern Nile sediment, R E E concentration, 
42 

Monoclonal anti-albumin antibodies in 
various species, 398* 

Monoclonal antibodies, 15 
antigen-trapping assay, 401/ 
biotinylation, 398 
human albumin, 398 
primate specific, 398 
purification, 397 
SDS-PAGE profile, 400/ 

Monoclonal antibodies probes specific to 
human albumin, 389-406 

Monoclonal immunoreagents, advantages, 
402 

Montmorillonite 
chemical formula, 147 
dehydroxylated, 151,151* 
Esna shale bed formation, 295 
heat treatment, 152 
quartz detection, 147 

Montmorillonite mixed with calcite, 
progressive heating studies, 148,148*, 
149*, 149 

Montmorillonite mixed with dolomite, 
progressive heating studies, 148,148*, 
149*, 149 

Mortar, chemistry of raw natural materials, 
2 

Môssbauer spectroscopy, ceramics analysis, 
126 

Mt. Royal polychrome 
alkali and R E E content, 101,102/, 103/ 
description, 92, 93/ 
INAA, 94-102 
majolica ceramics from excavations at 

Santa Catalina de Guale Mission, 
107* 

Mt. Royal polychrome attributions, 100, 
101* 

site determination, 94-102 
sites, 91-92 

Mudstone, 23 
Mullite, chemical formula, 150 
Multidimensional scaling, 65 
Multiple underlying processes, statistical 

theory, 82 
Multivariate data, principal-components 

analysis, 60 
Multivariate data analysis 

purposes, 59 
techniques, literature, 62-63 
uniform methodology, 62 

Mummy bones, 338, 340, 348 
Mycenean graves, metal objects, 171 
Myoglobin 

amino acids, 394 
killer whale, 394 
sperm whale, 394 

Myoglobin variants, inhibition of 
monoclonal antibody, 394, 395* 

Ν 

Natural History of Pliny the Elder 
description, 249 
Bambergensis manuscript, 258 
origin of Chrysocolla, 259-261 
Parisinus Latinus, 258 
translations, 258 

Nefertari s tomb 
air conditioning, 305 
average monthly absolute humidity, 297/ 
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Nefertari s tomb—Continued 
average monthly temperature, 296/ 
chemical analysis, 299 
chloride content, 299, 301* 
comparison to Horemheb s tomb, 

299-301 
conservation planning, 305-308 
construction materials, 292 
control of C0 2 ,306 
cyclical humidity changes, 297-299, 298/ 
discovery, 292 
double-door climatic seal, 306 
drainage, 307-308 
dust control, 306 
effects of human entry, 298-299 
elemental analysis of plasters, 299,300* 
fragility, 293-294 
graffiti, 292 
hygrothermographic data, 295 
internal climate, 296-297 
lighting, 306 
location, 292 
long-term studies of temperature and 

humidity, 295-296 
NAA, 299 
original plaster, 301 
paint layer damage, 292,293/ 
partial restoration, 294 
photographs, 304-305 
physicochemical processes, 295 
plaster chemistry, 302 
plaster dehydration, 301 
plaster repairs, 303 
progressive deterioration, 294-295 
reconstruction and restoration, 304 
repair, 292 
replica, 304 
salt crystals in ceiling, 292, 293/ 
sensitivity to climatic changes, 292 
site map, 294 
smoke damage, 292 
stabilization, 305 
structural consolidation, 306-307 
sulfate content, 299,300* 
thermal stability, 296-297 
ventilation, 297 
wall painting, 292 
water adsorption characteristics, 299 
water vapor removal rate, 298 
whitewash, 292 

Nekhen 
agriculture, 54 
climatic conditions, 52 
decline, 53 
human settlement, 52-53 
Kom el Ahmr, 37, 38/ 
R E E distribution in mud sized fractions, 

46,47/ 
R E E distributions in sedimentary layers 

below the cultivation zone, 46/ 
trace element concentrations, 45,45* 

Nekhen sediment, iron content, 46 
Nekhen Temple 

Great Wadi, 48 
location, 48 

Neolithic Iranian ceramics, analysis, 113-124 
Neonile sediment, E l Kab lithozone, 37 
Neonile sediments 

location, 36, 37/ 
Masmas formation, 42 
Sahaba formation, 36 

Neopalatial hoards, 186 
Nerou Kourou, copper artifacts, 189,192/ 
Nessler s reagent, 434 
Neutron activation analyses (NAA) 

advantages, 199 
ceramic characterization, 114 
ceramics, sample size, 126 
cost, 6 
Cypriot copper artifacts, 183,184/ 
metal artifacts, 8 
pigments, 266 
precision, 6 
Solduz Valley pottery, 119-121,120* 
statistical patterning as provenancing 

tool, 114 
trace element studies, 6 

Nickel, ETAA, 140* 
Nicolaus gospels 

date, 271* 
FTIR analysis, 270-287 

Nile River 
clays in Predynastic Egyptian pottery, 35 
evolution, 36 
flooding patterns, 55 
length, 41 
similarity of sediments, 41,41* 

Nile River delta, 35 
Nile River sediment 

INAA analysis, 41 
modern, 41 

Nile River sediment composite 
normalized R E E concentration, 42, 43/ 
similarity to modern deposits, 42, 43/ 

Nile River sediments 
Blue Nile, 35 
delta, 35 
iron content, 34 
Neonile, 36 
Protonile, 36 
White Nile, 35 

Nile River Valley 
climatic stability, 291 
effect of construction of Aswan High 

dam, 291 
humidity, 291 
rainfall, 291 
soil salinization, 291 
vulnerability to seismic activity, 291 

Ninhydrin 
amino group analysis, 433, 433/ 
ammonium ion analysis, 433, 433/ 
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Ninhydrin—Confirmed 
reaction with compounds containing 

alpha-amino groups, 433 
Nitrogen-15 analysis, bones, 12 
Nondestructive testing, Shroud of Turin, 411 
Nonhierarchical cluster analysis, 67 
Normal distribution, data representation, 63 
Normalization, advantages for ceramics 

studies, 6 
Normalized concentrations of REEs, 42,43/ 
Northern Valley of Guatemala white ware 

tradition 
Durazno white ware, 70 
Sacojito-Chinautla whiteware, 70 

Nubian formation 
ferrugineous sandstone beds, 36 
origin, 36,37/ 
Pleistocene Nile silts, 36 
variegated shales, 36 

Nubian sandstone, R E E distribution 
patterns, 44/ 

Nuclear reactor, availability, 6 

Ο 

Obsidian 
artifacts, 3500 to 1800 B.C., 4 
description, 4 
hydration, problems, 323 
knives, 4 
provenance studies, 4 

Oleoresins, definition, 370 
One-way analysis of variance (ANOVA), 

134 
Optical absorption, metal ions in glass, 239 
Ordination 

definition, 63 
dimensionality reduction, 63 
group-separating variation, 75 
p-variables, 63 
regional patterning, 65 
uses, 64 

Ordination method, eigenvalue extraction, 
64 

Ore bodies 
lead isotope analysis, 162-163 
minor element analysis, 162 

Ore deposits 
conformable, 163 
copper-lead, 170 
Mediterranean, 163-164 
multistage, 163 
pyrite-blende-galena, 170 
vein-type, 163 

Ore sources 
Early Bronze Age, 172-185 
Late Bronze Age, 185-194 

Oxhide ingots 
Aghia Triadha, 187 
copper transportation, 186 

Oxhide ingots—Continued 
Cypriot copper, 185 
Cyprus, 186 
description, 160 
distribution, 160 
Ergani Maden mines, 188 
Euboea, 186 
Greece, 186 
Kas shipwreck, 186 
Kea, 186 
Laurion lead isotope compositions, 193 
lead isotope compositions, 186-187,187/, 

188/ 
trade, 186 
western Crete, 186 

Ρ 

Paleopathological data from calcified tissue, 
10 

Paracas hair fiber, elemental dot map, 
456/-457/ 

Paramagnetic species, ESR-active species, 
356 

Periclase, 154 
Pharaonic sherds, 39 
Photoacoustic analysis, ceramics analysis, 

126 
Physicochemical gradients 

space-dependent, 290 
time-dependent, 290 

Phytoliths 
definition, 461 
degradation, 461 

Pigment analysis 
authentication, 265 
autoradiography, 266 
gamma-ray analysis, 266 
medieval manuscripts, 267-287 
medieval pigments, 266 
neutron activation analysis, 266 
Renaissance paintings, 265-266 
sampling considerations, 267 

Pigment spectra, Haskell gospels, 274, 279/, 
280/ 

Pigment use, Tintoretto, 266 
Pimarane skeleton, 375 
Pine pitch, 370 
Pine resin, retsina, 378 
Pine tar, 370 
Pisdeli Tepe 

group elemental ratios, 117,118f 
location, 114,115/ 
sherds 

calcium anomalies, 116,118/, 118f 
calcium concentrations, 116,116f, 117/ 
chemical concentrations, 115,116f 
composition profiles, 121,121f, 122 

Pitch 
color, 370 
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Pitch—Continued 
definition, 370 
pine, 370 
wood, 370 

Plaster 
effect of climatic conditions, 302 
Nefertari s tomb, 302 

Pleistocene Nile silts, Nubian formation, 36 
Pleistocene period 

Hominidae, 333 
temporal scale, 332 

Plum Red Ware 
Ca concentrations, 55 
clay paste, 55 
firing, 55 
pottery, source, 36, 37/ 
predynastic pottery production, 54 
R E E patterns, 55 
temper, 55 
X-ray intensity ratios of C a / A l and Ca/Si , 

48* 
Polyclonal antisera 

cross-reactivity, 395 
species-specific, 402 

Polymers for mural protection, 306-307 
Pontifical Academy of Sciences criteria for 

testing the Shroud of Turin, 413 
Portlandite, formation from lime, 150 
Portugal, lithie artifacts, 21-30 
Postburial environment, proteins, 10 
Potassium-argon dating, 323 
Pottery 

chemistry of raw natural materials, 2 
from coarse-grained sediments, quality, 

34 
from Nile sediments, color, 34 
from sedimentary clay 

authigenic calcite, 5 
Egyptian, 5 
shell or calcite temper, 5 

Powder patterns, bone, 340 
Powells technique, 361 
Predynastic Egyptian ceramics 

anorthite, 147 
calcite, 147 
cristobalite, 147 
gehlenite, 147 
hematite, 147 
magnetite, 147 
metakaolinite, 147 

Predynastic Egyptian pottery, 5, 35 
Predynastic pottery production, Plum Red 

Ware, 54 
Predynastic "royal" cemetery, 36,37/ 
Predynastic sherds, 39 
Preservation 

silk, 15 
tombs of the Egyptian pharaohs, 9-10 

Primate-specific monoclonal antibodies, 
398 

Principal components, 64 
Principal components analysis, 59-60 

Principal components coefficient 
Chinautla-Sacojito data set, 78,78*, 80* 
example, 72,74,74* 
with outliners removed, 80* 

Principal components plot 
Chinautla-Sacojito data, 78,79/ 
example, 72,73/ 

Problem formulation, 59 
Property kinetics, 435 
Protein antigens 

protein detection, 390 
types, 390 

Protein surface, antigenic sites, 391 
Proteinaceous material 

bone and teeth, 10-11 
time scales, 10 

Proteins 
evolution, 394-395 
evolutionary substitutions in the primary 

sequence, 392 
postburial environment, 10 

Proton-induced X-ray emission (PIXE) 
Achemenide pendant, 250, 251/, 252* 
Byzantine hollow pearl, 255 
description, 250, 251, 252 
gold jewelry, 9 
induction of optical luminescence in 

insulators, 254 
microprobe analysis, 256, 257/ 

Photograph, Byzantine hollow pearl, 255 
Protonile sediments, 36,42 
Provenance studies, obsidian, 4 
Pseudomorphs after textiles 

formation, 16 
photomicrography, 466-480 
Shang spearpoint, 469,469* 
statistical sampling, 466-480 

Puebla majolica 
alkali and R E E content, 101,102/, 103/ 
chemical data, 96,98*-99* 
production, 89,102-103 

Puebla polychrome, 91 
description, 92, 93/ 
majolica ceramics, Santa Catalina de 

Guale Mission, 107* 
Pueblo H Kayenta Anasazi pottery, 

classification, 129,130/ 
Pueblo Η Kayenta Anasazi sherds 

canonical correlation plot, 137/ 
clays used, 137/ 
from Klethla Valley 

Hotelling Γ 2 tests, 133* 
elemental concentrations, 131* 

trace element analysis, 125-143 
Purification, monoclonal antibody, 397 
Pyroxene minerals, Blue Nile, 49 

Q 

Q-mode factor analysis 
example, 75, 77/ 
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Q-mode factor analysis—Continued 
major product matrix, 65 
tempering, 75, 77/ 

Q-mode factors, geological mixing 
problems, 65 

Quartz 
dilutant, 41 
impurities, 4 
INAA analysis, 41 

Quartz crystal, sources, 23 
Quartzite 

chopping tools, 23, 24i 
separation from rhyolitelike rocks, 26, 

26/, 27 

Quaternary period, temporal scale, 332 

R 
R-mode factor analyses, 65 
Racemization as dating technique 

bone, 11-12 
Del Mar Man skeleton, 11-12 
Sunnyvale skeleton, 11-12 

Radiocalcium dating, 12-13 
model, 323,324/ 
potential applications, 321-335 
vs. carbon-14 dating, 325-326 
See also Calcium-14 dating 

Radiocarbon analysis, Shroud of Turin, 411 
Radiocarbon data log, ISOTRACE LAB, 23 
Radiocarbon dating, See Carbon-14 dating 
Radioimmunoassay 

detection limits, 14 
immunological distance, 14 

Rare earth element(s) (REE) 
concentration 

E l Kab formation, 42 
europium anomaly, 42 
modern Nile sediment, 42 
Neonile sediments, 42 
Protonile sediments, 42 
Sahaba formation, 42 

distribution patterns 
E l Kab, 44/ 
Masmas formation, 44,44/ 
Sahaba, 44/ 
the Nubian sandstone, 44/ 

normalized concentrations, 42 
patterns, europium anomaly, 44 
relative distribution in Nile sediments, 42, 

43/ 
Raw materials sources, differentiation, 2 
Regional patterning, ordination, 65 
Remelt effect, 172 
Remelting 

metal objects, 170-171, 204 
coins, 228 

Repp, definition, 422* 
Resemblance coefficients 

dendrogram, 66 
partitioning, 66 

Resin 
definition, 370 
polymeric structure, 382 

Resin acids, gas chromatography, 371 
Retsina, pine resin, 378 
Rhyolitelike rock, INAA classification, 

26-27,27f 
Rhyolites 

elemental abundances from INAA, 24, 
25/ 

feldspar-rich compositions, 24, 26f 
River sediments 

chemical composition, 34 
deposition patterns, 34 
grain-sized fraction comparison, 34 

Rock-forming minerals, weathering, 34 
Rock crystal quartz, microlithic 

assemblages, 23 
Rockefeller-McCormick New Testament, 

269 
date, 271i 
FTIR analysis, 271f 
Moses Receiving the Law, 271,272/ 
pigment binders, 274,279/, 280/ 
pigment spectra, 274, 275,281/, 282/, 283/ 

Rocks, elemental analysis by INAA, 24 
Roman sherds, 39 
Rosin, source, 370 

S 

Sagrario excavations 
chronology for majolica ceramics, 87 
majolica ceramics, 87 

Sahaba formation 
Neonile sediments, 36 
R E E concentration, 42 
R E E distribution patterns, 44/ 
X-ray intensity ratios of C a / A l and Ca/Si , 

48* 
Samouqueira 

carbon isotope data on human bone, 23 
date, 23 
location, 22/, 23 
Mesolithic diet, 23 

Sample throughput, 58 
Sampling 

probabilistic, 466 
statistical to avoid bias, 466 
variation, 59 

San Juan Polychrome majolica 
production attributions, 100, lOl i 
Santa Catalina de Guale Mission, 106f 

San Luis Blue-on-White majolica 
alkali and REE content, 101,102/, 103/ 
description, 91 
INAA, 94-102 
majolica ceramics from Santa Catalina de 

Guale Mission, 106,107* 
paste variants, 91 
production attributions, 100, lOl i 
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San Luis Blue-on-White majolica— 
Continued 

production site, 94-102 
Santa Catalina de Guale, 92,92/ 

Santa Catalina de Guale Mission 
Fig Springs/San Juan polychrome, 91/ 
location, 91 
majolica ceramics, 106i, 107f 
Spanish trade, 91 

Santa Elena Motded Blue-on-White 
majolica, 93-94,105-111 

Santo Domingo Blue-on-White majolica, 92, 
105-111 

Scaling 
data representation, 63 
equalizing the extent of variation, 63 
transformation, 63 

Scanning Auger spectroscopy, ceramics 
analysis 126 

Scanning electron microscopy (SEM) 
bone, 340 
buried bones, 346 
fossils, 10 
lithology, 40 
metal-working technology, 8 
weighted silks, 420 

Scatterplot, 60, 61/ 
Sediment analysis, XRD, 46 
Sediment samples from Hierakonapolis, 

elemental analysis, 41, 41i 
Sedimentary cherts, stone tools, Portuguese, 

4 
Sedimentary clay, 5 
Sedimentary deposits 

alluvial, 35 
clay, 33 
deltas, 35 
flood plains, 35 

Sediments 
chemical composition, 33 
disrupted by cultivation, core sample 

from Nekhen, 39, 39i 
pottery composition, 33 
source identification, 35 

Segmental antigenic site, 391,391/ 
Segmental epitome, description, 391, 391/ 
Selenium, ETAA, 140f 
Serum albumin, target antigen, 395 
Seti Is tomb, 302 
Sevilla White majolica 

INAA data, 105-111 
vs Columbia Plain majolica, 90 

Shaft Graves of Mycenae, 160 
Shang bronze spearpoint 

mapping by photomicrography of 
pseudomorphs, 470, 470/ 

photograph, 467/ 
study of pseudomorphs after textiles, 

466-480 
Sherds 

internal consistency of elemental analysis 
data, 116,119,119* 

Sherds—Continued 
Pharaonic, 39 
Predynastic, 39 
Roman, 39 

Shroud of Turin 
age determination, 410-411 
bloodstains, 410 
body image, 410 
carbon dating, 313-319 
composition, 415-416 
conservation, 15 
current protocol for age determination, 

414-416 
description, 313-314 
geographic origin, 414-416 
history, 314 
image production studies, 410 
laboratories involved in dating, 318-319 
laboratories involved in testing, 412, 414 
Libby counting method, 413 
nondestructive examination, 409 
nondestructive testing, 411 
Pontifical Academy of Sciences criteria 

for testing, 413 
proposals for analysis, 317-318 
protocol for carbon dating, 318-319 
provenance studies, 410 
radiocarbon analysis, 15,411 
sample size required for analysis, 317 
stable isotope method for provenance 

studies, 415-416 
textile studies, 415 

Shroud of Turin Research Project (STURP), 
314, 410 

carbon-14 committee, 412 
proposal for age detennination, 411-412 

Silica lattice, impurities, 4 
Siliceous fluxes, lead content, 164-165 
Silicon 

correlation with trace elements in Nile 
sediments, 42 

INAA analysis, 41 
Silk 

aging, 16 
American, 420 
amino group content, 433 
ammonia analysis by Nessler s reaction, 

434-435,435/ 
ammonia content, 434-435 
artificial aging by heat, 432 
artificial aging by light, 432 
ash content, 421 
ash content of flag samples, 425f 
damage vs. pH, 430 
deteriorated, 420,420/ 
dye analysis, 426,426f 
EDS data flag 12, 424f 
European, 420 
Far Eastern, 419-420 
fragility, 430 
heat, 15 
heat aging vs. light aging, 443-444 
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Silk—Continued 
heavy element content, 455 
metal-wrapped, 457,459/ 
mordant, 424 
photochemical processes, 15 
preservation, 15 
problems with fibers, 419 
properties after exposure to xenon arc 

lamp, 440* 
properties after heating, 437 
sulfur content, 426 
tin weighting, 424 
weighted, 420,427 
weighting agents, 15 

Silk degradation 
breaking strength, 432 
discoloration, 432-433 
effect of heat on amino group content, 

438,438/, 439 
effect of heat on ammonia content, 438/, 

439 
effect of heat on breaking strength, 439, 

439/ 
effect of heat on color, 436,436/, 438 
effect of heat on strength, 435,436,436/ 
effect of light on amino group content, 

442-443 
effect of light on ammonia content, 

442-443 
effect of light on color, 440,440*, 444 
effect of light on strength, 439-440,439/, 

441/ 
hydrolysis, 430 
mechanism, 430 
oxidation, 430 
prevention, 430 
rate equation, 435,436 
tin weighting, 420-421 
weighting, 430 

Silk flags 
colorants, 427 
coloring methods, 423 
description, 421,422* 
deterioration, 427 
iron content, 427 
scanning electron microscopic image, 

425/ 
tin content, 427 
tin-weighted, 425/ 

Silk preservation 
heat, 15 
historical flags, 15 
photochemical processes, 15 

Similarity measurements, 66 
Single-group evaluative procedures, 

ADCORR, 68 
Single-line spectrum, history, 354 
SLOWPOKE Reactor Facility, 24 
Smelted ores, impurities, 8 
Soapstone, data transformation, 63 
Soapstone artifacts, geological sources, 5 
Sodium chloride, diagenetic alteration, 28 

Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis, 398 

Soft metallurgy, brazing alloys, 258 
Soil contaminants, 346 
Soil contamination, INAA, 348 
Solder(s) 

ancient vs. modern, 253-254,257 
gold jewelry, 9 
modern silver and copper composition, 

253 
modern vs. ancient, 253 

Soldering alloys, modern, 250 
Solduz Valley location, 114,115/ 
Solduz Valley pottery 

analysis, 114-119 
Dalma phase, 119-121,120* 
Hajji Firuz phase, 119-121,120* 
NAA data, 119-121,120* 
Pisdeli phase, 119-121,120* 
temporal differences, 119-121,120* 

Solduz Valley sherds 
comparison with Tell* Ubaid sherds, 121, 

122* 
comparison with Tepe Gawra sherds, 121, 

122* 
Solduz Valley sites 

analytical data for sherds, 115,116* 
calcium-rich phase dilutions in sherds, 

116,117/ 
See Dalma Tepe, Hajji Firuz, Pisdeli Tepe 

Solid-state diffusion bonding with copper 
salts, effect of soldering, 252 

Spain, importance of Mexico City in 16th 
century, 89 

Spanish majolica, sedimentary inclusions, 88 
Spanish pottery, NAA, 88 
Spanish trade 

ceramics trade, 89 
early colonial period, 89 
New Spain flota, 89 
Santa Catalina de Guale Mission, 91 
shipping, 89 
Ύterra Firme flota, 89 

Spark source mass spectrometry, ceramics 
analysis, 125,126 

Species differentiation by immunological 
methods, 395-398 

Spinel, chemical formula, 152 
Stabilized temperature platform, 126 
Stained-glass window 

chemical analysis, 234 
medieval, 224 

Standardization, data transformation, 63-64 
Statistical data analysis 

ANOVA, 134,135* 
canonical correlation analysis, 134 
classification function, 134,136* 
Hotelling latest, 133-134 
software, 134 
Student-Newman-Keuls test, 134,135* 

Statistical sampling, pseudomorr»hs after 
textiles, 466-480 
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Steatite 
artifacts, See soapstone artifacts 
data transformation, 63 

Stone artifacts 
flint, 3 
raw materials, 3 
stone tools, 3 
See also Lithic artifact 

Stone tools 
and evolution of culture, 1 
Portuguese 

sedimentary cherts, 4 
trace element analysis, 4 
volcanic rhyolite, 4 

rock types used, 23, 24f 
Straw Tempered Ware 

firing, 55 
X-ray intensity ratios of C a / A l and Ca/Si , 

48f 
Structure assumption, 59 
Structure within a compositional data set, 

definition, 59 
Student-Newman-Keuls test, 134 
Student s t vs Hotelling T 2 test, 68 
Subhedral hematite, apatite groundmass, 

347 
Sulfuric acid, use in dyes, 427 
Sunnyvale skeleton, racemization as dating 

technique, 11-12 

Τ 

Tandem accelerator mass spectrometry 
(TAMS), 315-316 

Tar, 14, 370 
Target antigen 

cytochrome c, 395 
serum albumin, 395 

Tel Dan 
crucible working area, 200 
in Mari texts, 200 
location, 200 
metal-working areas, 200 
ore smelting site, 200 
proximity to Crete, 204 

Tell' Ubaid 
location, 114,115/ 
pottery analysis, 114-119 

Tell' Ubaid sherds 
comparison with Tepe Gawra sherds, 121, 

122f 
comparison with Solduz Valley sherds, 

121,122i 
Temper 

chemical analysis of pottery, 5 
coarse-grained sand, 34 
Durazno white ware, 70 
effect on ceramics, 69 
elemental concentrations, 78 
fine-grained clay sediments, 34 

Temper—Continued 
noninert material, 78 
Plum Red Ware, 
salts, 7 
types, 69 
volcanic ash, 70, 72 

Temper fragments, XRD techniques, 146 
Tempering, Q-mode factor analysis, 75, 77/ 
Tempering practices, fine paste-medium 

dichotomy, 70-71 
Tepe Gawra 

location, 114,115/ 
pottery analysis, 114-119 

Tepe Gawra sherds 
comparison with Solduz Valley sherds, 

121,122f 
comparison with Tell* Ubaid sherds, 121, 

122i 
Ternary composition diagram for 

Cu-Ag-Cd 
in ancient solders, 255/ 
in modern soldering alloys, 254/ 

Ternary diagram(s) 
elemental abundances from INAA, 24, 

25/ 
interpretation, 65 

Territorialism, 22 
Textiles 

fume fading, 461 
tensile properties, 431 
pseudomorphs, See Pseudomorphs after 

textiles 
Thebes-Karnak area 

earthquake, 295/ 
floods, 295/ 
map, 294/ 
See also Nefertari s tomb 

Thermal history, ESR, 353 
Thermal ionization mass spectrometry, lead 

isotope analysis, 162-163 
Thermi, metal artifacts, 179 
Thermoluminescence dating, soil horizons, 

323 
Thermoluminescence (TL), comparison to 

ESR, 356 
Thin-layer chromatography (TLC), 14 

advantages, 377 
organic archaeometry, 377 
transport amphoras, 372, 373f 
vs. IR spectroscopy, 379 

Threonine, transamination, 12 
Time scales, proteinaceous material, 10-11 
Tin, sources, 8,170 
Tin bronze 

early cycladic objects, 175 
Late Bronze Age use, 160 
lead isotope composition, 170 
provenance studies, 170 
use by Early Cycladic people, 161 

Tin trade routes, Middle Bronze Age, 200, 
201 
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Tintoretto, pigment use, 266 
Tombs of the Egyptian pharaohs 

deterioration, 9-10 
preservation, 9-10 
X-ray photoelectron spectroscopy, 10 

Tooth 
inorganic phase, 345 
organic content, 344 
soil contamination, 344-345 
XRD,345 
XRF, 344 

Trace element analysis 
NAA, 6 
stone tools, Portuguese, 4 

Trace elements, indicator of geochemical 
processes, 6 

Transamination, threonine, 12 
Transformation 

calculation of logarithms, 63 
data representation, 63 
elemental concentration data, 72 
log-normal distribution, 63 
percent of maximum value, 63 
percent range, 63 
scaling, 63 
standardization, 63 
weighting, 72 

Transport amphora linings 
by GC, 372 
GC-MS, 372,374 
IR spectroscopy, 372 
residues, 369-379 
thin-layer chromatography, 372, 373f 
See also Amphora sherds 

Trojan artifacts groups, prediction, 183 
Troy Π 

Anatolian pottery, 175 
metal artifacts, 179 

Tsegi Orange Ware 
description, 129 
painted designs, 129,130/ 

Turkish copper, geological models ages, 
180-181/ 

Tusayan Gray Ware, description, 129 
Tusayan White Ware 

description, 129 
painted designs, 129,130/ 

Twins, definition, 225 
Two-centroid structure, example, 59 

U 

Ugaritic tablets, value of tin, 200, 201 
Unexplored Mansion at Knossos, bronze 

artifacts, 189,191/ 
Unexplored Mansion in Crete, copper 

source, 171 
Upper Paleolithic period, 332 
Uranium series dating, 323 

V 

Valley of the Kings, climate, 303 
Valley of the Queens, location, 294, 303 
Vanadium, ETAA, 141f 
Variance-covariance matrix, 68 
Variation among variables, equalization, 63 
Varimax rotation 

factors derived from Q-analysis, 75, 76/ 
loadings, 65 
orthogonality, 65 

Vickers hardness number, 225 
Visual field classification of lithic materials, 

24i 
Volcanic ash temper, 72 
Volcanic chert, 4 
Volcanic lavas, chemical compositions, 4 
Volcanic rhyolite, stone tools, Portuguese, 4 
Volcanic rock, Lake Tana Basin, 49 

W 

Wadi Abul Suffian, See Great Wadi, 36 
Wadi Kubbaniya, cereal grains, 353 
Weathering 

degree, 28 
diagenetic alteration, 28 
rock-forming minerals, 34 

Weighted attribute interaction 
spatial plots, 475/ 
three clusters, 476f 
two clusters, 475i 

Weighting, data representation, 63 
Weighting compounds 

constituents, 430 
uses, 430 

West Asia, social change in the 5th 
millennium B.C., 113 

White Nile 
drainage basins, 48-49 
epidotes, 49 
sediments, 35 
silt, INAA analysis, 50 

Whidockite, 346 
Wood pitch, 370 
Wool 

bicomponent nature, 460-461 
silicon and calcium distribution, 457/ 
sulfur and calcium distribution, 456,456/ 

X 

X-ray diffraction (XRD) analysis 
bone, 340,345 
buried bones, 347 
ceramic temper, 145 
cost, 467 
crystalline materials, 145 
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X-ray diffraction analysis—Continued 
dehydroxylated montmorillonite, 151i 
magnesium aluminum silicate, 152 
mineralogy, 7 
paste minerals, 145 
pure clay pastes, 146 
tooth, 345 

X-ray fluorescence (XRF) analysis 
copper-based coins of the Roman 

Republic, 214 
ancient glass, 238 
bone, 339 
ceramics analysis, 126 
contaminated bones, 344 
elemental analysis of enamel, 239 
leaded bronzes, 215 
Limoges enamels, 9 
metal artifacts, 8 
tooth, 344 
sample preparation, 214 
weighting agents, 430 

X-ray photoelectron spectroscopy, tombs of 
the Egyptian pharaons, 9-10 

X-ray xeroradiography, ceramics analysis, 
126 

Y 

Yarn, See Wool 
Yarn structure 

EDS analysis, 461 
elemental mapping, 461 

Yayal Blue-on-White, 92 
INAA data, 105-111 

Ζ 

Zhoukoudian, China, early use of fire, 353 
Zhoukoudian bone 

alanine signal, 374 
equal splitting, 366 
equivalent dose, 374 
ESR spectrum, 361/ 
hyperfine splitting, 366 

Zhoukoudian bones, ESR signal, 360f 
Zinc, ETAA, 141* 
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