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FOREWORD 

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 ounded i n 1949 b y the 
A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d 
collections of data i n special areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are refereed c r i t i ca l l y accord ing to A C S 
ed i tor ia l standards a n d receive the careful attention a n d proc 
essing characterist ic of A C S publ icat ions . Papers p u b l i s h e d 
i n 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 are o r ig ina l contr ibutions 
not p u b l i s h e d elsewhere i n w h o l e or major part a n d inc lude 
reports of research as w e l l as reviews since symposia m a y 
embrace bo th types of presentation. 
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PREFACE 

Τ η his in t roduct i on to the fourth sympos ium on archaeological chemistry 
("Science a n d Archaeo logy , " M . I . T . Press, 1971) , Rober t H . B r i l l states 

that archaeologica l chemistry is emerging f rom the phase of a service 
science to the field archaeologist a n d the m u s e u m curator into a d isc ip l ine 
of its o w n . T h e papers col lected here f rom the fifth sympos ium support 
this v iew. 

B y its very nature, archaeological chemistry has h a d its o w n dist inct 
parameters a l l a long ; the un ique q u a l i t y a n d the value of the objects 
ana lyzed have always been a goad towards the development of mi c ro -
methods or, ideal ly , of complete ly non-destruct ive methods. As the n u m 
ber of analyses of artifacts increases a n d the composi t ion of large groups 
of artifacts reveals patterns w h i c h are becoming more a n d more useful for 
de termin ing the t ime, place or method of manufacture , other specific 
considerations emerge: accuracy a n d prec is ion i n the context of their 
archaeological significance. T h e choice of ana ly t i ca l method is often not 
determined b y the greatest accuracy attainable but b y the o p t i m a l means 
of obta in ing , r a p i d l y a n d economical ly , the accuracy needed to make 
archaeological ly mean ing fu l distinctions. 

M e t h o d o l o g i c a l studies inev i tab ly lead to some revis ion a n d even re
jection of past work . Archaeologists w h o were too readi ly persuaded to 
accept scientific results as absolute facts may be a l i t t le d i smayed to find 
that some of these " facts" are n o w be ing questioned. T h e y must r e m e m 
ber that no d isc ip l ine has a corner on in fa l l ab i l i t y a n d that knowledge , 
i n the sciences as w e l l as i n the humanit ies , advances s lowly b y a k i n d of 
i terative process i n w h i c h error is gradual ly reduced to reach an approx i 
mat i on of t ruth . U n i n h i b i t e d se l f -cr i t ic ism is the surest ind i ca t i on that 
archaeometry is c o m i n g of age. 

A l o n g w i t h these we l come signs of matur i ty there is cont inu ing 
evidence of vigorous growth . E a c h year, n e w p h y s i c a l a n d chemica l 
ana ly t i ca l methods are a p p l i e d to o l d archaeological problems, a n d n e w 
types of archaeological materials are invest igated b y establ ished ana ly t i ca l 
methods. T h i s vo lume contains examples of b o t h of these directions of 
expansion. 

A sympos ium on any r a p i d l y g rowing field can only be a snapshot, 
showing one moment of development a n d not even a l l of that. P h y s i c a l 

v i i 
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methods of da t ing a n d archaeological prospect ing are only two important 
branches of archaeometry w h i c h f a l l outside the focus of this vo lume. 
Since artifact analysis is the par t i cu lar prov ince of chemists, it is especial ly 
appropr iate that this book should appear 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 . 

CURT W. BECK 

Vassar College 
February 1974 
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INTRODUCTION 

The Division of the History of Chemistry is honored to sponsor this 
Fifth Symposium on Archaeological Chemistry. Like its predecessors, 

it is the creation of its organizers, its chairman, and its participants, and 
we are grateful to those who have made this event possible. 

Specifically, I thank Robert Brill, of the Corning Museum of Glass, 
who organized the symposium, and who would have been its Chairman 
had it not been for the 1972 flood resulting from Hurricane Agnes, which 
ravaged the museum and made it necessary for him to devote all his 
time to repairing the damage. I also want particularly to thank Curt W . 
Beck, Professor of Chemistry at Vassar College, who agreed to take over 
the chairmanship. Al l who attended the symposium or who read this 
printed volume of its proceedings will appreciate the work of the authors, 
and the Division adds its thanks. 

Ever since the end of the 18th Century, when Klaproth analyzed 
some ancient glasses, chemists in increasing numbers have been fascinated 
by the things that chemical analysis can tell about ancient history, ancient 
ways of life, including the technical processes and the chemical substances 
used by the ancients, and patterns of trade in the ancient world. 

When I was a graduate student at Princeton, E. R. Caley was a young 
instructor there. I have never forgotten my delight at his description 
of how the decline in the standards of honesty of the Roman Empire 
was paralleled by and reflected in the steady rise in the lead content of 
its bronze coins, or my absorption in his tales of tracking down forgeries 
by chemical analysis. As analytical methods have improved, archaeolog
ical chemists have been able to furnish more and more information about 
more and more specimens. X-ray diffraction analysis, and the new, non
destructive methods of analysis are cases in point. How far we have 
come will be apparent to readers of the papers collected here and even 
more to those who have read the papers from the previous four symposia, 
the subject of which might well be called the "chemistry of history/' 

PETER OESPER 
St. Lawrence University 
Chairman, Division of the History of Chemistry 

ix 
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1 

Isotopic Analysis of Laurion Lead Ores 

I. L . BARNES, W. R. SHIELDS, and T. J. MURPHY 

Analytical Chemistry Division, Institute for Materials Research, National 
Bureau of Standards, Washington, D. C. 20234 

R. H. BRILL 

The Corning Museum of Glass, Corning, Ν. Y. 14830 

The lead isotopic ratios of a carefully selected suite of ore 
samples from the Laurion region have been determined 
by a precise mass spectrometric procedure. The ores were 
taken from various levels in mines, some known to have 
been worked in ancient times. All are nearly indistinguish
able isotopically within the precision of the method 
(±0.05%), and they closely match leads from archaeological 
objects found in Greece. A comparison with isotopic data 
for ores from other mining regions in the ancient world 
has been made. The uniformity of the Laurion ores facili
tates the interpretation of lead isotope data for archaeo
logical objects from Greece. 

c h e m i c a l analysis of archaeological objects has been done for m a n y 
^ years and , w h e r e prac t i ced w i t h care, has resulted i n in format ion 
of great value. T h i s has been a m p l y i l lustrated at several symposia over 
the past decade. W h i l e there p robab ly w i l l never be an ent ire ly satis
factory substitute for complete chemica l analysis to characterize early 
objects, this method alone does not o rd inar i l y te l l us a l l w e w o u l d l ike 
to k n o w about date, o r ig in , authentic i ty , or method of manufacture . 
Other approaches are equa l ly va luable , a n d there is a g r o w i n g recogni 
t ion of the complementar i ty of chemica l analysis, phys i ca l testing, m i c r o 
scopic examinat ion, a n d other spec ia l ized techniques appropriate for 
par t i cu lar materials . A s t r ik ing example of this approach is the invest i 
gat ion of the famous bronze horse i n the co l lect ion of the M e t r o p o l i t a n 
M u s e u m of A r t . It has been subjected to a dozen or more different types 
of examinations, as demonstrated i n a recent exhib i t ion at the M u s e u m . 
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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 

Lead Isotopic Analysis 

L e a d isotopic analysis ( I , 2, 3, 4, 5) is a re lat ive ly n e w member of 
this expanding group of complementary methods. L i k e the others, i t 
has its o w n pecul iarit ies , advantages, a n d disadvantages w h i c h have 
been descr ibed. L e a d isotope studies he lp to ident i fy possible geographi 
ca l origins of the ores f r om w h i c h ancient leads were smelted. E v e n 
where specific mines cannot be identi f ied , the objects can s t i l l be classified 
as to w h i c h c o u l d or cou ld not have h a d a c ommon or ig in . T h e method 
requires only smal l sample sizes, a n d the results are independent of the 
histories of the objects studied. 

T h e usefulness of l ead isotope studies is the fortunate result of a 
threefo ld coincidence. H i s t o r i c a l l y , l ead was one of the first metals 
m i n e d — i t s first use dat ing back at least into the fourth m i l l e n n i u m . 
T h u s , i t occurs i n artifacts associated w i t h m a n y h is tor i ca l places a n d 
periods. Techno log i ca l ly , i t was easily w o n f r om its major ore, galena, 
a n d was q u i c k l y f ound to be useful i n m a n y forms: alloys, p igments , 
cosmetics, medic ines , glasses, glazes, a n d others. Since it was also pro 
d u c e d i n large amounts as a by -product of s i lver extraction, i t was 
abundant a n d re lat ive ly inexpensive. Geo log i ca l ly , a n d most important ly , 
l ead is one of the f ew chemica l elements w h i c h varies m a r k e d l y i n its 
istotopic m a k e u p accord ing to its geological occurrence. P u t t i n g these 
three factors together, one has the basis of a very useful archaeometric 
tool . 

T h e element l ead is composed of four i s t o t o p e s — 2 0 8 P b , 2 0 7 P b , 2 0 6 P b , 
a n d 2 0 4 P b . T h e first three are the stable end products of the radioact ive 
decay of u r a n i u m a n d thor ium. 

Because of the signif icant differences i n the hal f - l ives of the above reac
tions, leads i n different geological environments acquire different ( a l 
though not necessarily u n i q u e ) isotopic composit ions, w h i c h are con
t inuous ly changing . I n add i t i on , different a n d v a r y i n g amounts of l ead , 
u r a n i u m , a n d t h o r i u m i n different geological environments throughout 
geological t ime resulted i n even larger changes. H o w e v e r , i f d u r i n g the 
process of ore format ion the lead separates f rom its parent u r a n i u m and 
t h o r i u m (as almost a lways h a p p e n s ) , its isotopic composit ion becomes 
" f rozen" a n d ceases to change, l ead ing to a fixed composit ion w i t h i n a 
g iven deposit. W h e n the various isotopic ratios can be measured w i t h 
sufficient prec is ion , different ore deposits can be d is t inguished a n d 
m a t c h e d w i t h objects m a d e f r om or conta in ing leads f rom those sources. 

238TJ 2 0 6 P b 
235JJ 207ρ^ 
2 3 2 T h —-> 2 0 8 P b 

4.4683 Χ 10 9 years 
0.70381 Χ 10 9 years 

14.01 Χ 10 9 years 
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1. B A R N E S E T A L . Isotopic Analysis of Lead 3 

T h e value of this technique has been firmly establ ished even though 
the earliest w o r k was hampered b y instrumentat ion a n d methods w h i c h 
c o u l d not y i e l d h i g h l y precise data a n d were tedious a n d t ime-consuming 
exper imental procedures. 

W o r k b y Catanzaro et al. i n 1968 (6 ) l e d to a n e w ana ly t i ca l p r o 
cedure permi t t ing the measurement of isotopic ratios to about ± 0 . 0 5 % 
( 9 5 % L . E . ) ; this resulted i n the ava i lab i l i t y of three s tandard reference 
materials , so that results c o u l d be p laced on an absolute basis. T h i s 
procedure , s t i l l the most precise a n d accurate one avai lable , requires 
about 1 m g of l ead for an analysis. A second procedure (7 ) has been 
deve loped w h i c h ut i l izes s i l i ca ge l as an ion izat ion enhancer. T h i s 
method permits the measurement of isotopic ratios to about ± 0 . 1 % 
( 9 5 % L . E . ) , bu t i t requires on ly 0.1 of l ead per analysis. I n add i t i on , 
the instrumentat ion a n d data h a n d l i n g have been vast ly i m p r o v e d so 
that m a n y samples can be s tudied q u i c k l y a n d conveniently . 

Our Lead Studies 

These developments have encouraged us to undertake a l ong t e rm 
study of objects, bo th of k n o w n a n d u n k n o w n origins , a n d of l ead ores 
f r om m i n i n g areas w o r k e d i n ancient times. O u r research is n o w r a n g i n g 
into a l l sorts or archaeological a n d h is tor i ca l materials—e.g. , glasses, 
glazes, bronze coins, whi te - l ead pigments , traces of l ead i n si lver a n d 
go ld , Chinese bronzes, ancient E g y p t i a n k o h l , a n d the earning i n m e d i e v a l 
stained glass w indows . T h i s has a l l been made possible b y the develop
ment of h i g h prec is ion instrumentat ion. 

W e have ana lyzed lead ores (most ly galenas) f rom m a n y countries, 
but our ore data are s t i l l fewer than desired. T h e p r o b l e m is to obta in 
we l l -documented ore samples f rom areas k n o w n or suspected to have 
been exploited i n ancient times. T h e present study is an effort to correct 
this, a long w i t h another re lated facet of the ore problem— i . e . , just h o w 
m u c h isotopic var iat ion exists w i t h i n g iven m i n i n g regions. W h i l e our 
choice of a region m a y not be representative, i t does prov ide data on 
one of the most important l ead m i n i n g regions of the ancient w o r l d , the 
L a u r i o n mines i n Greece . 

W e have been fortunate i n a c q u i r i n g a suite of care fu l ly selected 
ore specimens f rom three m i n i n g sites w i t h i n the reg ion customari ly 
descr ibed as " L a u r i o n . " These samples, i n c l u d i n g sulfide a n d oxide ores, 
were col lected to represent the general area a n d various contact levels 
w i t h i n the mines sampled . T h e mines, located about 20 k m south of 
Athens , are designated b y the present operators as the P l a k a , Espérance, 
a n d K a m a r i s a mines a n d are separated b y a f ew ki lometers. O f the 17 
ore specimens ana lyzed , about one-half are f rom occurrences i m m e d i 
ately adjacent to ancient workings . 
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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 

These samples are par t i cu lar ly va luab le for this study since the 
area is undoubted ly the source of m u c h of the l ead used i n early times. 
It is not k n o w n exactly w h e n m i n i n g first began there, but i t was prob 
ab ly before 1000 B . C . M a r i n o s a n d Petrascheck (8 ) have descr ibed the 
geology of the region, the nature of the ore deposits, a n d the history of 
m i n i n g at L a u r i o n . A c c o r d i n g to them, the most important p e r i o d of 
explo i tat ion was f rom 483 B . C . on w ar d , w h e n the deposits at present 
day K a m a r i s a were discovered. T h e y state that there are today more 
t h a n 1000 ancient mine shafts a n d galleries, some of w h i c h are more 

Table I. Lead 

NBS Brill 
No. No. No. Sample Mine Level 208/206 

383 850 1 sulfide A a Plàka 145 2.0600 
384 851 1 sulfide Β P l a k a 145 2.0604 
385 852 2 sulfide A P l a k a 33 110 2.0605 
386 853 2 sulfide Β P l a k a 33 110 2.0602 
388 854 3 sulfide A Espérance 96 2.0611 
387 855 3 sulfide Β P l a k a 33 110 2.0637 
389 856 3 oxide A 6 Espérance 103 2.0600 
390 857 3 oxide Β Espérance 103 2.0606 
391 858 4 sulfide A P l a k a F i l o n 80 85 2.0596 
392 859 4 sulfide Β P l a k a F i l o n 80 85 2.0591 
393 860 4 sulfide C P l a k a F i l o n 80 85 2.0598 
394 861 4 oxide A P l a k a F i l o n 80 135 2.0590 
395 862 4 oxide Β P l a k a F i l o n 80 2.0614 

Skl ives 
396 863 5 sulfide A K a m a r i s a 135 2.0593 
397 864 5 sulfide Β K a m a r i s a 135 2.0594 
398 865 5 sulfide C K a m a r i s a 135 2.0580 
399 866 6 sulfide A K a m a r i s a 104 2.0579 

α Major lead mineral in the ore samples identified as "sulfides" is galena (PbS). 
6 Ore samples identified as "oxides" are highly oxidized or gossan ores in which the 

major lead mineral is also galena. 

than 100 m deep a n d that m i n i n g was careful ly p l a n n e d since the ancient 
miners quite early understood that the ore was to be f ound i n the m a r 
bles, especial ly at their contact planes w i t h the schists. Some other key 
references on the history of the area are those of A r d a i l l o n ( 9 ) , Dav ies 
( 1 0 ) , B o u l a k i a ( I I ) , a n d H o p p e r (12 ) . 

Experimental 

T h e ore samples were care ful ly crushed i n a mortar a n d w e i g h e d 
into Tef lon beakers. T h e y were dissolved i n 10 m l of 1:1 ( vo l ) per 
ch lor i c a c i d ; this a c i d so lut ion was d i l u t e d w i t h water to 100 m l , a n d 
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1. BARNES E T A L . Isotopic Analysis of Lead 5 

the l ead was removed as P b 0 2 b y e lectroplat ing at 2.0 amps for 16 hours. 
T h e l e a d was then removed f r om the anode w i t h 1 m l of a so lut ion of 
n i t r i c a c i d ( 2 % ) a n d hydrogen peroxide ( 0 . 3 % ) . A f t e r heat ing to 
destroy the peroxide, the l ead was taken u p i n sufficient 2 % n i t r i c a c i d 
to make a solut ion equivalent to 25 m g of l ead per g ram of solution, 
w h i c h was reserved for mass spectrometric analysis. 

T h e ana lyt i ca l procedure was the mass spectrometric t r ip le filament 
procedure of C a t a n z a r o (13 ) . A drop of the sample was p l a c e d on each 
of two side filaments of r h e n i u m , l e a d hydrox ide was prec ip i tated on the 
filaments b y a d d i n g a drop of a m m o n i u m hydrox ide , a n d the prec ip i tate 

Isotopic Ratio Data 

Atom Percent 

207/206 204/206 208 207 206 204 

0.83127 0.053005 52.228 21.075 25.353 1.3439 
0.83143 0.053104 52.229 21.076 25.349 1.3461 
0.83175 0.053103 52.226 21.082 25.346 1.3460 
0.83196 0.053134 52.219 21.087 25.347 1.3468 
0.83210 0.053099 52.229 21.086 25.340 1.3455 
0.83201 0.053100 52.261 21.070 25.324 1.3447 
0.83149 0.053061 52.224 21.080 25.351 1.3452 
0.83128 0.053047 52.234 21.072 25.349 1.3447 
0.83120 0.053030 52.223 21.076 25.356 1.3446 
0.83044 0.052984 52.228 21.064 25.365 1.3439 
0.83098 0.052975 52.229 21.071 25.357 1.3423 
0.83131 0.053049 52.214 21.081 25.359 1.3453 
0.83204 0.053054 52.234 21.083 25.339 1.3443 

0.83218 0.053129 52.205 21.097 25.351 1.3469 
0.83165 0.053073 52.214 21.086 25.354 1.3456 
0.83170 0.05298 52.198 21.095 25.364 1.3438 
0.83083 0.053011 52.208 21.078 25.370 1.3449 

was d r i e d a n d m o u n t e d i n the instrument a long w i t h a p l a t i n u m i o n i z i n g 
filament. A t least 10 measurements of each of the three ratios were m a d e 
i n a 12- inch radius mass spectrometer. 

A l t h o u g h w i t h samples as large as these, b lanks are so s m a l l as to 
be negl ig ib le , precautions were taken to prevent unnecessary c ontami 
nat ion. A l l processing was carr i ed out i n a Class 100 c lean laboratory, 
a n d subsequent h a n d l i n g was done i n s m a l l Class 100 c lean air hoods. 
A l l equ ipment was spec ia l ly c leaned, a n d a l l reagents were pur i f i ed b y 
a sub -bo i l ing d is t i l la t ion technique k n o w n to reduce l ead contaminat ion 
to very l o w levels (14). T h e n o r m a l laboratory l ead b lank is 1-2 n g per 
analysis. 

Results 

D a t a obta ined for the 17 samples are shown i n T a b l e I , a long w i t h 
the computed compositions (a tom percent ) of each sample. T h e data 
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6 A R C H A E O L O G I C A L C H E M I S T R Y 

are also shown i n F i g u r e 1 as a p lot of the 208/206 vs. 207 /206 ratios. 
Note the remarkable un i f o rmi ty shown b y a l l of these samples. T h e 
m a x i m u m var ia t i on of the 208 /206 ratios is less than 0 . 3 % w h i l e that of 
the 207 /206 ratios is less than 0 . 2 % . W i t h our expected prec is ion of 
± 0 . 0 5 % , this indicates that w h i l e the samples show smal l but statis
t i ca l ly significant differences, they are very s imi lar a n d must have been 
der ived f r om the same or very s imi lar source rocks i n a re lat ive ly short 
t ime. T h e rea l differences observed are most l i k e l y re lated to s l ight 

2.066 ρ 

2.064 

S 2.060 

2.058 

Οβ57 ο 8 5 1 

Ο 850 Ο 856 
Ο 858 

Ο 861 
Ο 864 

2 . 0 5 6 1 1 ' ' • • ' • 
.8310 .8312 .8314 .8316 .8318 .8320 

207 p b /206 p b 

Figure 1. wpb/20*Vb vs. 207Pb/206Pb for some Laurion lead ores. 
Numbers for each point are given in Table I. Error bars represent 

the 95% limit of error for each analysis. 

variations i n the source of the ore fluids, contaminat ion of the ore fluids 
b y country rock, a n d to sl ight variations i n t ime of the extraction of the 
ore fluids. F i g u r e 2 is a p lot of 208 /206 rat io vs. the depth of the deposit 
f rom w h i c h the sample was obta ined a n d for each of the three separate 
areas. N o rea l correlations are obvious, nor is there any m a r k e d difference 
between the sulfide a n d oxide ores. 

T h e n a r r o w range of l ead isotopic abundances i n the L a u r i o n area 
as shown i n this study a n d the fact that major amounts of l ead f r om this 
area were m i n e d a n d used i n ancient times indicate that these ratios 
shou ld serve as a reasonable tracer. T h e data also justify the assumption 
prev ious ly made , but u n t i l n o w unproved , that the l ead output of the 
L a u r i o n mines was essentially of one u n i f o r m a n d recognizable type. 

W e have ana lyzed about 20 ancient objects, w h i c h w e k n o w ( w i t h 
near certa inty) were made of L a u r i o n lead. F o r example, one of our 
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1. B A R N E S E T A L . Isotopic Analysis of Lead 7 

reports (15) gives the ana ly t i ca l results of a series of seven ear ly coins 
m i n t e d i n Athens . W e h a d conc luded that these p r o b a b l y contained 
loca l ly obta ined lead , a n d w e are n o w confident that this unquest ionably 
is true. I t also appears that L a u r i o n lead was exported since some 2 n d 
century B . C . coins m i n t e d i n A l e x a n d r i a a n d Syr ia conta in this same 
type of lead . O t h e r objects w e have ana lyzed indicate that L a u r i o n l e a d 
was used i n the 6th century B . C . M a t e r i a l f r om the handles of bronze 
vessels dated f r om the 6th, 5th , a n d 4th centuries B . C . a l l show isotopic 
ratios i n the n a r r o w range characterist ic of this l ead ( J ) . O n e i n p a r 
t i cu lar , w h i c h h a d been at tr ibuted to either Sparta or southern I ta ly 
shows l ead ratios near ly i dent i ca l to the average for L a u r i o n leads 
reported here a n d m u c h different f rom any ratios w h i c h w e have f o u n d 
i n I ta l ian leads. A f e w earlier specimens, of M y c e n a e a n date, are also of 
the L a u r i o n type. H o w e v e r , l ead deposits i n the nearby Greek is lands, 
for example on K e a , m i g h t have ratios very close to those of the L a u r i o n 
ores. U n t i l w e analyze samples f r om such sites, w e cannot assume either 

ο 

2.063 I-

Û. 

2 2 .060 

<§> 

ο 
ο 

<S> 

Ο P LAKA 

• ESPERANCE 

Ο KAMARISA 

φ OXIDE ORE 

Ο 

ο 

8 

DEPTH (METERS) 

Figure 2. wpb/20e?b ratio vs. the depth in meters 
for the Laurion lead ore samples. Points surrounded 
with a hexagon represent oxide ores. Other samples 

are sulfide ores. 
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8 A R C H A E O L O G I C A L C H E M I S T R Y 

that they differ signif icantly f r om those discussed here or that they are 
ident i ca l to them. 

Future Work 

Another area i n need of invest igat ion is nor thern Greece , b u t w e 
have been unable to obta in suitable ore specimens f r o m that region. 
L e a d sheathing f r om the roof of the monastery at I v i r on on M t . Athos 

LAURIUM 
EGYPT 
GERMANY 
ENGLAND 
TURKEY 
IRAN 
SARDINIA 
ITALY 

CP 

I I I I I I • • • 

.80 .82 .84 .86 .88 

2 0 7 Pb/ 2 0 6 Pb 

Figure 3. Retotionship between the ores of Launon and those of other areas 
are shown in a plot of 208Pb/206Pb vs. 207Pb/206Pb ratios. Each point repre
sents the approximate size of the 95% limit of error for the individual analysis. 

has an isotopic composi t ion u n l i k e the L a u r i o n l ead ; this fact reminds us 
that just because a l ead is f o u n d w i t h i n the present-day po l i t i ca l b o u n d a 
ries of Greece , i t need not be of the L a u r i o n type. T h i s lead looks m u c h 
more l ike a group of leads w e associate w i t h the general reg ion of 
Is tanbul . T h e sheer massiveness of the monastery sheathing strongly 
suggests that it p robab ly is a product of the nearest mines, either i n 
northern Greece or the mines s u p p l y i n g the environs of Istanbul . 
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1. B A R N E S E T A L . Isotopic Analysis of Lead 9 

A l t h o u g h i t is more interest ing to analyze l ead f rom actual objects 
of archaeological importance rather than p e r f o r m i n g repeated analyses 
of galena, i n any study w h i c h attempts to define the or ig in of r a w mate
rials m u c h effort must be spent i n de termin ing the locat ion a n d the 
expected var iat ion of the mater ia l f rom the source area. T o date w e 
have been able to do this for only a f ew areas—e.g., E n g l a n d , to a lesser 
extent, T u r k e y , a n d n o w quite thoroughly for L a u r i o n . O u r knowledge 
of the isotopic composi t ion of l ead ores f r om Ita ly , northern Greece , 
Spa in , Mesopo tamia , Ind ia , a n d C h i n a is s t i l l i n a d e q u a t e — a s i tuat ion 
we hope to correct. L a u r i o n leads are compared i n F i g u r e 3 w i t h those 
f ound i n some of these other areas. 

Prev ious ly we have tended to treat our findings on objects e m p i r i 
ca l ly , no t ing w h i c h objects appeared to have common origins a n d w h i c h 
d i d not. A s our catalog of ore data grows, w e are more confident i n 
at t r ibut ing objects to specific m i n i n g regions. W e hope that geologists 
or archaeologists w h o have access to ore specimens w i l l contribute to 
this catalog. 
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2 

Analysis of Sasanian Silver Objects: 
A Comparison of Techniques 

D. F. GIBBONS, K. C. R U H L , and L . S. STAIKOFF 

The Center for the Study of Materials, Case Western Reserve University, 
Cleveland, Ohio 44106 

We obtained data to demonstrate whether the metallurgical 
structure affected the accuracy with which copper, gold, 
and lead concentrations could be determined on small sam
ples (< 1 gram) from ancient silver specimens. The data 
were taken from objects mainly assigned to the Sasanian 
period. Analytical methods included x-ray fluorescence, 
electron microprobe, and thermal neutron activation an
alyses. The data demonstrated that the accuracy is directly 
related to the uniformity of the metallographic structure. 
Surface sampling techniques tend to underestimate the 
copper concentration, and care must be taken in interpreting 
gold analyses from surface rubbing techniques to ensure 
that the object had not previously been gilded. Emission 
spectroscopic analyses tend to overestimate the lead 
concentration. 

" e l e m e n t a l analysis, especial ly u t i l i z i n g nondestruct ive techniques, is a 
natura l method to consider w h e n s tudy ing the technology used i n 

ancient works of art. T h e chemica l composit ion of a meta l object can 
be d irect ly related to two essential meta l lurg i ca l processes—refining a n d 
fabr icat ion . F o r s i lver-based alloys the concentration of go ld a n d lead 
i n the al loy is re lated to the sophist icat ion of the si lver ref ining tech 
nology as w e l l as the composi t ion of the ore f rom w h i c h i t was refined. 
T h e concentration of copper a l loyed w i t h the si lver is inversely re lated 
to the mal l eab i l i ty or ease w i t h w h i c h the a l loy can be h a m m e r e d into 
a desired shape a n d d irect ly re lated to the f lu id i ty or ease w i t h w h i c h 
fine deta i l can be reproduced i n casting. T h i s paper is concerned w i t h 
the major and minor a l l oy ing e lements—copper , go ld , a n d l e a d — i n 
Sasanian a n d related si lver objects. W e are arb i t rar i l y def ining elements 
i n concentrations less than 0.1 w t % as trace elements. Trace elements 
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12 A R C H A E O L O G I C A L C H E M I S T R Y 

Object 

Table I. Classification of Samples 
Class Source 

O v a l B o w l 
K i n g Torso 

Gob le t f rom Vicare l lo , 
I t a l y 

Horse R h y t o n 
A n a h i t a R h y t o n 
S i lver W i r e 

P la te w i t h Bacchana l ian 
Scene 

B u l l B o w l 

S i lver N a i l 
Horse R h y t o n 
Female H e a d 

K i n g ' s H e a d 
Queen's H e a d 
H o r m i z d H u n t i n g P la te 
Stroganoff H u n t i n g P la te 

I 
I I 
I I 
I I 

I I A 
I I I 

I I I 
I I 
Π Ι Α 

I I I A 
I I I A 
I I A 
I I A 

P r i v a t e col lection of D . 
Insert f rom u n k n o w n 
P r i v a t e col lection of D . 

Shepherd, 
h u n t i n g plate . 
Shepherd. 

A u s u s t a n period. C M A a 66.371. 
C M A a 64.41. 
C M A a 62.294. 
F r o m hinge of E w e r . P r i v a t e collec

t i on . 

F r e e r 6 64.10. 
C a s t bowl , Achaemen id period. P r i 

vate col lection. 
C a s t . P r i v a t e col lection. 
P r i v a t e col lection. 
T w o samples f rom different parts of 

object. P r i v a t e col lection. 
F r e e r 6 66.23 
F r e e r 6 66.24. 
C M A a 62.150. 
F r e e r 6 34.23 

a Cleveland Museum of Art. 
b Freer Gallery of Art, Washington, D .C . 

can, however , f requent ly prov ide important in format ion regard ing the 
source of the ores w h i c h were used for smelt ing. 

S a m p l i n g is essential i n de termin ing chemica l composit ion. Because 
the final meta l lurg i ca l structure as w e l l as the concentration of the ele
ments w i l l dictate the homogeneity and , therefore, the possible sampl ing 
error, i t is important to determine h o w a n d i f the sampl ing method inher 
ent i n specific nondestruct ive analyt i ca l techniques is affected b y meta l 
l u r g i c a l structure. T h u s , w e h a d to use objects f r o m w h i c h w e cou ld , 
w i t h the concurrence of the museum curator or owner, remove a smal l 
sample for meta l lographic study as w e l l as for chemica l analysis. Since 
this procedure is not always possible w i thout destroying the aesthetic 
aspects of the object, the number of samples avai lable for this study is 
severely l i m i t e d . T a b l e I lists the objects f rom w h i c h samples were 
obta ined a n d on w h i c h the data generated i n this study are based. 

Metallurgical Structure 

I n meta l alloys, errors i n d u c e d i n s a m p l i n g are affected b y two 
different sources of inhomogeneity . T h e first source is at the atomic l eve l 
because of segregation i n so l id solutions. T h i s is usual ly on ly a major 
p r o b l e m i n castings w i t h cor ing ( I ) . T h e second a n d major source for 
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2. G I B B O N S E T A L . Sasanian Silver Objects 13 

inhomogenei ty i n s i l ver - copper alloys is re lated to the size a n d d i s t r i b u 
t i on of the phases. T h i s factor is par t i cu lar ly important i n mult iphase 
alloys and , i n pract ice , becomes potent ia l ly signif icant i n s i l ve r - c opper 
w h e n the copper concentration exceeds ca. 5.0 w t % . M i c r o s c o p i c i n 
homogeneity may be the result of e q u i l i b r i u m or n o n e q u i l i b r i u m c o n d i 
tions present d u r i n g any fabr i cat ion step as w e l l as the degree of u n i 
f o rmity i n d i s t r ibut ion of the second phase caused b y the fabr i cat ion 
technique. 

T h e accuracy of chemica l analysis should be re lated to the degree of 
homogeneity of the object as reflected b y its meta l lurg i ca l structure. 
T h u s , the objects sampled have been d i v i d e d into three categories. Since 
the meta l lurg i ca l structure is also re lated to the copper concentrat ion, 
classes I through I I I also represent increasing copper concentration of 
the a l loy a n d object. 

Class I : highest degree of homogeneity ; s i l ve r - copper so l id solution. 
Objects t y p i c a l of this structure are the O v a l B o w l , K i n g Torso , a n d the 
V i c a r e l l o Gob le t . 

Figure I. Transverse section of sample from flange of 
joint between halves of the Horse Rhyton (private collec
tion). Illustrates presence of silver-copper eutectic at inter
faces between grains of silver-rich solid solution (X225). 

Class I I : Intermediate degree of homogeneity ; sma l l areas of copper-
r i c h eutectic. T h e structure t y p i c a l of this class is shown i n F i g u r e 1. 
I n some instances the copper -r i ch phase has a m u c h finer dispersion, a n d 
o n e tch ing i t f requent ly shows u p as a " m u d d y " diffuse structure at the 
gra in boundaries or over entire grains. F i g u r e 2 shows a t y p i c a l example 
of this structure. Objects fa l l ing into this class are A n a h i t a R h y t o n , w i r e 
f rom the E w e r hinge , bo th H o r s e R h y t a , a n d the H o r m i z d H u n t i n g Plate . 
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14 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. Transverse section of sample from inside neck 
of the Anahita Rhyton (CMA 62-294). Structure illustrates 
darker etching grains (muddy), indicating precipitation of 

copper-rich phase ( X 55). 

Class I I I : the least homogeneous structure ; i t is character ized b y 
the presence of interdendr i t i c , copper - r i ch eutectic. F i g u r e 3 shows the 
meta l lurg i ca l structure t y p i c a l of this class. T h e S i lver N a i l a n d the B u l l 
B o w l are representative of this class. 

These three classes are further modi f ied b y p last i c de format ion a n d 
anneal ing w h e n an object is made. F a b r i c a t i o n increases the degree of 

Figure 3. Transverse section from silver nail (private col
lection). Structure illustrates typical cast dendritic struc
ture. Lighter etching dendrites are silver-rich, and the 
darker etching interdendritic spaces contain the silver-

copper eutectic (X225). 
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2. GIBBONS E T A L . Sasanian Silver Objects 15 

homogeneity . T h e suffix A after the class designates that the structure 
has been modi f i ed i n this respect. F igures 4a a n d b demonstrate this 
increas ing degree of homogeneity p r o d u c e d b y de format ion and , there
fore, are classified as I I I A . H o w e v e r , the absence of the suffix A does 
not i m p l y that the a l loy was not p last i ca l ly de formed b u t only that such 
deformation, i f i t occurred , d i d not refine the meta l lurg i ca l d i s t r ibut ion 
of the phases. 

H o m o g e n e i t y is further compl i ca ted i n s i lver objects of art b y the 
f requency w i t h w h i c h the surface was decorated w i t h g i l d e d areas. T h e 
measured values for g o l d concentrat ion, therefore, must be careful ly 
assessed to ensure that they are not re lated to g i l d i n g rather than the 
ore source or ref ining technique. 

Table II. Analytical Techniques Used 

X-Ray Fluorescence 
P t target ; 50 k e V ; 50 m a . 
A g K o u a n d C u K o u — a n a l y z e r c rys ta l L i F . 
De tec to r : G E S P G 6 B e window xenon counter. 
T h i s technique is insensit ive for gold and lead i n the range 0.1 to 1.0%, 

w h i c h is the range covered b y most si lver objects of a n t i q u i t y a n d p a r t i c 
u l a r l y the Sasanian si lver objects w h i c h are reported here. 
Electron Microprobe 

Acce lerat ing voltage, 20 k e V . 
Specimen current , 0.05 Mamp as standardized on 1 0 0 % A g sample. 
B e a m diameter , 1μ. 
C u K a i — a n a l y z e r c rys ta l L i F 
A u M a i a n d P b M a i — a n a l y z e r c rys ta l P E T 
Detec to r : copper—xenon-sealed proport ional counter ; s i lver , gold , a n d 

lead—flow proport iona l counter us ing 1 0 % methane a n d 9 0 % argon. 
Thermal Neutron Activation Analysis 

A c t i v a t i o n : t h e r m a l neutrons ; 30 m i n i n flux, 
1.8 Χ ΙΟ 1 4 η c m ~ 2 sec" 1 

Character is t i c g a m m a ray energies: 
1 1 0 A g - (245-d) 658 k e V 

6 4 C u (12.8-h) 511 k e V 
1 9 8 A u (2.8-d) 412 k e V 

A n a l y z e r G e (Li -dr i f ted) detector 

Analytical Methods 

U l t i m a t e l y , a l l quant i tat ive ana ly t i ca l methods re ly u p o n standards, 
whose composit ion is de termined b y the c lassical techniques of wet 
chemica l quanti tat ive analysis. O b v i o u s l y , the pre ferred techniques for 
ana lyz ing art objects are nondestruct ive , such as x-ray fluorescence, n e u 
tron act ivat ion, electron microprobe (bo th dispersive a n d nondispersive 
techniques ) , a n d so forth. E m i s s i o n spectrographic analysis is not suit -
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16 A R C H A E O L O G I C A L C H E M I S T R Y 

able for major a n d m i n o r e lemental components since i t is re lat ive ly 
imprec ise i n the concentrat ion range > 0.1 w t % . I f the count ing rate 
is h i g h enough, x-ray fluorescence can give a prec is ion of < 1 % . T h e 
area f rom w h i c h data can be obta ined o n the s m a l l samples used i n this 
s tudy results i n l o w count ing rates a n d thus a prec is ion of only ±5%. 

T h i s study is concerned w i t h the comparison of data f r om x-ray 
fluorescence ( 2 ) , e lectron microprobe ( 2 ) , a n d t h e r m a l neutron act iva 
t i on (3 ) techniques w i t h the meta l lurg i ca l structure of the sample. T h e 
m a x i m u m prec is ion w h i c h can be expected f rom a l l of these techniques, 
w i t h n o r m a l precautions, is ± 5 % . I n a l l cases, the ana ly t i ca l parameters 
used i n the measurements reported here were chosen to m a x i m i z e the 
sensit ivity a n d prec is ion for s i lver-based alloys. T h e parameters used i n 
each technique are l is ted i n T a b l e I I . 

Sample Size. Since the a i m of this study is to relate the data to the 
meta l lurg i ca l structure, a l l ana ly t i ca l measurements were made on 
meta l l ographica l sections taken f rom the objects. T h i s procedure l i m i t e d 
the v o l u m e w h i c h cou ld be sampled . 

X - r a y Fluorescence. T h e m i n i m u m diameter i r rad ia ted was 2 m m 
for accurate data. Some data were obta ined w i t h 0.5 m m diameter , but 
the accuracy is reduced . ( T h i s l imi ta t i on i n areas i r rad ia ted b y the beam 
is not necessarily true for the general app l i cat ion of this technique to art 
objects. H o w e v e r , the method samples a surface a n d thus raises the 
quest ion as to h o w representative the vo lume sampled is of the b u l k . ) 
A s s u m i n g for si lver an average penetrat ion depth of 50 μτη ( 4 ) , the 
v o l u m e sampled is ~ 150 χ 10 6 μτη3 = 1500 fig. 

Electron Microprobe. S ince the electron beam diameter is on ly 1 μτη, 
i t is un l ike ly that the v o l u m e sampled represents the b u l k composit ion. 
T o obta in as representative analyses as possible, the focal spot is elec
t ron ica l ly scanned over a square area of 300 μτη X 300 μτη. I n some 
cases, where one d imens ion of the section was < 300 μτη, the area 
scanned was necessarily reduced to 100 /xm X 100 /mi . A s s u m i n g a 
penetrat ion depth of 1 μτη ( 5 ) , the s tandard 300 μτη square raster samples 
a vo lume of ^ 9 Χ 10 4 μτη3 = 1 μgram. 

Thermal Neutron Activation Analysis ( N A A ) . T h e amount of 
sample adher ing to the quartz sampl ing plate is var iable . I t is n o r m a l l y 
considered to be of the order of 100-200 μg. Because of the size of 
the meta l lurg i ca l samples avai lable for this study, the average mass 
sampled was estimated to be i n the range 1-5 μg. 

Results and Discussion 

T a b l e I I I shows the copper concentration of each object as deter
m i n e d b y each of the three ana ly t i ca l methods. A l t h o u g h the prec is ion 
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2. GIBBONS E T A L . Sasanian Silver Objects 17 

of the techniques was ± 5 % (except for some N A A samples where i t 
was ± 1 0 % because of the sample s i z e ) , the accuracy as a result of 
sampl ing a n d inhomogenei ty is m u c h larger. I n add i t i on , because good 
spec imen sampl ing pract i ce is imposs ib le w i t h works of art, the accuracy 
should be reasonably considered as ~ 3 0 % for alloys i n the so l id solut ion 
range—i .e. , classes I a n d I I , r i s ing to — 1 0 0 % for class I I I cast alloys. 
T h i s is par t i cu lar ly evident f rom the data on the two samples f rom the 
F e m a l e H e a d f r om the pr ivate col lect ion. Sample a was taken f r om the 
base of the neck where the meta l was th icker a n d h a d only been p last i ca l ly 

Table III. Analyses for Copper 

X-ray Micro-
Class Fluores probe Neutron Activation 

cence 
O v a l B o w l I 4.8 4.0 4.1 (0.08)" 
Torso ( K i n g ) I 1.7 0.53 0.6 — 
Vicare l lo Gob le t I — 0.5 0.75 — 
B a c c h a n a l i a n 

P la te I I A — 5.4 3.1 — 
H o r m i z d P la te I I A 5.8 7.1 4.6 (3.26) 
Stroganoff P la te I I A 3.9 3.9 5.4 (3.87) 
Horse R h y t o n 

( C M A ) I I 2.5,3.0 2.7 1.6 (1.64) ( C M A ) 2.5,3.0 
0.9 surface" 

A n a h i t a R h y t o n I I 4.3 3.7 3.3 (3.31) 
W i r e (Ewer) I I 5.2 6.4 5.5 — 
Horse R h y t o n 

(Pr ivate ) I I 8.2 11.6 6.0 — 
Female H e a d 

(Private) I I I A (a)8.4 18.5,4.5 13.4 — 
(b)8.1 6.7 6.2 — 

K i n g H e a d (Freer) I I I A 6.6 9.0,5.2 11.1 (3.32) 
Queen H e a d 

(Freer) I I I A 7.4 10.5,5.4, 8.8 (4.74) 
B u l l B o w l I I I 5.8 5.0,5.4, 5.9 

11.0,16.6 
N a i l (Pr ivate) I I I 10.0,10.8 13.0,16.1 7.0 

a Private communication from E . Sayre. 
6 Values in parentheses obtained from A. Gordus (6). 

de formed to a s m a l l extent ( F i g u r e 4 a ) . T h e structure is qu i te inhomo-
geneous, a n d the copper concentrat ion v a r i e d greatly. Sample b was 
taken f r om the edge of a break at the back of the h e a d a n d was de formed 
to a greater extent ( F i g u r e 4 b ) . H e r e the var ia t i on i n analysis is con
s iderably less. F o r the two cast objects w h i c h were not de formed, there 
is again a w i d e var iat ion i n copper concentrat ion as a result of the 
inhomogenei ty of the meta l lurg i ca l cast structure. T h i s is a p a r t i c u l a r l y 
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18 A R C H A E O L O G I C A L C H E M I S T R Y 

Figure 4a. Transverse section from base of neck of Female 
Head (private collection). Structure illustrates the slightly 

deformed cast structure (X225). 

Figure 4b. Transverse section from edge of a fracture in 
the back of the head of the Female Head (private collec
tion). Structure illustrates the etbanded" structure produced 
by a considerable amount of deformation by hammering 

(X225). 

important observation i f composi t ion is used as a basis for discussing 
authent ic i ty , geographic o r ig in , manufacture , a n d so forth. 

These data also show i n conjunct ion w i t h the data of Gordus (6 ) 
that the copper concentrat ion as determined f rom surface rubbings is 
consistently l ower than that obta ined f r o m the b u l k sample. T h i s result 
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2. G I B B O N S E T A L . Sasanian Silver Objects 19 

presumably arises f r om deplet ion of the copper f r o m the surface either 
b y ox idat ion d u r i n g the anneal ing steps of manufacture or b y weather ing 
or c leaning at some t ime after manufacture . 

T a b l e I I I suggests that x -ray fluorescence is a more re l iable ana ly t i ca l 
too l for de termin ing copper content on as-cast objects—namely , the B u l l 
B o w l a n d Si lver N a i l . Presumably , this is s i m p l y the effect of the averag
i n g w h i c h occurs w h e n a larger vo lume is sampled . 

T a b l e I V summarizes the go ld concentration i n each object as deter
m i n e d b y electron microprobe a n d neutron act ivat ion analysis ( N A A ) . 
T h e electron microprobe has a l ower sensit ivity a n d , therefore, l ower pre 
c is ion than N A A for go ld . Desp i te this, however , the data f r o m the two 
techniques are r e m a r k a b l y consistent w h e n N A A data are obta ined f r om 
a recently exposed interna l surface of the object—i.e., a meta l l ographic 
specimen. 

Table IV. Analyses for Gold 

Class Microprobe Neutron Activation 

O v a l B o w l I 0.42 0.49 — 
Torso ( K i n g ) I 0.40 0.45 (0.52) 6 

Vicare l lo Gob le t I 0.20 0.33 — 
Bacchana l ian P la te I I A 0.95,0.52 (5.80) — 
H o r m i z d P l a t e I I A 0.56 (6.9 gi lding) (0.74) 
Stroganoff P la te I I A 0.58 0.76 (0.73) 
Horse R h y t o n ( C M A ) I I 0.33 0.20 (0.66) Horse R h y t o n ( C M A ) 

0.75 sur face 0 

A n a h i t a R h y t o n I I 0.40 0.4,0.48 (0.69) 
W i r e (Ewer) I I 0.13 0.24 — 
Horse R h y t o n 

(Private) I I 0.44 0.53 — 
Female H e a d (Pr ivate ) I I I A (a)0.60 0.79 — Female H e a d (Pr ivate ) 

(b)0.17 0.44 — 
K i n g H e a d (Freer) I I I A 0.25 0.90 (0.78) 
Queen H e a d (Freer) I I I A 0.37 0.53 (0.66) 
B u l l B o w l I I I <0.10 0.21 — 
N a i l (Pr ivate) I I I <0.13 0.33 — 

° Private communication from E. Sayre. 
b Values in parentheses obtained from A. Gordus (6). 

T h e most s t r i k i ng observation f r om T a b l e I V is that par t i cu lar care 
is necessary i n interpret ing the go ld concentration i f the object has been 
g i lded over any of its surfaces. T h i s is no p r o b l e m w h e n the concentra
t ion is very h i g h , such as that for the Bacchana l ian a n d H o r m i z d Plates ; 
here i t is evident that despite reasonable precautions some of the g i l d i n g 
was sampled . [The p iece f r o m the B a c c h a n a l i a n P la te (7 ) was f r o m 
near a g i l ded area as was the p iece f rom the H o r m i z d Plate (S ) . ] W i t h 
the Horse R h y t o n f r om the C l e v e l a n d M u s e u m , i t is evident that the area 
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20 A R C H A E O L O G I C A L C H E M I S T R Y 

w h i c h was sampled b y r u b b i n g h a d or ig ina l ly been g i l d e d even though 
no external s ign of the g i l d i n g remained . It is t e m p t i n g to speculate f r o m 
these data that bo th the K i n g a n d Q u e e n H e a d s at the F r e e r G a l l e r y 
were at one t ime g i lded . 

T a b l e V summarizes the data on the lead concentrat ion obta ined b y 
electron microprobe analysis of the objects. It was not possible to deter
mine any data on l ead f r om x-ray fluorescence, a n d N A A cannot be used 
for lead. T h e sensit ivity of the electron microprobe for l ead is poor , a n d 
the prec is ion was ± 1 5 % . These data suggest that the l ead content i n the 
s i lver objects is consistently l o w a n d that l ead ore ref ining was w e l l 
developed. 

Table V . Analyses for Lead 

Class Microprobe 

O v a l B o w l I 0.3 
Torso ( K i n g ) I 0.4 
Vicare l lo Gob le t I — 
B a c c h a n a l i a n P la te I I A 0 .3(1.0) a 

H o r m i z d P la te I I A 0.2 
Stroganoff P la te I I A 0.2(1.5) a 

Horse R h y t o n ( C M A ) I I — 
A n a h i t a R h y t o n I I 0.1 
W i r e (Ewer) I I 0.3 
Horse R h y t o n (Private) I I 0.2 
Female H e a d (Private) I I I A (a)0.2 Female H e a d (Private) 

(b)0.1 
K i n g H e a d (Freer) I I I A <0.1 
Queen H e a d (Freer) I I I A <0.1 
B u l l B o w l I I I 0.2 
N a i l (Pr ivate) I I I 0.1 

a Data from spectrographic analysis (7). 

T h e presence of sma l l l ead inclusions is easily establ ished b y us ing 
the x-ray m o d u l a t i o n m e t h o d on the microprobe . W e be l ieve that a l inea l 
intercept analysis f r om pictures taken b y this m e t h o d is p r o b a b l y the 
most accurate i f the electron microprobe is used. 

C o m p a r i s o n of these data on the B a c c h a n a l i a n a n d Stroganoff Plates 
at the F r e e r G a l l e r y w i t h the data obta ined on the same objects b y 
Chase (7 ) suggests that the spectrographic technique overestimates the 
l ead concentrations. 
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Major and Trace Elements in Sasanian Silver 
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Thermal neutron activation analysis was done on small sam
ples from Sasanian silver objects to determine the concen
trations of three major elements, Ag, Cu, and Au, and 16 
trace elements, Νa, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, As, Br, Sn, 
Sb, Se, Ir, and Hg. Two microsampling techniques (drilling 
and rubbing) were used for Ag, Cu, and Au. Analyses for 
major components in rubbing and drilling samples of the same 
objects showed the effects of surface enrichment for gold and 
surface depletion for copper. Drilling samples of ca. 500 μg 
were used to determine trace element concentrations. Mul-
tiplicate analyses were satisfactorily reproducible in the silver 
alloy for Ir, Zn, Se, As, and Sb, less satisfactory for Sn, Sc, 
Mn, and Br while large inhomogeneities were observed for 
Cr, Ni, Fe, Co, Hg, Νa, and K. We attempted to group 
objects according to trace element compositions and to relate 
such groups to art historical information. So far gold and 
iridium concentrations seem to be the most promising cri
teria for distinguishing different origins of silver ore. 

* " p h e e lemental composi t ion of ancient si lver objects is a potent ia l source 
of in format ion on the k i n d of ores used to produce si lver, the locat ion 

of these ores, the ancient meta l lurgy used to extract the si lver, a n d the 
trade routes through w h i c h they passed. A s part of a comprehensive 
study on Sasanian si lver at the M e t r o p o l i t a n M u s e u m of A r t w e used 
thermal neutron act ivat ion to analyze smal l samples f rom si lver objects 
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3. M E Y E R S E T A L . Impurities in Sasanian Silver 23 

of the Sasanian p e r i o d (Pers ia 227-651 A . D . ) as w e l l as f rom related 
near eastern c iv i l i zat ions . C o m b i n e d w i t h in format ion f rom inscr ipt ions , 
f rom styl ist ic examinat ion , a n d f rom studies of other properties of these 
objects ( e.g., method of manufacture , toolmarks ) we are invest igat ing to 
what extent the e lemental composi t ion of these objects can y i e l d a d d i 
t i ona l in format ion . M o s t l ike ly the sources of s i lver d u r i n g the Sasanian 
per i od were argentiferous l ead ores, p robab ly m a i n l y galena ( P b S ) a n d 
possibly cerussite ( P b C 0 3 ). Because nat ive si lver a n d si lver ores rare ly 
occur i n the N e a r East , these sources were m u c h less l i k e l y used for si lver 
produc t i on (1,2,3). S i lver meta l can be obta ined f r om s i lver -containing 
galena i n two steps. (1 ) T h e lead ore is smelted i n a furnace under 
par t ly o x i d i z i n g condit ions, a n d mol ten l ead is co l lected at the bot tom 
of the furnace; this l ead contains the si lver as w e l l as most of the meta l l i c 
impur i t ies . (2 ) S i lver meta l is extracted f rom the lead b y c u p e l l a t i o n — 
i.e., the l ead is ox id i zed b y heat w i t h air i n a porous vessel ( c u p e l ) . 
M o s t of the less noble metals w i l l also be ox id i zed d u r i n g this process. 
T h e l ead oxide ( l i tharge ) is absorbed i n the porous materials i n or near 
the bot tom of the cupe l , l eav ing the si lver meta l beh ind . C u p e l l a t i o n 
can be repeated u n t i l the meta l has a satisfactory pur i ty . A certain 
amount of copper, general ly about 5 % , was del iberate ly a l l oyed w i t h the 
si lver thus obta ined to increase its strength a n d mal leab i l i ty . 

I m p u r i t y concentrations i n si lver objects depend o n : 

( 1 ) I n i t i a l concentrat ion of each element, re lat ive to the concentra
t ion of s i lver i n the ore 

(2 ) C o n t a m i n a t i o n b y materials a d d e d d u r i n g smel t ing a n d cupe l la 
tion—i .e. , fue l , flux 

(3 ) E v a p o r a t i o n of vo lat i le metals or meta l compounds d u r i n g 
smelt ing, cupe l lat ion , casting, a n d anneal ing 

(4 ) Separat ion of less noble metals f rom silver d u r i n g cupe l lat ion 
(5 ) C o n t a m i n a t i o n ( for some elements) b y the add i t i on of copper 
(6 ) Use of " scrap" si lver, especial ly w h e n obta ined f rom different 

lead ores 
(7 ) Inhomogeneous d i s t r ibut ion of the impur i t ies i n bo th the l ead 

ore a n d the si lver meta l . 
Since so m a n y factors affect the final composit ion of ancient si lver 

a n d since their effects on the final composi t ion are v i r t u a l l y u n k n o w n , inter
pretat ion of any ana ly t i ca l data c o u l d be very difficult. H o w e v e r , previous 
analyses of si lver coins, especial ly those by K r a a y a n d Emeleus (4) a n d 
b y G o r d u s ( 5 ) , have shown that the concentration of at least one element 
— g o l d — i n si lver can be ind i ca t ive of the s i lver -bear ing ore used. C o n c e n 
trat ion levels of other noble metals relat ive to si lver, such as i r i d i u m , can 
be expected to r e m a i n constant or almost constant d u r i n g si lver p r o d u c 
t ion. These elements, l i ke gold , c o u l d be used to d is t inguish si lver obta ined 
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24 A R C H A E O L O G I C A L C H E M I S T R Y 

f r om lead ores of different geographic origins. O t h e r elements m i g h t 
change the ir concentrat ion levels re lat ive to si lver. Nevertheless , these 
concentrations c o u l d s t i l l he lp to " f ingerpr int" the s i lver or to y i e l d more 
in format ion on one or more of the processes used to produce si lver. 

I n this report w e describe our quant i tat ive analyses for three major 
components a n d for 16 trace elements present f r o m parts per b i l l i o n ( p p b ) 
to parts per m i l l i o n ( p p m ) i n Sasanian s i lver b y thermal neutron ac t iva 
t i on analysis. T h e ana ly t i ca l data are discussed element b y element. 
Some of the conclusions w h i c h can be d r a w n f rom the objects are d is 
cussed. Since the amount of comparat ive data ava i lab le is too smal l for 
generalizations, m a n y of our conclusions a n d assumptions are subject to 
change w h e n more data a n d in format ion become avai lable . 

Analytical Techniques 
I n order not to disfigure va luab le ancient si lver objects, on ly m i n u t e 

specimens can be removed for analysis. Sample size is thus a major re 
str ict ion o n the ana ly t i ca l method chosen. T h e r m a l neutron act ivat ion 
analysis provides excellent opportunit ies for quant i tat ive mult i -e lement 
analysis of these smal l samples. T h e quest ion as to h o w accurate ly these 
samples represent the entire spec imen is considered i n de ta i l later. 

T w o m i c r o s a m p l i n g techniques app l i cab le to ancient s i lver a n d 
other meta l objects were deve loped at B r o o k h a v e n N a t i o n a l L a b o r a t o r y : 
( 1 ) surface rubb ings on g r o u n d quar tz supports (also ca l l ed streaks) , 
a n d (2 ) mic rodr i l l ings that penetrate the inter ior of the object. These 
sampl ing techniques, together w i t h ana ly t i ca l methods for the major 
components ( A g , C u , a n d A u ) bo th i n rubb ings a n d dr i l l ings a n d for 16 
trace elements ( N a , K , Sc, C r , M n , F e , N i , C o , Z n , A s , B r , Sn , Sb , Se, 
I r , a n d H g ) i n dr i l l ings , have been reported i n de ta i l ( 6 ) . Therefore , 
ana ly t i ca l techniques are descr ibed on ly briefly. G o r d u s (5 ) also has 
made extensive use of the r u b b i n g (streak) technique. 

T h e rubb ings , either on quartz plates or quartz t u b i n g , each w r a p p e d 
separately i n h i g h p u r i t y a l u m i n u m fo i l , were i r rad ia ted for 30 m i n to
gether w i t h rubb ings of s i lver standards of k n o w n composi t ion i n the 
B r o o k h a v e n H i g h F l u x B e a m reactor ( H F B R ) at a flux of 1.8 Χ 1 0 1 4 neu -
t r o n s / c m 2 / s e c . T h e gamma-ray energy spectra of each sample w e r e re
corded , s tart ing approx imate ly 3 hrs after act ivat ion , us ing an automatic 
sample chang ing system a n d a 40-cc G e ( L i drifted) semiconductor g a m m a -
ray detector coup led to a 3200 or 4096 channe l pulse height analyzer . T h e 
gamma-ray spectra were computer ana lyzed for peak energies a n d peak 
areas. B y compar ing peak areas at 412 k e V (emit ted i n the decay of 2.7 d 
1 9 8 A u ) , 511 k e V (12.8 h 6 4 C u ) , a n d 658 k e V (245 d 1 1 0 A g m ) i n spectra for 
samples f r o m objects a n d f r o m standards, the we ight ratios of s i lver, 
copper, a n d go ld c o u l d be determined . T h e assumption that these three 
elements are the only ones present i n significant concentrations al lows us 
to calculate the approximate composit ions of the s i lver samples. T h i s 
assumption el iminates the need to k n o w the sample we ight w h i c h is dif f i 
cu l t to determine for rubbings . L i t t l e error is i n t r o d u c e d b y assuming that 
s i lver , copper, a n d go ld a d d u p to 1 0 0 % since other elements, the major 
one be ing lead , are rare ly present i n total concentrations over 1 - 2 % . 
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3. M E Y E R S E T A L . Impurities in Sasanian Silver 25 

D r i l l e d samples, 200-1000 μg a n d sealed i n pure quar tz v ials , are 
act ivated a n d ana lyzed i n a s imi lar w a y for si lver, copper, a n d go ld con
tent. D r i l l bits of tungsten carb ide a n d stainless steel, materials m u c h 
harder t h a n si lver, were used i n tak ing samples. Since no significant 
differences i n concentrations of the major elements of the d r i l l b i t m a 
terials c o u l d be f o u n d i n samples taken w i t h either of them, possible 
contaminat ion b y the d r i l l bits can be neglected. 

T h e h i g h intensities of the g a m m a rays emit ted i n the decay of the 
radioact ive si lver, copper, a n d go ld isotopes prevent the observation of 
gamma rays f rom most other radioact ive isotopes present i n i r rad ia ted 
si lver samples. Therefore radioact ive si lver, copper, a n d g o l d were sepa
rated chemica l ly f r o m v i r t u a l l y a l l other elements. T h e procedure for 
de termin ing 16 trace elements, prev ious ly descr ibed i n de ta i l ( 6 ) , is as 
fo l lows. T w o sets of d r i l l e d samples were w e i g h e d (200-1000 μg) a n d 
sealed i n d i v i d u a l l y i n smal l quartz vials . O n e set, to be ana lyzed for 
radionucl ides w i t h hal f - l ives shorter than 7 days, was i r rad ia ted for 16 
hrs at a flux of 1.8 Χ 1 0 1 4 n e u t r o n s / c m 2 / s e c i n the H F B R at B r o o k h a v e n 
N a t i o n a l Labora tory . T h e second set, to be ana lyzed for radionuc l ides 
w i t h half - l ives longer than 7 days, was i r rad ia ted for 7 days i n the same 
fac i l i ty . 

Start ing 2 hrs after i r rad ia t i on , samples of the first set were d isso lved i n 
n i t r i c a c id . Rad ioac t ive si lver, copper, a n d go ld isotopes were then q u a n 
t i tat ive ly removed f r o m solut ion b y isotope exchange w i t h excess freshly 
prepared cuprous i od ide w h i c h was m i x e d w i t h the solution. G a m m a - r a y 
energy spectra of the solutions measured d u r i n g 100 m i n w i t h a 40-cc G e 
( L i - d r i f t e d ) semiconductor detector c oup led to a 4096 channe l pulse 
height analyzer showed photopeaks of 2 4 N a (t1/2 = 15 h , Ey = 1369 
k e V ) , 4 2 K (t1/2 — 12.4 h , Ey = 1524 k e V ) , 5 6 M n (t1/2 — 2.6 h , Ey = 847 
k e V ) , 6 5 N i (t1/2 = 2.6 h , Ey = 1482 k e V ) , 6 9 Z n m (t1/2 — 13.8 h , Ey = 439 
k e V ) , 76As (t1/2 = 26 h , Ey — 559 k e V ) , 8 2 B r (t1/2 — 35 h , Ey — 776 
k e V ) , a n d 1 2 2 S b (t1/2 = 2.7 d , Ey = 564 k e V ) . It was exper imental ly 
determined that the separation y i e l d for a l l of these elements was at least 
9 0 % . 

T h e second set of samples was cooled for 10-14 days after i r rad ia t i on . 
T h e si lver samples were treated l ike those of the first set except that si lver 
i od ide was used for the isotope exchange. S i lver i od ide is s l ight ly better 
than cuprous iod ide for this process but does not remove radioact ive 
copper isotopes f r om solution. H o w e v e r , the hal f - l i fe of 6 4 C u , 12.8 hrs , 
is so short that its ac t iv i ty l eve l has sufficiently decreased d u r i n g coo l ing 
a n d thus does not interfere w i t h the observation of other radioact ive 
nucl ides . T h e gamma-ray energy spectra of the solutions a cqu i red i n 
200-min count ing periods, showed measurably intense photopeaks of 4 6 S c 
(t1/2 _ 84 d , Ey — 889 a n d 1120 k e V ) , 5 1 C r (t1/2 = 28 d , Ey = 320 k e V ) , 
59Fe (t1/2 — 45 d , Ey = 1099 a n d 1291 k e V ) , 6 0 C o (t1/2 = 5.3 y, Ey — 
1173 a n d 1333 k e V ) , 6 5 Z n (t1/2 — 245 d , Ey = 1115 k e V ) , 7 5 S e (t1/2 = 
120 d , Ey — 136 k e V ) , 1 1 3 I n m (daughter of 1 1 3 S n , t1/2 = 115 d ) (Ey = 391 
k e V ) , 1 2 4 S b (t1/2 — 60 d , Ey — 1691 k e V ) , 1 9 2 I r (t1/2 = 74 d , Ey = 316 
K e V ) , a n d 2 0 3 H g (t1/2 = 47 d , Ey = 279 k e V , corrected for interference 
f rom 7 5 S e ) . A g a i n the quant i tat ive y ie lds of these elements were satis
factory. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

03



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

Quant i ta t ive estimates of the concentrat ion levels of these 16 elements 
c o u l d be obta ined b y us ing si lver standards conta in ing k n o w n amounts 
of the elements of interest. T w o standards were prepared at B r o o k h a v e n 
N a t i o n a l Labora tory . A l t h o u g h w e have establ ished that the elements i n 
these standards are homogeneously d i s t r ibuted , w e have not completed 
their cal ibrations. M o r e o v e r the standards were not useful for s cand ium, 
t i n , a n d i r i d i u m . F o r these elements the concentrations were ca l cu lated 
re lat ive to those of elements for w h i c h good standards were avai lable , 
us ing nuclear cross-sections a n d decay constants f rom the l i terature ( 7 ). 

Discussion 

Major Components: Silver, Copper, and Gold. Before evaluat ing any 
ana ly t i ca l data it is important to study the accuracy a n d r e p r o d u c i b i l i t y 
of each sampl ing technique used—i.e., r u b b i n g a n d d r i l l i n g . Is a d r i l l i n g 
sample of 200-500 ^g representative of the entire object? D u p l i c a t e analy 
ses o n d r i l l i n g samples f rom different areas of the same (ancient s i lver ) 
object gave consistent results for g o l d ( T a b l e I ) . T h e variat ions are w i t h i n 
exper imental error. C o p p e r analyses show a group s tandard dev iat ion of the 
f ract ional deviations f rom the mean of 4 . 5 % for copper contents less than 
6 % a n d of 1 5 % for copper contents more than 6 % . These variat ions 
indicate an inhomogeneous d i s t r ibut ion of the copper i n the si lver w h i c h 
can be caused b y phase separation w h i c h for pure c opper - s i l ve r alloys 
starts at about the 5 % copper leve l , poor m i x i n g or l o ca l deplet ion ar is ing 
f rom corrosion. 

Table I. Percent Group Standard Deviation from the Mean in 
Multiple Analyses of Drilling Samples 

Cu Au 

~<6% >6% 

N u m b e r of m u l t i p l e analyses 11 4 9 
Percent s tandard dev iat ion 4.5 15 2.2 

T h e r u b b i n g technique yields only surface samples. T o establish 
the extent to w h i c h these are t r u l y representative of the entire object we 
compared ( 1 ) analyses of rubb ings f rom 30 si lver objects, sampled a n d 
ana lyzed b y G o r d u s (8 ) to (2 ) analyses of bo th rubbings a n d dr i l l ings 
f r om the same objects, sampled a n d ana lyzed b y the authors. Because of 
na tura l corrosion a n d c leaning operations, composi t ional changes at the 
surface can be expected. C o p p e r (less noble than s i lver) w i l l be de
p le ted at the surface w h i l e go ld (more nob le ) w i l l be enr iched. T h e 
influence of these surface effects w i l l depend , among other factors, on 
the depth at w h i c h the r u b b i n g is taken. S ince surface effects might be 
strongly re lated to the fineness of the si lver, only objects are considered 
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3. M E Y E R S E T A L . Impurities in Sasanian Silver 27 

w i t h a s i lver content between 90 a n d 9 8 % w h i c h is the most f requent ly 
encountered fineness of Sasanian si lver. T h e results o f this compar ison , 
expressed i n average ratios of the concentrations of go ld a n d copper i n 
the rubbings a n d the corresponding concentrations i n dr i l l ings , are shown 
i n T a b l e I I . Surface effects are c lear ly apprec iab le i n the r u b b i n g samples. 
I n the results of G o r d u s one observes a surface deplet ion relat ive to si lver 
on the average of 1 2 % for copper a n d an enrichment on the average of 
1 2 % for go ld . F o r our w o r k these figures are 1 7 % deple t ion for copper 
a n d 2 2 % enr ichment for go ld . T h e better results of G o r d u s can be at
t r i bu ted to a s l ight ly different sampl ing technique. G o r d u s cleans the 
s a m p l i n g area w i t h emery paper , thereby r e m o v i n g the upper surface 
layer. W e c lean this area first us ing a cotton swab soaked w i t h water a n d 
acetone. T h e n , several rubb ings are taken, a n d the first three or four are 
d iscarded . O u r less destructive r u b b i n g technique provides samples at 
less d e p t h w h i c h are therefore less representative of the interior . 

Table II. Average Ratios of Copper and Gold Concentrations in 
Rubbings to those in Drillings with their Group Standard Deviation 

Copper Ratios Gold Ratios 

Gordus rubb ings " 0.87 =b 0.21 1.12 =b 0.09 
O u r r u b b i n g s 0 0.83 =b 0.33 1.22 ± 0.23 
Objects sampled 27 30 

° Relative to our drillings. 

Desp i te an apprec iable inf luence of surface effects o n the accuracy 
of analysis of r u b b i n g samples, this sampl ing technique is s t i l l ve ry use ful , 
especial ly where a h i g h l y accurate analysis is not r e q u i r e d or where 
d r i l l i n g cannot be permit ted . H o w e v e r f rom si lver objects w i t h an in terna l 
copper concentrat ion above 1 0 % , r u b b i n g samples often conta in on ly a 
smal l f ract ion of this h i g h copper content. D r i l l i n g samples ( i f possible 
m u l t i p l e d r i l l ings ) are preferred for objects w i t h h i g h copper contents. 

Trace Elements. A s i n the case of the major components, the repro 
d u c i b i l i t y of the analysis was tested for each element b y ana lyz ing two 
or more samples f rom different areas of the same object. T h e results, 
presented i n T a b l e I I I , show for each element the group standard dev ia 
t i on of m u l t i p l e analyses averaged over a n u m b e r of objects. T h e repro 
d u c i b i l i t y is satisfactory for i r i d i u m , z inc , se lenium, arsenic, a n d ant imony ; 
less satisfactory for t i n , s cand ium, manganese, a n d bromine ; a n d large 
variations are observed i n dup l i ca te analyses for c h r o m i u m , n i c k e l , i r o n , 
cobalt , mercury , sod ium, a n d potassium. ( A l t h o u g h the variat ions re 
ported here for n i c k e l are re lat ive ly smal l , add i t i ona l data show that this 
element should be long i n this group. ) T h e large variations for the ele
ments of the last group ind icate that they are too inhomogeneously d is -
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28 A R C H A E O L O G I C A L C H E M I S T R Y 

Table III. Percent Group Standard Deviation from the Mean in 
Multiple Analyses of Dril l ing Samples 

Percent Standard Number of 
Element Deviation Multiple A 

I r 11 12 
Z n 15 11 
Se 19 7 
A s 14 6 
Sb 12 13 

S n 26 4 
Sc 37 3 
M n 47 5 
B r 48 4 

C r 81 3 
N i 13 2 
F e 63 2 
C o 53 7 
H g 61 9 
N a 79 5 
Κ 60 5 

t r i bu ted i n the s i lver for the sampl ing techniques to be representative. 
A major cause of poor r e p r o d u c i b i l i t y for sod ium a n d possibly potassium 
is p r o b a b l y contaminat ion . M o r e analyses are necessary for the second 
group of elements to obta in a more accurate quant i tat ive estimate of the 
r e p r o d u c i b i l i t y of their determinat ion . 

Archaeological Implications of the Results 

W e n o w have p r e l i m i n a r y data on about 70 objects f rom the col lec
tions of the State H e r m i t a g e M u s e u m , L e n i n g r a d , T h e M e t r o p o l i t a n 
M u s e u m of A r t , N e w Y o r k a n d L e Musée d u L o u v r e , Paris . A t y p i c a l 
example of a Sassanian s i lver object is shown i n F i g u r e 1. A t this po int 
a l l ana ly t i ca l w o r k is not completed ; our s i lver standards for trace ele
ments have yet to be ca l ibrated . I n add i t i on , a proper f u l l interpretat ion 
of these results w o u l d on ly be feasible i n combinat i on w i t h a c r i t i ca l 
eva luat ion of styl ist ic properties , method of manufacture , meta l lurg i ca l 
examinat ion, toolmarks, etc., w h i c h does not seem to be appropr iate for 
this vo lume. Therefore , w e confine our interpretat ion of the ana ly t i ca l 
data to a f ew general observations. W e w i l l not yet consider those ele
ments w h i c h d i d not y i e l d satisfactory results on dupl i ca te determinations 
a l though their concentrat ion levels might be of interest a n d the concen
trat ion ratios between some of them significant. 

M a n y of the objects s tud ied consist of separate parts jo ined together. 
F o r example, most of the plates have a foot w h i c h was fabr icated as a 
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3. M E Y E R S E T A L . Impurities in Sasanian Silver 29 

separate piece f rom the plate shel l . Analyses of foot a n d plate shel l 
samples can indicate i f these parts are made f r o m the same or re lated 
si lver. Agreement between the two pieces i n the concentrat ion of a l l of 
the elements w h i c h can be determined r e l i a b l y w o u l d indicate a h i g h 
p r o b a b i l i t y that they were f o rmed f rom the same ba t ch of si lver. I f there 
is a m a r k e d difference i n the concentrations of those trace elements for 
w h i c h considerable var ia t i on is l i k e l y d u r i n g the w i n n i n g , a l l oy ing , a n d 
treatment of the meta l , but s t i l l agreement between g o l d a n d i r i d i u m 
w h i c h l i k e l y reta in their concentrat ion levels re lat ive to si lver d u r i n g 
such processing, i t w o u l d s t i l l b e a good i n d i c a t i o n that the same source 
of s i lver was used for the alloys of the two pieces but that the si lver was 
prepared i n different batches. T o t a l disagreement, of course, suggests 
qui te different si lver. 

O f a total of 23 objects for w h i c h comparat ive analyses for different 
parts are avai lable , seven are m a t c h i n g i n a l l re l iable elements determined 

Figure 1. Sasanian silver gilt plate showing a king hunting ibexes, 
late 5th or 6th century A.D. (Metropolitan Museum of Art, Fletcher 

Fund, 1934) 
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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 

5 0 0 

2 0 0 

lOOh 

~ 20 

Figure 2. Correlation plot of gold and iridium concentra
tions relative to silver of all objects analyzed. Analyses of 
different parts of an object are represented separately. 

i n the separate parts. These parts, therefore, appear to be f rom the same 
batch of si lver. Six other objects show match ing concentrations of go ld 
a n d i r i d i u m but not of the less noble metals. T h e separate parts of these 
objects, therefore, c o u l d have been made of s i lver f rom a c o m m o n ore 
source but not f r om a single batch . I n a surpr is ing ly large n u m b e r of the 
objects, 10 i n a l l , there is no match at a l l i n the minor a n d trace elements. 
Possible explanations for this disagreement between the separate pieces of 
these objects (usual ly the shells of plates a n d the support ing feet) might 
be manufac tur ing t rad i t i on , that is, the feet were produced separately as 
standard items for attachment to plates or that feet were rep laced i n 
later repairs. 

Because of the extent to w h i c h the go ld a n d i r i d i u m concentrations 
seem related to ore sources, objects were grouped accord ing to these con-
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3. M E Y E R S E T A L . Impurities in Sasanian Silver 31 

centrations on a log- log scale ( F i g u r e 2 ) . A histogram of the i r i d i u m 
concentrations i n a l l of the various specimens ana lyzed is s h o w n i n F i g u r e 
3. T o a v o i d the effect of d i l u t i o n resul t ing f rom the del iberate a d d i t i o n of 
copper, the concentrations have been n o r m a l i z e d to proport ions re lat ive to 
si lver rather than to total al loy. O n e observes a scattered occurrence of 
l o w go ld a n d l o w i r i d i u m values, a cluster of i r i d i u m concentrations be
tween 40 a n d 100 p p b , a n d a n u m b e r of i r i d i u m concentrations above 100 
p p b — t h e last two groups w i t h go ld values m a i n l y between 0.5 a n d 1.0%. 
T h e objects w i t h l o w i r i d i u m contents, i n most cases coup led to a l o w g o l d 
content, are, w i t h a f e w exceptions, s ty l i s t i ca l ly different f r o m " C e n t r a l 
Sasanian" si lver objects ( 7 ) . I t is not yet possible to indicate locations 
of ores used for these objects except that this l o w i r i d i u m group contains 
most ly objects judged to be f r o m areas east of the " C e n t r a l Sasanian" area. 

_ 1 1 1 

- π π π π 

I 1 1 

UmÉ! 

1 1 I _ 

ι , , I , , I • . 1 I I ι I ι 1 1 — 

I 2 4 10 20 40 100 200 400 1000 
ppb IRIDIUM IN SILVER 

Figure 3. Histogram of iridium concentrations rela
tive to silver in all silver objects analyzed. The dis
tribution of iridium concentrations in shells of plates 
with external rim lines only are represented by dark 

columns. 

W e observed at the back of a n u m b e r of plates, close to the r i m , a 
chased or engraved l ine , para l l e l to the r i m . Sometimes a s imi lar l ine 
is v i s ib le on the foot. These lines do not have an obvious decorative 
purpose. T h i s group of plates contains objects f r om a w i d e t ime per i od 
a n d various styles. W i t h on ly one exception a l l plates w i t h these Unes 
(16 i n total ) have i r i d i u m contents between 45 a n d 85 p p b ( s h o w n i n 
b lack i n F i g u r e 3 ) w h i l e plates w i t h o u t these lines (9 i n tota l ) also w i t h 
one exception have i r i d i u m contents either l ower than 45 p p b or h igher 
than 85 p p b . It is very u n l i k e l y that this correlat ion is acc idental . These 
s i m i l a r l y l i n e d plates p r o b a b l y h a d a c o m m o n o r i g i n at least to the extent 
of h a v i n g been made f rom si lver f rom a single source. T h i s par t i cu lar 
source does not seem to have been used for the other plates analyzed . 
F u r t h e r g roup ing m i g h t be possible on the basis of the ana ly t i ca l data 
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32 A R C H A E O L O G I C A L C H E M I S T R Y 

of Sasanian a n d U m a y y a d si lver coins. Based on the go ld content of 
coins f r o m various m i n t cities, G o r d u s (5 ) c o u l d d i s t ingu ish a n u m b e r 
of different si lver sources used d u r i n g the Sasanian a n d post-Sasanian 
per iod . H o w e v e r , the g o l d content alone does not seem sufficient at this 
po int to subd iv ide our groups of Sasanian si lver objects. 

Conclusions 

C o m p a r i s o n of mul t ip l i ca te analysis of micro samples, 200-1000 μg, 
of care fu l ly homogenized si lver standards has establ ished that the ana
l y t i c a l techniques deve loped are acceptably precise for si lver, go ld , cop
per, s cand ium, c h r o m i u m , manganese, i r on , n i cke l , cobalt , z inc , arsenic, 
se lenium, bromine , t i n , ant imony , i r i d i u m , a n d mercury . A d d i t i o n a l c om
par ison between analyses of s imi lar mic ro dr i l l ings taken f rom the inter ior 
of Sasanian s i lver objects have shown that such s a m p l i n g results i n data 
w i t h reasonably good prec is ion for s i lver , copper, go ld , z inc , arsenic, 
se lenium, ant imony , a n d i r i d i u m ; fa i r prec is ion for t i n , s cand ium, m a n 
ganese, a n d bromine ; a n d poor prec is ion for sod ium, potassium, chro
m i u m , i r on , n i c k e l , cobalt , a n d mercury . A p p a r e n t l y these last elements 
are too inhomogeneously d i s t r ibuted i n the ancient si lver for such m i c r o 
sampl ing to be representative. 

D r i l l i n g - s a m p l e data f rom 30 Sasanian si lver objects were compared 
w i t h two sets of rubb ing -sample data f rom the same objects. T h e r u b b i n g 
samples consistently have a h igher go ld content b y an average factor 
of 1.17 a n d a l ower copper content b y an average factor of 0.85. T h e r e 
fore, r u b b i n g samples are undoubted ly b iased b y surface effects. T h e 
extent of this bias, however , does not inva l idate the rubb ing -sample tech
n ique , w h i c h is often the on ly one permiss ib le for certa in objects. I f the 
establ ished bias is kept i n m i n d , the results are close enough to the actual 
inter ior composi t ion to a l l ow m u c h re l iab le inference. 

O f the 19 elements determined i n Sasanian si lver objects, on ly go ld 
a n d i r i d i u m seem to ind i cate the s i lver source used. Ind i rec t ly t h r o u g h 
their concentrat ion ratios z inc , t i n , arsenic, ant imony , a n d se lenium might 
p rov ide some add i t i ona l in format ion on the si lver source used, a n d their 
absolute concentrations, together w i t h those of other elements might be 
useful i n ob ta in ing in format ion on m e t a l l u r g i c a l techniques used. 

C o n t i n u e d analysis of Sasanian si lver objects w i l l be d i rec ted to
wards (1 ) a deta i led statist ical study of the data, (2 ) analysis of Sasanian 
a n d U m a y y a d coins, (3 ) determinat ion of isotope ratios of l ead extracted 
f rom the si lver , (4 ) corre lat ion between the ana ly t i ca l data a n d stylistic 
in format ion obta ined f rom an art h is tor i ca l a n d archaeological s tudy 
a n d w i t h in format ion on methods of manufacture , too lmark, etc. 
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Archaeological Ceramic Study Possibilities 
with a Thermal Gradient Furnace 

F R E D E R I C K R. MATSON 

Department of Anthropology, The Pennsylvania State University, 
University Park, Pa. 16802 

Changes with increasing firing temperatures in some physi
cal properties of clays sampled near archaeological sites can 

be determined by firing clay test bars in a thermal gradient 
furnace and by refiring strips cut from potsherds. A furnace 
built for this purpose is described, and its possible uses in 
archaeological ceramic studies are discussed. An example 
is cited of the changes in color, scratch hardness, and 
shrinkage of clays now used by Egyptian village potters 
when test bars were fired in the thermal gradient furnace. 
The results can be compared with the same physical prop
erties of potsherds. They aid in a better understanding of 
the ancient Egyptian potters' problems of working with the 
clays and help to establish criteria for classifying archaeo
logical ceramic materials. 

/ T i h e range of colors f o und i n ancient pottery at one site has f requent ly 
·*• l e d archaeologists to classify their materials into r e d ware , y e l l o w 

ware , gray ware , a n d the l ike . T h e colors of the pa inted or s l ipped 
surfaces have also served as classificatory aids. Unfor tunate ly these 
differences i n the fired colors of the c lay vessels are technologica l variables 
that m a y have been caused b y the t ime-temperature-atmosphere c o n d i 
tions under w h i c h the ware was fired. T h e y do not necessarily have 
c u l t u r a l significance w h i c h can be used to classify pottery unless dis 
t inc t ly different r a w materials were used w h i c h fired to different colors. 
T h e quant i ty a n d size of C a C 0 3 grains i n clays weathered f rom limestone 
mountains or h i l l s , so luble salts present i n the clays, a n d the rate of 
d r y i n g of the plast ic c layware can a l l influence the ul t imate fired color 
as m u c h as or even more than the i ron content of the c lay a n d the f o rm i n 
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4. M A T S O N Ceramic Study with Thermal Gradient Furnace 35 

w h i c h i t is present. Sl ight variations i n the c lay sources, ma n u fa c tu r in g 
procedures ( w h i c h can inc lude the m i x i n g together of two or three clays 
a n d ap las t i c ) , k i l n design a n d operat ion, a n d fuels used b y the potters 
i n a single pottery m a k i n g v i l lage can result i n considerable var ia t i on i n 
the appearance of the wares produced . M a n y archaeologists n o w recog
nize that i t is necessary to be fami l i a r w i t h the d r y i n g a n d firing p r o p 
erties of the clays avai lable at or near their sites before one attempts to 
differentiate wares i n terms of their b o d y color a n d the appearance (or 
ac tua l presence) of a s l ip or of the pa inted decorat ion, let alone ident i fy 
some pieces as impor ted . 

W i t h the a i d of color i l lustrations H a r r e l l a n d Russe l l ( J ) have 
shown some of the color changes that can occur i n several c lay bodies 
w h e n the furnace atmosphere is var i ed f rom o x i d i z i n g to r e d u c i n g a n d 
w h e n its moisture content is contro l led . B r o w n e l l (2 ) has s u m m a r i z e d 
the roles of several factors in f luenc ing the deve lopment of s cummed 
surfaces on b r i c k a n d other s t ructura l c lay products . M a t s o n (3 ) has d is 
cussed the re lat ionship of the firing temperatures of ancient N e a r Eastern 
pottery a n d the colors deve loped together w i t h other p h y s i c a l properties 
of the wares. 

Thermal Gradient Furnaces 

T h e r m a l gradient furnaces are used i n geochemica l studies of phase 
relationships a n d i n ceramic test work , b u t they have not been used i n 
archaeological studies. T h e r e are two basic types of furnaces. I n the 
first, refractory ceramic h o l l o w cores are sp i ra l ly w o u n d externally w i t h 
p l a t i n u m or a l loy wires , the spac ing of the w i r e be ing contro l led to 
produce the temperature gradient desired. T h i s core, p a c k e d i n an 
insulated container, is e lectr ica l ly heated w i t h a var iab le i n p u t trans
former. C o m b u s t i o n boats conta in ing the samples can be in t roduced into 
the furnace. I f atmospheric contro l is desired, a quartz tube can be 
inserted into the core, the test pieces are inserted, a n d the gas for the 
contro l led atmosphere is in t roduced at the co ld end. W i t h a removable 
thermocouple probe the gradient through the l ength of the furnace can 
be easily measured. T h e second furnace is a var iant of the first. It is 
useful for larger test pieces a n d is a w e l l insulated k i l n w i t h a l l of the 
heat a p p l i e d b e h i n d the closed end of a hor i zonta l muffle. Such furnaces 
have been used to survey possible c lay sources i n the b r i c k industry i n 
terms of color development a n d degree of v i tr i f i cat ion. T h e y can also 
prov ide data useful i n establ ishing firing schedules. B o t h types of fur 
naces can be used to study the maturat ion of glazes a n d overglaze colors. 
T h e core -wound furnace is often used i n the glass industry for dev i t r i f i 
cat ion studies. 
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36 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. Test bars of clay from Jarmo in northeastern Iraq tempered with 
phin and with salted (15 wt % NaCl) water 

F i r i n g tests of clays co l lected i n the M e d i t e r r a n e a n a n d N e a r E a s t e r n 
countries have been done b y the author for some years. Briquettes made 
f r om these clays were fired to successively h igher temperatures w i t h 
establ ished soaking periods a n d at times w i t h r e d u c i n g atmospheres ( 3 ) . 
These experiments have p r o v i d e d data concerning changes i n color, 
shr inkage, porosity, a n d hardness of the clays w i t h respect to firing 
temperature a n d t ime. H o w e v e r , they represent thermal step sampl ings , 
a n d several firings are usual ly needed to complete a study. W i t h a t h e r m a l 
gradient furnace, us ing l ong test bars made f rom the clays or slices cut 
f r om potsherds, variat ions i n k i l n temperature condit ions closer to those 
encountered b y the ancient potters can be rep l i cated . 

T h r o u g h the cooperation of John W o s i n s k i of the C o r n i n g Glass 
W o r k s , bars m a d e f r om two N e a r E a s t e r n clays co l lected i n northern 
I r a q were , after a p r e l i m i n a r y firing to 550°C for 3 hours to remove the 
chemica l ly c o m b i n e d water i n the c lay a n d the i n i t i a l firing shrinkage, 
fired i n the C o r n i n g laboratories i n furnaces n o r m a l l y used for dev i t r i f i -
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4. M A T S O N Ceramic Study with Thermal Gradient Furnace 37 

cat ion studies. T h e clays w e r e prepared i n two ways to conf irm the 
color changes a lready establ ished i n the step firings of briquettes. O n e 
sample of each c lay was tempered w i t h tap water ; the other was t e m 
pered w i t h water conta in ing 15 w t % N a C l . T h e color changes of the 
shown i n F i g u r e 1. (Some of the earliest pottery yet k n o w n was be ing 
made at Jarmo before 6000 B . C . T h e site is west of S u l i m a n i y a h i n n o r t h 
eastern Iraq . ) T h e c lay was l ight b r o w n at the lower temperatures, 
it ox id i zed to a l ight red , a n d then t u r n e d pale ye l l ow. A t the h i g h 
temperatures w i t h inc ip ient v i tr i f i cat ion a green color deve loped w i t h 
the format ion of c a l c i u m ferrosilicates i n the c lay body . A s w o u l d be 
expected, the salt -enriched c lay tended to flocculate a n d was qu i te 
f r iable . Pa le y e l l o w colors appeared at lower temperatures than w i t h 
the n o r m a l c lay, a n d v i tr i f i cat ion occurred at the h igher temperatures, 
m a k i n g i t diff icult to remove the vitreous samples f r om the p l a t i n u m 
combust ion boats. 

Furnace for Archaeological Studies 

Recent ly it was possible to construct for archaeologica l studies a 
thermal gradient furnace s imi lar to one used i n the ceramic laboratories 
of the Co l l ege of the E a r t h a n d M i n e r a l Sciences of T h e Pennsy lvan ia 
State U n i v e r s i t y . Rober t F r a n t z modi f ied the design of the earl ier furnace 
so that i t w o u l d be suitable for testing archaeologica l clays a n d sherds 
that are avai lab le on ly i n s m a l l quantit ies. 

T h e thermal gradient furnace n o w be ing used for archaeologica l 
ceramic studies contains a 20- inch l ong S i C muffle that is D - s h a p e d i n 
cross section a n d is c losed at one end. T h e flat base of the mufflle is 
3 % inches w i d e , a n d the m a x i m u m height of the arch is 2 % inches. 
F o u r S i C heat ing elements 20 inches i n length w i t h an 8- inch hot zone 
are p l a c e d hor izonta l ly , one above the other, i n a C - shaped g r o u p i n g 
b e h i n d the closed e n d of the muffle. A var iab le electric power i n p u t 
240-V transformer w i t h an output of 0 -280 V , 56 amps a n d 15.7 K V A 
is used to heat the elements. T h e i r temperature is measured w i t h a 
P t - P t / R h thermocouple p laced between the elements at the closed end 
of the muffle. T h i s thermocouple is connected to a pyrometr i c control ler 
so that the rate of temperature rise, i f des ired , a n d the h o l d i n g tempera
ture at the hot end can be read i l y mainta ined . T h e temperature gradient 
w i t h i n the muffle is measured b y 12 chrome l -a lume l thermocouples spaced 
1% inches apart a long the length of the side w a l l , % i n c h above the floor 
level . A mul t ip l e -po in t recorder is used to p r i n t out the record for these 
12 couples. T h e insulated furnace, 19 inches w i d e , 32 inches long , a n d 
23 inches h i g h , is supported on a whee led meta l cart. T h e contro l a n d 
i n d i c a t i n g instruments , i n c l u d i n g an ammeter a n d a voltmeter , are 
insta l led on the cart pane l beneath the k i l n . F igures 2 a n d 3 show the 
appearance of the furnace, a n d F i g u r e 4 shows the inter ior of the muffle 
after i t has been l oaded w i t h test bars. 
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38 A R C H A E O L O G I C A L C H E M I S T R Y 

M a n y exper imental firing schedules can be des igned for the furnace. 
Idea l ly , the furnace shou ld be ma inta ined at the des ired temperatures, 
but this presents problems of t h e r m a l shock w h e n c lay test specimens are 
i n t r o d u c e d a n d removed . A sample firing schedule is shown i n F i g u r e 5. 
T h e m a x i m u m desired temperature ( 1 0 8 0 ° - 1 1 0 0 ° C ) was atta ined i n 3 
hours at the hot e n d of the muffle ( thermocouple 12, w h i c h is ΐ4 i n c h 
f r om the e n d w a l l ) . C o u p l e 1 w h i c h is 4 % inches w i t h i n the open end , 
a p l u g f o rmed f rom insu la t ing b r i c k o c c u p y i n g the first 2 % inches, h a d 
not yet reached 400°C at the e n d of the first 3 hours. A f ter an add i t i ona l 
3 hours, the temperatures at thermocouples 8 -12 h a d s tabi l i zed . These 
five couples cover a distance of about 5ΐ4 inches. T h e temperatures at 
couples 1-7 cont inued to rise, b u t at s lower rates after the first 4 hours. 
T h e gradient across the 12 couples at the end of the 6-hour firing was 

Figure 2. Thermal gradient furnace with control panel 
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M A T S O N Ceramic Study with Thermal Gradient Furnace 

Figure 3. Thermal gradient furnace showing thermo
couple distribution 

Figure 4. Muffle of thermal gradient furnace loaded with test 
bars 
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40 A R C H A E O L O G I C A L C H E M I S T R Y 

TIME - HOURS 

Figure 5. A time-temperature firing schedule of the thermal 
gradient furnace at the 12 thermocouple points of measurement 

475°C over a distance of 15 inches. T h i s provides an ample temperature 
range to evaluate a c lay. I f one wishes to have the c lay bar at its hot end 
approach complete v i tr i f i cat ion , a n d there is adequate protect ion for the 
muffle, the h o l d i n g temperature at couple 12 can safely be increased to 
1150°C. T h i s firing schedule has been c i ted to ind icate the shortest t ime 
i n w h i c h satisfactory results can be ach ieved w h e n the k i l n is at room 
temperature at the start of the firing. A s lower heat ing schedule 
is often more desirable a n d of course extends the l i fe of the heat ing 
elements. T h e rate of coo l ing can, i f necessary, be contro l led as w e l l . I f 
the power is turned off at the e n d of the 6-hour firing, the temperature 
i n the muffle drops r a p i d l y , a n d the samples can be removed after 3 -4 
hours of cool ing. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

04



4. M A T S O N Ceramic Study with Thermal Gradient Furnace 41 

T h e test pieces for the firing can be prepared i n m a n y forms, depend 
i n g u p o n the in format ion sought. W h e n s tudy ing clays i t has been con
venient to f o rm bars whose plast ic length is 7 inches a n d whose cross 
section is no more than % i n c h . T w o such bars, p laced one b e h i n d the 
other, p rov ide a suitable test str ip of c lay. T h e y can be p laced on a 
refractory slab or i n l ong combust ion boats. Because of the smal l w i d t h 
of the bars, four clays can be test fired at one t ime w i thout stacking. 
Stack ing c o u l d cause t rouble i n the hot zone i f some of the clays beg in 
to v i t r i fy . O n e dif f iculty w i t h l ong n a r r o w bars is that some tend to w a r p 
b a d l y d u r i n g firing i f they are f o rm e d f r o m clays that develop h i g h 
firing shrinkage. F o r such clays a series of m u c h shorter bars p laced i n a 
l ine one b e h i n d the other, or larger bars w i t h a square cross section 
about 1 i n c h w i d e c o u l d be used. Strips cut f r o m one large potsherd 
w i t h a d i a m o n d impregnated saw a n d p laced i n a gradient l ine can also 
be tested i n the furnace. 

Archaeological Test Problems 

W h e n t r y i n g to establish the m a x i m u m a n d m i n i m u m firing t e m 
peratures reached b y ancient potters a n d to estimate the durat i on of the 
firings, data obta ined f rom test bars made of the loca l clays a n d f rom 
strips cut f r om potsherds, a l l fired i n the t h e r m a l gradient furnace, are 
essential. C a r e f u l evaluat ion must be made of the color, hardness, 
shrinkage, a n d porosity measurements, together w i t h a pétrographie 
analysis of minera log i ca l changes that have occurred i f a thorough study 
is to be conducted . Idea l ly , a large series of sherds should be s tudied 
before the test pieces are selected for ref ir ing, a n d one shou ld have some 
knowledge of the v a r i a b i l i t y i n the loca l c lay. Since potters w o r k i n g i n 
M e d i t e r r a n e a n a n d N e a r E a s t e r n vi l lages today do not fire their wares 
under complete ly u n i f o r m condit ions , there is no reason to expect that 
ancient practices were any different. Therefore i t is essential that one 
have some knowledge of the range i n p h y s i c a l v a r i a b i l i t y of the potsherds 
f rom each t ime l eve l i n a wel l -excavated site. Some of the factors that 
influence the q u a l i t y a n d appearance of the v i l lage wares p r o d u c e d today 
are the state of repa ir of the k i l n , the size a n d pos i t ion ing of the pieces 
i n the k i l n l oad , the k i n d a n d amount of fue l used ( seasonal ava i lab i l i ty 
a n d cost ) , the weather condit ions at different t imes of the year ( w i n d s , 
r a i n , frost, or h e a t ) , the knowledge a n d s k i l l of the m a n firing the k i l n 
(usua l ly the po t te r ) , a n d the q u a l i t y demands of the market for w h i c h 
the ware is produced . T h e m a x i m u m firing temperature i n v i l lage k i lns 
such as those just discussed varies f rom about 800° to 1000 °C . O c c a 
s ional ly 1050 ° C is reached but is not mainta ined . S lagging a n d s l u m p i n g 
result for most earthenware products i f yet h igher temperatures are 
attained. 
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42 A R C H A E O L O G I C A L C H E M I S T R Y 

W h e n one is concerned w i t h pottery fired on a hearth i n a p i l e of 
b r u s h or p a c k e d i n other organic mater ia l such as d u n g cakes, the m a x i 
m u m temperatures attained for any significant t ime w i l l be m u c h l o w e r — 
usual ly 6 0 0 ° - 9 0 0 ° C , a n d often less. T h e ancient pottery made b y the 
Indians of the Amer i cas a n d b y peoples i n several other parts of the w o r l d 
was fired i n this manner. Some Indians of the southwestern U n i t e d 
States, for example, continue this pract i ce today. Vessels are at times 
intent ional ly b lackened at the end of the firing w h i l e they are s t i l l hot 
b y smother ing them i n organic materials . Sherds f rom vessels fired i n the 
ways just ment ioned can be useful ly refired at the cooler end of the ther
m a l gradient furnace after the o r ig ina l color changes f rom the surface 
t h r o u g h the core have been noted for an adequate series of sherds. 

T h e r m o c o u p l e probe measurements b y Shepard (6 ) of I n d i a n pot
tery be ing m a d e i n the southwestern U n i t e d States showed m a x i m u m 
temperatures i n the range 6 2 5 ° - 9 4 0 ° C , the latter be ing most exceptional . 
Pottery made i n P a p u a a n d N e w G u i n e a , accord ing to L a u e r ( 7 ) , was 
fired f r om 650° to 920 ° C . T h e highest temperatures are reached about 
20 minutes after the firing begins, but they are not mainta ined . T o t a l 
firing t ime varies f rom about 16 to 114 minutes . 

Some pottery w i t h w e l l - o x i d i z e d surfaces that has been either k i l n 
or hearth fired m a y have dark gray to b lack cores. W h i l e this can result 
f rom l o w temperature short firing treatment, it m a y also be caused b y 
the too - rap id firing of fine-textured ware ( a s i tuat ion analogous to the 
b lack cor ing of some b u i l d i n g b r i c k ) . W h i l e the core color can result 
ent ire ly f rom the presence of carbon , b lack F e 3 0 4 m a y also be responsible. 
A f t e r such ware is refired, there w i l l often be a res idua l color difference 
between the core zone a n d the surfaces that must be considered w h e n 
est imating or ig ina l firing temperatures. I ron i n a reduced state, par 
t i cu lar ly F e O , can exert a fluxing act ion on the c lay b o d y at re lat ive ly 
l o w temperatures. A s a result , sherds after an o x i d i z i n g ref ir ing, even 
to 9 0 0 ° - 1 0 0 0 ° C , m a y never develop the o p t i m u m color i n their cores 
that is f ou n d i n the test bars of c lay. T h e surface flashing of the ware 
ar i s ing f rom flame impingement a n d other factors i n the o r ig ina l firing 
can also affect the surface color i n ways w h i c h are diff icult to reproduce 
complete ly i n a test furnace. 

T h e surfaces of ancient pottery were often decorated w i t h a f e r ru 
ginous s l ip that c o u l d be intent ional ly fired to a r e d or a b lack color. T h e 
color change was the result of not on ly k i l n atmosphere a n d temperature, 
but at times also of the degree of v i tr i f i cat ion of the s l ip . C o l o r variat ions 
i n b o t h the p a i n t e d decorat ion a n d i n the c lay b o d y of sherds f r om one 
archaeologica l site a n d t ime are shown i n F i g u r e 6. T h i s series of sherds 
was excavated at T e l l H a l a f i n northeastern Syr ia a n d comes f rom pottery 
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4. M A T S O N Ceramic Study with Thermal Gradient Furnace 43 

m a d e about 5000 B . C . A complete technologica l analysis of this ware 
shou ld start w i t h the study of the variations i n color of the b o d y a n d 
paint , textural a n d minera log i ca l considerations, ref ir ing tests, a n d i f pos
sible, compos i t ional analyses of the pa int a n d b o d y w i t h the a i d of a 
scanning electron microscope. O n c e the sherds have been s tudied v i sua l ly , 
ref ir ing tests i n the thermal gradient furnace can greatly accelerate the 
analysis a n d a i d i n interpret ing the appearance of this attractive pottery. 

Figure 6. Potsherds from Tell Halaf in northeastern Syria with varying de
grees of slip-painted and body oxidation 

M o r e than 3000 years after H a l a f times the G r e e k potters perfected 
the techniques used b y the Halaf ians a n d accurately contro l led the pro 
d u c t i o n of b lack a n d r e d s l ip decorated wares. Some of the possible 
techniques for prepar ing slips used i n pa inted decorat ion such as those 
f o u n d on G r e e k vases have been discussed b y W i n t e r (4). T h e inc lus ion 
of potash f rom leached w o o d ash i n the finely fract ionated c lay a n d the 
manner of firing strongly inf luenced the appearance of the fired ware . 

T h e rate of coo l ing of test pieces after firing must be contro l led for 
o p t i m u m color to be developed. I n coo l ing the test bars f rom r e d - b u r n i n g 
N i l e m u d col lected at Q e n a , E g y p t that are seen i n F i g u r e 7, the colors 
v i sua l ly changed d u r i n g the last 200 ° C of coo l ing as room temperature 
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44 A R C H A E O L O G I C A L C H E M I S T R Y 

was approached . H a d the coo l ing been too r a p i d , the i r o n present w o u l d 
not have f u l l y ox id ized . 

T h e thermal gradient furnace can also be used to check the archae
o log ica l significance of the colors of m o d e r n b u i l d i n g br i ck , h o l l o w b u i l d 
i n g blocks, a n d roofing tiles made today i n regions where ancient pottery 
is b e i n g excavated a n d studied . It is easy to obta in samples of the clays 
n o w i n use, the ki lns can be v is i ted , a n d the color range i n the fired 

Figure 7. Test bars of Egyptian clays fired in the thermal gradient 
furnace 

products can q u i c k l y be established. F i g u r e 8 shows thé color variations 
i n a stack of b r i ck fired i n a scove k i l n near B a g h d a d . O n e can observe 
the variat ions f rom tan to red , the ye l l ow-to -whi te surface s cum on some 
br i ck , a n d the concho ida l ly spal led ye l low-green overtired corners of b r i c k 
that were too near the flames. T h e thermal gradient testing of clays used 
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4. M A T S O N Ceramic Study with Thermal Gradient Furnace 45 

Figure 8. Color variations in contemporary brick formed of Tigris 
River deposited clay and fired in a scove kiln near Baghdad 

for contemporary ceramic products a n d the s tudy of the indus t r ia l wares 
themselves is desirable , especial ly w h e n the ancient pottery is l i m i t e d i n 
quant i ty or cannot be exported f r om the country i n w h i c h i t was excavated. 

Egyptian Clay Studies 

A specific archaeological ceramic p r o b l e m that has been par t ly 
s tud ied us ing the thermal gradient furnace is that of the var ia t i on i n the 
p h y s i c a l properties of the clays used b y the v i l lage potters of E g y p t 
t o d a y — t h e N i l e m u d together w i t h clays f rom the eastern or western 
deserts. T h e ancient potters h a d the same r a w materials , a n d they pro 
d u c e d m a n y ceramic wares. B y s tudy ing the clays i t has been possible 
to determine w h y the a d d i t i o n of N i l e m u d to the desert clays improves 
the ir w o r k i n g properties a n d w h y vessels made of N i l e m u d alone tend 
to be coarser. T h e results have been reported i n de ta i l elsewhere ( 5 ) . 

T h e test bars of the N i l e m u d were r e d d i s h b r o w n ( 5 Y R 5 / 4 ) i n the 
M u n s e l l color notat ion at the 600°C zone of the gradient firing, r e d 
( 2 . 5YR 5 / 6 ) at 850°C, a n d darkened w i t h inc ip ient v i tr i f i cat ion to weak 
r e d (2 .5YR 4 / 3 ) at 1100°C after a h o l d i n g p e r i o d of 30 minutes . T h e 
scratch hardness, us ing Mohs ' scale, increased f r om 3.0 to 6.5 for the 
" m a l e " (better w o r k i n g c lay i n the pot ters t e r m i n o l o g y ) , a n d f rom 2.3 
to 5.0 for the " f emale" m u d . T h e N i l e m u d shrank far more w h e n fired 
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46 A R C H A E O L O G I C A L C H E M I S T R Y 

than d i d the other clays—cf. the lengths of the test bars i n F i g u r e 7— 
for they were a l l the same length (7 inches) w h e n formed. T h e c lay 
f r om Bal las , nor th of L u x o r , was f r o m the western desert, w h i l e that 
f r o m Q e n a , also n o r t h of L u x o r , a n d f rom H e l w a n , just south of C a i r o , 
were obta ined east of the N i l e . A l l three areas p r o v i d e d calcarous clays 
Ithat fired f rom l ight r edd i sh b r o w n at the lower temperatures to very 
pale b r o w n at 1100°C. T h e y h a d var iab le degrees of shrinkage, but a l l 
w e r e far less than that of the N i l e m u d . T h e Bal las c lay, an ancient sea 
b e d deposit , deve loped a hardness of 7 at 1100°C, but the other b r o w n 
Clays h a d a hardness of only 3. T h u s one can read i l y unders tand w h y 
potters combine clays w h e n p r e p a r i n g the plast ic body . T h e clays used 
a n d their proport ions , together w i t h the a d d i t i o n of aplastics, v a r i e d i n 
the several pottery m a k i n g vi l lages. A n unders tanding of these p h y s i c a l 
properties he lped i n interpre t ing the fabr i ca t ing a n d firing condit ions 
of excavated E g y p t i a n pottery f rom the same regions; further , they m a y 
make i t possible to ident i fy wares transported some distance i n ancient 
times f rom their places of manufacture . Such studies l ead to a better 
unders tand ing of past technolog ica l practices a n d h e l p to establ ish effec
t ive cr i ter ia for sort ing a n d c lassi fy ing the vo luminous ceramic y i e l d f r om 
E g y p t i a n archaeologica l excavations. 

Conclusion 

T h e selective uses of the thermal gradient furnace i n archaeological 
ceramic studies must be determined through the close co l laborat ion of 
the archaeologist responsible for the ceramics a n d the technologist do ing 
the laboratory work . Unless each p r o b l e m is c lear ly defined a n d the 
archaeological c lay samples a n d potsherds have been acceptably chosen, 
firing studies can at best be part of p r e l i m i n a r y surveys. T h e y should be 
m u c h more. T h e y should he lp us to understand the significance of the 
variations f o u n d i n pottery excavated a n d the degree of technological 
knowledge a n d contro l demonstrated b y the potters w h o made the wares 
as p a r t i c i p a t i n g members of an ancient communi ty . 

Literature Cited 

1. Harrell, George O., Ralston Russell, Jr., "Influence of Ambient Atmosphere 
in Maturation of Structural Clay Products," Ohio State Univ. Eng. Exp. 
Sta. Bull. 204 (1968). 

2. Brownell, W. E., "Scum and Its Development on Structural Clay Products," 
Structural Clay Products Institute, Chicago, Ill., Research Report No. 4 
(1955). 

3. Matson, Frederick R., "A Study of Temperatures Used in Firing Ancient 
Mesopotamian Pottery," in "Science and Archaeology," Robert H. Brill, 
Ed., pp. 65-79, M.I.T. Press, Cambridge, Mass., 1971. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

04



4. M A T S O N Ceramic Study with Thermal Gradient Furnace 47 

4. Winter, Α., "Die Technik des griechischen Töpfers in ihren Grundlagen," in 
"Technische Beiträge zur Archäologie," Vol. I, pp. 1-45, Römish-Ger-
manisches Zentralmuseum zu Mainz, 1959. 

5. Matson, Frederick R., "Technological Studies of Egyptian Pottery—Modern 
and Ancient," Cairo Solid State Conf., 2nd, April 1973, in press. 

6. Shepard, Anna O., "Ceramics for the Archaeologist," Carnegie Inst. Wash., 
Publ. (1965) 609, 77-93. 

7. Lauer, Peter K., "Preliminary Report on Ethnoarchaeological Research in 
the Northwestern Massim, T.P.N.G.," Asian Perspectives (1973) 14, 
69-75. 

RECEIVED July 20, 1973. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

04



5 

Biblical Studies through Activation Analysis 
of Ancient Pottery 

D. BROOKS 

Religious Studies Department, Canisius College, Buffalo, N.Y. 14208 

A. M. BIEBER, JR. 
Department of Anthropology, University of Connecticut, Storrs, Conn. 06268 

G. HARBOTTLE and Ε. V. SAYRE 

Brookhaven National Laboratory, Upton, N.Y. 11973 

Activation analysis was applied to a group of Persian period 
ceramics from Tell el-Hesi, Israel. Their elemental compo
sitional patterns, compared with those of clays and pottery 
from nearby sites, showed that a large fraction of the collec
tion fits the characteristic local pattern. A few of the Hesi 
sherds matched the clay elemental pattern near Jerusalem. 
Some of the Hesi materials showed patterns suggesting im
portation from the Aegean and Cypriote areas. One group 
of bowl fragments appeared to be imported, possibly from 
Mesopotamia. Detailed analysis of the results demonstrated 
the importance of considering correlations between pairs of 
elements in establishing groups of materials. Tests on mod
ern potters' clays and pottery showed close similarities 
between the clays and fired pottery. 

/ " p h e technique of neutron act ivat ion was a p p l i e d to ceramic materials 
A f r om b i b l i c a l p e r i o d sites i n Israel to a i d our unders tanding of the 

economic condit ions surround ing events ment ioned i n the B i b l e . T h r o u g h 
trace element analysis, one can often establish the c lay origins a n d hence 
the probab le source of ceramics. A study of the ceramics f rom a specific 
site shou ld indicate w h i c h were loca l ly made a n d w h i c h were impor ted 
f r om ne ighbor ing a n d distant sites. T r a d e relationships so establ ished 

48 
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5. BROOKS E T A L . Activation Analysis of Pottery 49 

c o u l d reflect po l i t i ca l condit ions i n b i b l i c a l t imes. Ceramics a n d clays 
f rom T e l l e l - H e s i a n d its ne ighborhood a n d f rom sites throughout the 
M e d i t e r r a n e a n area were invest igated. 

T h e p r i m a r y co l lect ion of archaeological mater ia l , f r om T e l l e l - H e s i , 
was a group of 225 sherds of the Pers ian p e r i o d ( s ixth to f ourth century 
B . C . ) . A second col lect ion came f rom T e l l Gezer . B o t h sites are on the 
coastal p l a i n at the edge of the Shephelah , the l o w r o l l i n g l a n d border ing 
the centra l h i l l country (see F i g u r e 7 ) . T h i s region i n b i b l i c a l times was 
the border between J u d a h ( i n the h i l l c ountry ) a n d P h i l i s t i a ( on the 
coastal p l a i n ) a n d lay on the major coastal trade route l i n k i n g E g y p t 
w i t h A s i a M i n o r . Gezer 's locat ion gave i t contro l over the major western 
approach to Jerusalem. B o t h sites were inhab i t ed f rom C h a l c o l i t h i c times 
( f our th m i l l e n i u m B . C . ) d o w n to the R o m a n per iod . T e l l Gezer is the 
b i b l i c a l c i ty of " G e z e r , " g iven as a d o w r y of an E g y p t i a n princess to K i n g 
So lomon ( I K i n g s 9 :6 ) . T h e identi f icat ion of T e l l e l - H e s i is not as certa in ; 
most scholars ident i fy it w i t h " E g l o n " ( 1 ). 

T h e archaeological p e r i o d chosen for invest igation was the Pers ian 
per iod , w h i c h has rece ived on ly scant attention. T h i s is par t ly because 
of the relat ive scarcity of archaeological remains, perhaps a consequence 
of the Assyr ian a n d B a b y l o n i a n conquests of the l a n d a n d deportat ion 
of important segments of the populat ion . W h e r e Pers ian remains exist, 
they have often been par t ly destroyed b y the deep foundations for mas
sive stone architecture erected i n the f o l l o w i n g He l l en i s t i c p e r i o d ( t h i r d 
to first century B . C . ) . 

F r o m the standpoint of b i b l i c a l scholarship, the Pers ian per i od was 
important i n shaping a n d deve lop ing the Judean c o m m u n i t y f rom a de
feated nat ion to a rel igious entity. H o w e v e r , b i b l i c a l sources for this 
per i od are l i m i t e d to the br ie f books of E z r a a n d N e h e m i a h , some of the 
minor prophet i c books, and an occasional reference or ind i rec t inference 
i n some later work . 

B i b l i c a l sources i m p l y that J u d a h w i t h its rel igious concerns i n J e r u 
salem h a d favorable support f r om the Pers ian rulers. A l l the surround ing 
po l i t i ca l units w h i c h are n a m e d — A s h d o d , Samar ia , A m m o n , a n d A r a b i a — 
are dep ic ted as hostile to J u d a h a n d its rel igious interests, and their 
attempts to undermine J u d a h , either b y direct attacks or b y sabotaging 
its re lat ionship w i t h the Persians, are reported ( N e h e m i a h 4:7, 6:1-9; 
E z r a 4 :4-5) . T h e c o m m u n i t y also faced an ins ide enemy—i.e . , those 
members whose contact w i t h the Gent i les caused them to w i t h d r a w f rom 
the fa i th of their fathers. Specif ic reference is made to intermarr iage a n d 
ch i ld ren w h o speak the language of A s h d o d but not of J u d a h ( N e h e m i a h 
13:23-27; E z r a 9:1-3, 10:1-5) . T h e so lut ion to in terna l problems that the 
communi ty adopted , at least as a t emporary expedient, was one of i so la 
t ion f r om its G e n t i l e neighbors. Since the b i b l i c a l sources, p r i m a r i l y E z r a 
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50 A R C H A E O L O G I C A L C H E M I S T R Y 

a n d N e h e m i a h , are w r i t t e n f r om the isolationist perspective, any i n d e 
pendent d a t a concerning the relat ionships ( t rade i n c l u d e d ) of J u d a h 
w i t h its neighbors w o u l d be useful i n evaluat ing the v iews presented i n 
the B i b l e . 

H i s t o r i c a l sources te l l us that Palest ine was a part of the western 
ha l f of the Pers ian E m p i r e . It be longed to the satrapy " B e y o n d the R i v e r " 
w h i c h i n c l u d e d Syr ia as w e l l (2). T h e satrapy was d i v i d e d into provinces 
w h i c h , i n the reg ion of concern to this project, i n c l u d e d A s h d o d on the 
coast ( the o l d state of P h i l i s t i a ) a n d Samar ia ( f ormer ly the state of 
Israel ) to the nor th of Jerusalem. J u d a h , w i t h its cap i ta l at Jerusalem, 
was also a province . G a z a a n d the area to the east a n d south of that c i ty 
are l is ted as be ing i n the prov ince of A r a b i a , but there is conf l ict ing e v i 
dence i n the l i terature about the status of A r a b i a ; i t m a y w e l l have been 
often semi- independent of the Pers ian E m p i r e . O n l y the centers of the 
provinces are named , a n d the boundaries between them are, for the most 
part , not del ineated. H e s i is i n the border area of the J u d a h of pre -
Pers ian t imes, a n d it is about equidistant f r om A s h d o d a n d G a z a . These 
facts, p lus topographica l considerations, indicate that H e s i was p r o b a b l y 
at a junct ion of these three p o l i t i c a l units i n Pers ian times. F r o m the 
standpoint of the h is tor ian , establ ishing pre ferent ia l trade patterns w o u l d 
he lp c lar i fy economic relations i n this area a n d perhaps reflect the p o l i t i c a l 
s i tuation. 

O n e archaeologica l p r o b l e m w h i c h we h o p e d c o u l d be attacked b y 
ceramic analysis studies concerned the meaning of the sunken gra in silos 
at H e s i a n d other sites i n the southern coastal p l a i n ( 3 ) . O n e theory is 
that they were supp ly depots needed for the Pers ian army i n any po l i ce 
act ion against E g y p t ( 4 ) . A t L a k h i s h these gra in silos a n d remains of a 
large official b r i c k residence are also found. L a k h i s h m a y have been 
a reg ional center w i t h outposts at s m a l l sites such as H e s i ( 5 ) . I f this 
arrangement s t i l l existed i n the Pers ian per i od , d i d the p o l i t i c a l ties of 
the L a k h i s h complex extend to A s h d o d , A r a b i a , or Judah? T h e B i b l e 
lists L a k h i s h a m o n g the towns of J u d a h ( N e h e m i a h 11 :26) , but there 
are questions about the h is tor i ca l accuracy of this statement. 

I n the t h i r d m i l l e n i u m T e l l H e s i covered 37 acres; later, on ly about 
8 acres were occupied . I n the Pers ian per i od , the ceramics indicate con
t inuous occupat ion , but there is l i t t le s t ructura l evidence as to its nature. 
F r o m the s ixth century B . C . , w e find on ly occupat iona l surfaces. I n the 
fifth century, a sunken square structure was b u i l t ; b y the fourth century 
w h e n the characterist ic silos were bu i l t , i t was par t ly filled i n to be used 
as a d w e l l i n g ( 6 ) . 

I f H e s i were only a gra in depot, it m a y have impor ted a l l its pottery; 
ceramic ana ly t i ca l studies m i g h t then t e l l us b y the sites f r om w h i c h the 
pottery was impor ted , to w h i c h prov ince i t was l i n k e d . T h e studies c ou ld 
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5. B R O O K S E T A L . Activation Analysis of Pottery 51 

also show i f H e s i h a d close ties to L a k h i s h or its ne ighbor ing silo sites. 
I f these sites were part of a Pers ian a r m y s u p p l y network, one m i g h t 
expect to find a h i g h inc idence of fore ign ceramics whose origins c o u l d 
be ind i ca ted b y analysis. 

Experimental Procedures 

Sherds from the Persian Period Stratum of Tell el-Hesi. T h e ceramic 
materials came f r o m field I, areas 1, 2, 3, 11, 21, 31, i n phases A , B , C of 
stratum V (Pers ian p e r i o d ) . F i e l d procedures ca l l ed for the excavated 
sherds to be kept i n buckets b y loc i . T h e buckets were filled w i t h w e l l 
water , a n d the sherds were a l l o w e d to soak overnight. A n y r e m a i n i n g 
d i r t on the sherds was s crubbed off w i t h n y l o n brushes a n d c lean w e l l 
water . W a s h e d sherds were d r i e d i n the sun, a n d representative types 
were selected to be registered, labe l l ed , a n d d r a w n . 

T h e process of p r o d u c i n g a complete set of scale l ine drawings , 
t yp ing , dat ing , a n d conduc t ing comparat ive research into t empora l a n d 
typo log i ca l paral lels of the selected mater ia l is be ing carr ied out b y 
the field I director , W . J . Bennett , Jr . (Assoc iate Professor of R e l i g i o n , 
U n i v e r s i t y of Southern C a l i f o r n i a ) . F r o m his f a m i l i a r i t y w i t h the entire 
group of sherds, D r . Bennett selected the 225 sherds that f o r m the basis 
of this act ivat ion study. T h e selection was made to represent each classi 
fication, typo log i ca l ly a n d temporal ly , of the mater ia l f o u n d i n the des ig 
nated locations. 

T h e act ivat ion materials were ident i f ied b y t w o letters ( P , i n d i c a t i n g 
the stratum a n d A , B , C , E , F , or G i n d i c a t i n g the areas 1, 2, 3, 11, 21, 
31, respect ive ly ) a n d two digits . 

Materials from Sites near Tell el-Hesi. D u r i n g the summer of 1972, 
over 20 sites near H e s i were surveyed for ceramic materials a n d c lay 
(see F i g u r e 7 ) . A t each site sherds were co l lected f r o m as m a n y t ime 
periods as possible. W h e r e avai lable , m u d b r i c k samples were also ac
q u i r e d . C l a y samples for each site were taken f rom w a d i beds; specific 
mines or deposits i n fields a n d l imestone c lay pockets were also sought. 
T h e sites i n the p l a i n nor th of H e s i i n c l u d e d M u q a n n a , Safit, Z i p p o r , and 
Gat . Col lect ions were made at the t w o smal l tells, Qeshet a n d Sheqef, 
w h i c h are w i t h i n 2 k m of H e s i . T h e p l a i n sites south of H e s i were N a g i l a , 
M i l h a , G a r o r , Serai , a n d F a r a h . T h e Shephe lah sites i n c l u d e d A z e k a , 
G o d e d , B u r n a , M a r e s h a , L a k h i s h , B e i t M i r s i m , a n d H a l i f . A c t i v a t i o n 
analysis results have a lready been p u b l i s h e d for A s h d o d ( 7 ) . M a t e r i a l 
was obta ined f rom the G a m m a excavations a n d f r om the N a g i l a excava
t i on co l lect ion. ( T h e above site names are l i s ted as they occur on the 
Israel ( E n g l i s h ) 1:250,000 m a p , a n d the reader shou ld be aware that 
there are several variations on the names of different sites. ) 

At tempts were made to col lect samples of the l imestone-associated 
clays i n the h i l l country. Samples were obta ined f r o m the e l -J ib area, 
f rom near Qastel , at B e i t U m m a r , a n d at A r u b . 

M a t e r i a l f r om the G e z e r excavations h a d already been obtained. T h e 
geologist p r o v i d e d a sample of l imestone c lay l o ca l to Gezer , w h i c h h o w 
ever was f rom a deposit that h a d not been exposed i n ant iqu i ty . Previous 
studies (8) have shown that the pottery at G e z e r was made f r o m the two 
m a i n types of c lay sources. 
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52 A R C H A E O L O G I C A L C H E M I S T R Y 

A p p r o x i m a t e l y six sherds per site were selected for the i n i t i a l analysis. 
W h e r e necessary to establish a group, add i t i ona l sherds were analyzed . 
O n e to three c lay samples per site were r u n . T h e pottery was treated i n 
the s tandard manner. T h e c lay was d r i e d for 24 hours at 65 ° C , g round i n 
an agate mortar , a n d then treated i n the same manner as the pottery. 

Materials from Distant Areas. At tempts were made to obta in ce
r a m i c materials f rom major areas where trade to H e s i c o u l d have or ig 
inated . M u c h of the mater ia l for this purpose was b o r r o w e d f rom museum 
collections. F r o m the M e s o p o t a m i a n area 39 samples were analyzed . 
T h e mater ia l was mostly sherds, but there were also two br icks a n d six 
cune i form c lay tablets. T h e mater ia l ranged f r om t h i r d m i l l e n i u m B . C . 
to Is lamic . F r o m I ran , n ine samples were obta ined f r om sherds f rom 
several different areas. T h e sampl ing f r om S y r i a a n d T u r k e y was l i m i t e d 
to 12 sherds f rom the Mers in -Tarsus area a n d 15 f r om Syr ia f r om the two 
regions of A l e p p o a n d H a m a . 

T h e C y p r i o t e mater ia l was extensive because a project s imi lar to that 
of H e s i was be ing undertaken at Ida l i on . A to ta l of 72 sherds, r a n g i n g 
f rom L a t e C y p r i o t e (f i fteenth to tenth century B . C . ) to R o m a n t imes, 
a n d 10 clays were analyzed . Forty - f ive samples f r om sherds f r o m Crete , 
M y c e n a e , a n d L a c o n i a , a n d some materials f rom Lesbos , Rhodes , a n d 
A e g i n a were also analyzed . 

T h e needed E g y p t i a n data were obta ined f r o m as yet u n p u b l i s h e d 
w o r k on E g y p t i a n clays, N i l e muds , a n d ceramics carr ied out at Brook 
haven b y S a m i T o b i a . Since the results compared favorably w i t h p u b 
l i shed mater ia l ( 9 ) , further E g y p t i a n studies were not carr ied out. 

W i t h a l l this mater ia l , a s tandard pottery procedure was fo l l owed . 
C l a y samples were g round a n d then treated l ike the pottery samples. 

Comparison of Modern Pottery with Its Clay Source. M a t e r i a l a n d 
in format ion concerning present pottery techniques were obta ined i n 
Israel f rom a potter, Ra jab a l - F a k h o r y , w o r k i n g i n H e b r o n . T h e potter 
used two c lay sources, one associated w i t h a l imestone outcropp ing , w h i c h 
he ca l l ed y e l l o w c lay a n d traveled some distance to obta in , a n d the other 
w h i c h he ca l l ed r e d c lay a n d took f r om the field next to his shop. H e 
made some smal l souvenir vessels f r om the y e l l o w c lay alone, but he 
usual ly m i x e d e q u a l parts of bo th types of c lay. T h e clays were a d d e d 
to a tank of water , l e t t ing the rocks a n d larger partic les settle to the 
bottom, a n d then the finer suspended mater ia l was removed to another 
tank. S a n d temper (ca. 1 0 - 2 0 % b y v o l u m e ) a n d D e a d Sea salt ( 1 % b y 
vo lume ; the salt gave a w h i t e surface to the fired vessel) were added , 
a n d the mater ia l was a l l o w e d to d r y to the proper consistency for 
t h r o w i n g . 

Samples of the different d ry clays were taken, as w e l l as those of 
the prepared mix , the sand tempers, the salt, a n d the fired pottery. S a m 
ples were also obta ined f rom a ne ighbor ing potter w h o f o l l owed the same 
procedure but obta ined his clays f rom a different locat ion. 

S i m i l a r mater ia l a n d in format ion was obta ined f r om a potter i n G a z a . 
T h e G a z a potter d i d not m i x clays but used only the r e d field c lay. T h e 
G a z a c lay was prepared b y s ieving the field d i r t obta ined f r om the 
o r chard next to the shop, m i x i n g i t w i t h water , a n d a l l o w i n g i t to d r y to 
the r ight consistency. Some sand temper (about 5 % ) was added . T h e 
potter noted that less sand was used i n G a z a than elsewhere because 
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5. B R O O K S E T A L . Activation Analysis of Pottery 53 

the soi l i n coastal G a z a contains more sand. T h e G a z a t rad i t i on d i d not 
emphasize the w h i t e pottery favored i n H e b r o n , b u t rather b lack pottery 
obta ined b y creat ing r e d u c i n g condit ions i n the k i l n d u r i n g the firing 
b y i n t r o d u c i n g organic mater ia l . F i g u r e 1 shows the various ceramic 
colors p r o d u c e d b y the G a z a a n d H e b r o n potters w i t h the clays used there. 

I n ana lyz ing the mater ia l , the pottery was treated b y the standard 
procedure descr ibed i n deta i l b y A b a s c a l et al. (10). T h e c lay was d r i e d 
for 24 hours at 65 ° C , a n d approx imate ly 3 grams were g r o u n d i n an agate 
mortar a n d then treated i n the same manner as the g round pottery. Some 
of the prepared c lay was used to make s m a l l br i cks as th i ck as the average 
potsherd (>—0.5 c m ) . T h e br icks first were a l l o w e d to d r y i n air for a 
week. Some of the d r i e d , but not fired, br icks were d r i l l e d a n d processed 
b y the pottery procedure . T h e others were fired at specific temperatures 
(600° , 800° , 1000°C) either i n a short t ime (20 m i n ) or b y a procedure 
i n w h i c h the k i l n was brought u p to the specific temperature over a 4-hour 
per iod , ma inta ined for 2 hours, a n d a l l o w e d to cool gradual ly . T h e fired 
br icks were then treated b y the ceramic procedure . 

Figure 1. Palestinian clay types, in lower row, reading right to left, 
Kaolin (Negev), red field clay, yellow limestone clay. Upper row, four 
pieces from Gaza, all made from red field clay. Pottery fragment in lower 
row: Hebron, made from mix of red and yellow clays with salt added to 

give a white surface to the red paste. 

Results 

Comparison of Modern Pottery with Its Known Clay Source. T h e 
tests on the m o d e r n pottery a n d c lay sources f r om H e b r o n a n d G a z a 
y i e l d e d encouraging results; they showed l i t t le difference between the 
clays a n d the pottery i n terms of e lemental compos i t ion except for a s ig 
nificant increase i n s od ium content resul t ing f r o m the add i t i on of D e a d 
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54 A R C H A E O L O G I C A L C H E M I S T R Y 

Sea salt to the pottery. M o r e important ly , there were no signif icant d i f 
ferences between the samples fired at different temperatures or for differ
ent times. R a w clay, the water -prepared potter's c lay, a n d the fired 
pottery showed no mean ing fu l differences. T h u s , w e s imply g round d r i e d 
c lay samples a n d treated them accord ing to the pottery procedure. 

ο POT STAT OF RED a YELLOW CLAYS 
· POTSTAT OF POTTERY MADE FROM 

MIX OF THE 2 CLAYS + SAND + SALT 
• POTPLOT OF YELLOW LIMESTONE CLAY 
. POTPLOT OF RED FIELD CLAY 

log CONCENTRATION 

Figure 2. Elemental composition pattern of the red and yellow clays com
pared with calculated mix of the red and yellow patterns and with pattern of 
pottery sample made from an actual mix of the two clays plus added sand and 

Dead Sea salt 

W h e n the results of the y e l l o w l imestone c lay a n d the r e d field c lay 
analyses were processed b y the P O T S T A T routine (10), an average of data 
f r om the two clays y i e l d e d a pattern that matched (except for sod ium) 
the ana ly t i ca l pattern of pottery made of a mix of the two clays. I n the 
first case, the two r a w clays were s i m p l y g round a n d analyzed separately; 
i n the second case, the two clays were m i x e d i n a water bath , sand and 
D e a d Sea salt were added , a vessel was formed, d r i e d , a n d fired, a n d this 
finished product was analyzed . T h e sand temper d i d not contr ibute s ig 
ni f icantly to the re lat ive test element concentrations, but the salt a d d i 
t ion d i d , of course, raise the sod ium concentration. These results are 
graphed i n F i g u r e 2. 

A separate analysis of three different sands f rom G a z a , H e s i , and 
the H e b r o n area, presented i n T a b l e I, showed that the relevant element 
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5. B R O O K S E T A L . Activation Analysis of Pottery 55 

concentrations are very l o w ; this result l e d to the conclusion that any
t h i n g less than about 2 5 % temper should have neg l ig ib le effect on the 
relat ive concentrat ion of elements i n the ceramic pattern. 

Correlational Analysis of Ancient Ceramics. A s we began to a p p l y 
the ceramic taxonomic techniques (10) to group the more than 600 sam
ples f r om the Aegean , C y p r u s , M e s o p o t a m i a , a n d Palest ine, w e not i ced 
i m m e d i a t e l y that a l though there were recognizable subgroupings corre
spond ing to local it ies , there were also dist inct patterns over large areas. 
F o r example, the entire A e g e a n area exhib i ted to a first approx imat ion 
one par t i cu lar pattern, the Palest in ian materials h a d two patterns (one 
for the red field clays a n d another for the l imestone c l a y s ) , a n d the 
M e s o p o t a m i a n materials showed s t i l l another. There were of course ex
ceptions where some c lay sources showed r a d i c a l l y different compos i 
t i ona l patterns f rom the reg ional n o r m ; nevertheless, w e regard it as one 
of the most important conclusions of this study— i .e . , i n some instances 
clays f rom a g iven large geographica l unit can be grouped a n d identi f ied 
w i t h that uni t through their compos i t ional patterns. 

A relat ive fit m a t c h i n g technique l ed us d i rec t ly to a h i g h l y s ig 
nif icant result w h e n it was a p p l i e d to the Palest in ian clays a n d pottery. 
T h e ceramic group for this area varies a great dea l i n the p u r i t y of the 
paste a n d the amount of temper. T h e clays a n d m u d b r i c k that were 
be ing c o m p a r e d w i t h the pottery also v a r i e d i n pur i ty . W e assumed that 
the e lemental concentrations w o u l d be d i l u t e d b y v a r y i n g degrees b y 
temper or natura l ly o c curr ing impur i t i es such as organic matter, but that 
this c o u l d be compensated b y us ing the feature of the P O T P L O T procedure 
(10) w h e r e b y two plots are s l i d re lat ive to one another over a l ight table 
a long the l o g ( concentrat ion) axis. I n m a k i n g these shifts i n the plots 
of the r e d field c lay materials , i t was noted that the i ron a n d s cand ium 
points on different plots usual ly c ou ld be m a t c h e d exactly, m e a n i n g that 
the log concentrations of these elements were i n a constant l inear differ
ence re lat ive to one another—i .e . , the i ron and s cand ium h a d a constant 
ratio. S u c h an i ron : s cand ium corre lat ion has often been observed i n m i n 
erals. Soon the pract ice deve loped that w h e n one plot was compared 
b y shi f t ing i n re lat ion to another, the first move was to m a t c h the s cand ium 
a n d i ron points. 

E x a m i n a t i o n of the E g y p t i a n mater ia l l ed to a further discovery. 
T h e general N i l e pattern, p r o d u c e d b y N i l e muds a n d the ceramics made 
f rom it , is on first g lance very close to that of the Palest in ian r e d field 
c lay. W h e n the plots of three clays a n d six sherds were matched b y the 
s c a n d i u m - i r o n points , cobalt , c h r o m i u m , a n d e u r o p i u m also matched 
exactly. T h u s i n the N i l e samples, concentrations of the five elements 
are h i g h l y m u t u a l l y correlated. T h i s observation then a l l o w e d detect ion 
of subtle differences between Pales t in ian a n d E g y p t i a n materials . T h e 
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56 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. Some Sands 

SPECIMEN K2C FE233 
PERCENT 

NA2C RB20 CS2C 

Zif (Hebron Area) Sand 
Gaza Sand 
Heel Sand 

2Γ71 
GA71 
HS71 

.21 .70 

.40 ,19 

.46 ,5β 

200 9,8 %nt2 
3430 8,6 ,14 
6670 8,3 ,22 

S c / F e ratios of the t w o areas matched closely, but ratios taken pa i rwise 
among the other three elements ( E u , C r , a n d C o ) or w i t h i ron or s candium 
were different for the two areas. 

T h e remarkable corre lat ion of i ron a n d scand ium observed i n a n u m 
ber of potsherds a n d clays i n the N e a r Eas t has l e d us to determine this 
rat io rout ine ly i n a l l our materials a n d to study its statistical properties. 
T w o examples show the dramat i c improvement i n the reduct ion of the 
standard dev iat ion (expressed as percent ) w h e n one considers the S c / F e 
rat io vs. the values of the i n d i v i d u a l elements. 

A group of 29 M e s o p o t a m i a n sherds, br icks , a n d c lay tablets rang ing 
f r om the fourth m i l l e n i u m B . C . to the Is lamic era, f r om U r i n the south 
to N i n e v a h i n the nor th ( e ight sites ) h a d i ron rang ing f rom 4.83 to 8 .28% 
( m e a n 6.48 ± 14 .4% ) a n d s cand ium f rom 20.9 to 38.5 p p m (mean 27.42 
± : 1 4 . 6 % ) . I f there were no correlat ion, one w o u l d calculate a S c / F e 
rat io of 4.23 w i t h a c ompounded standard dev iat ion of ± 2 0 . 5 % . I f h o w 
ever the S c / F e ratios of the i n d i v i d u a l samples are ca lcu lated a n d the 
mean standard dev iat ion of these numbers is taken, the ratio is 4.23 ± 
3 . 3 % . 

A second example w o u l d be a group of 26 sherds assumed to be of 
l oca l H e s i manufacture . T h e corresponding figures were i r on 4.17 to 
7.34% mean 5.55 ± : 1 6 . 5 % , s c a n d i u m 15.6 to 27.5 p p m mean 20.52 ± 
1 6 . 3 % . T h e ca lcu lated rat io w o u l d be 3.697 ± 2 3 % . T h e standard dev ia 
t ion of 26 ca lcu lated S c / F e ratios was however on ly 2 . 1 % . T h e smal l 
standard deviations (3.3 a n d 2 . 1 % i n the S c / F e rat io ) r e m a i n i n g are close 
to that pred i c ted for c o m p o u n d i n g errors caused b y ana ly t i ca l technique. 

T h e two above examples i l lustrate that not on ly is the S c / F e rat io 
r e markab ly consistent w i t h i n a group representing a g iven area but that 
i t varies s ignif icantly f r o m area to area a n d f rom c lay type to c lay type. 
F o r example , our data on the Palest in ian r e d a n d y e l l o w clays show that 
the former have S c / F e — 3.74 ± 0.09 w h i l e the latter have S c / F e = 
5.46 dt 0.29. O f course, i n cases where clays of different types were m i x e d 
(e i ther b y the potter or b y natura l forces ) , intermediate S c / F e ratios 
w o u l d be obta ined . 

A f e w analyses were r u n on kaol ins f rom E g y p t a n d one k a o l i n f rom 
the N e g e v i n Israel . T h e kaol ins do not seem to exhib i t the S c / F e corre-
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5. B R O O K S E T A L . Activation Analysis of Pottery 57 

Used for Temper 

CONCENTRATIONS OF QXlDfS 

B A O SC203 UA203 CE02 EU203 LU2^3 HFC2 THC2 TA205 CR203 UNO CCO 
PARTS PER M I L L I O N 

36 2.8 8,65 10,1 ,14 0 . o O o 2,41 1,99 ,22 15 13 l . C 
189 ,8 0 | U 0 8,4 f 2 9 o.OOo .83 1,03 0.00 7 10? .6 
155 2.3 9 , « 4 λ 2 , 7 ,32 0 , o O o 1|28 1,14 , i 9 17 107 2,4 

lat ion of the other clays. M o r e w o r k a n d many samples careful ly chosen 
i n regard to geographic a n d geological considerations are needed to 
c lar i fy this point . 

T e m p e r m a y affect the S c / F e ratios i f the mater ia l used contains 
these elements i n h i g h concentrations and i n a ratio m u c h different f rom 
the clay. T h e three sands tested however showed nearly the same S c / F e 
correlat ion as the r e d field clays i n the region where they were obtained. 

F i g u r e 3 shows some t y p i c a l examples of S c / F e correlat ion a n d 
lists values of the corresponding ratios and standard deviations. 

Near Eastern Ceramics. T h e Aegean mater ia l f rom L a c o n i a , M y 
cenae, a n d Cre te f o rmed an extremely t ight compos i t ional pattern ; h o w 
ever, i n further w o r k w e have s u b d i v i d e d these sherd groups i n a 
conv inc ing manner ( I I ) . T h e Lesbos mater ia l , w h i c h consisted of th ick , 
heav i ly tempered amphora sherds, h a d a pattern s imi lar to that of the 
other Aegean materials a l though specific differences were also noted. 
M u c h of the C y p r i o t e and Tarsus , T u r k e y materials also h a d patterns 
s imi lar to the other Aegean groups. O n e characterist ic of the A e g e a n 
sherds was a h i g h t h o r i u m / h a f n i u m ratio. T h i s rat io , w h i c h is very d is 
t inct f r om that of the Palest in ian field c lay, has already been reported 
( 7 ) . Some of the ceramics on C y p r u s showed a very different pat tern 
f rom the general Aegean one. These i n c l u d e d some of the earl ier wares, 
such as the L a t e C y p r i o t e W h i t e S l i p I I ( m i l k b o w l s ) , where the S c / F e 
ratios are also very different (see F igures 3 a n d 4 ) . 

T h e M e s o p o t a m i a n materials , despite their extreme var iety of types 
a n d t ime periods, showed a r e m arkab ly consistent pattern. Dist inct ions 
between the upper a n d lower T igr i s materials do not seem possible, g iven 
the elements obta ined i n the analysis. T h e ceramics f rom the one 
Euphrates site, B a b y l o n , also fit the T i g r i s pattern. M a t e r i a l s f rom sites 
h igher a long the Euphrates are needed to complete the profile of 
Mesopotamia . 

T h e Syr ian materials fit most ly into the Palest in ian coastal p l a i n 
pattern, but some were more l ike the M e s o p o t a m i a n one. T h e smal l 
sampl ing does not permi t more definite conclusions at this t ime. 

Clays and Ceramics from Sites near Hesi. Analyses of the materials 
f rom sites ne ighbor ing H e s i have been d i sappo int ing ly u n i f o r m . T h e 
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58 A R C H A E O L O G I C A L C H E M I S T R Y 

CORRELATION PLOTS 

Ο 

*V.» 11.Κ 16.44 24.53 36.60 54.60 81.45 
SC 

m EGYPTIAN LIMESTONE CLAYS 
L-J SC/FE RATIO 4.94 ± 0.68 

m EGYPTIAN & NEGEV KAOLIN 
U SC/FE RATIO 20.23 ± 3.34 

A PALESTINE LIME CLAY & POT 
Δ SC/FE RATIO 5.46 ± 0.29 

NILE MUD & POTS 
+ 
X 

SC/FE RATIO 3.78 ± 0.15 

CYPRUS MILK BOWL 
SC/FE RATIO 7.29 ± 0.20 

MYCENAE 
V SC/FE RATIO 4.52 ± 0.13 

HESI BLACK GLAZE 
SC/FE RATIO 4.52 ± 0.05 

PALESTINE RED FIELD CLAYS 
SC/FE RATIO 3.74 ± 0.09 

^ MESOPOTAMIA POTS, BRICKS 
V SC/FE RATIO 4.28 ± 0.07 

Figure 3. Scandium-iron correlation for various Near Eastern pottery and clay 
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5. B R O O K S E T A L . Activation Analysis of Pottery 59 

CORRELATION PLOTS 

• 
« % 

Δ 

X 

x χ 

+ + 
i * + + * 

+ 

n.a> 5 . » «.96 
MF 

ο 

16.44 24.53 

• 
Ο 

Δ 

+ 

Χ 

EGYPTIAN LIMESTONE CLAYS 
TH/HF RATIO 3.19 ± 1.28 

EGYPTIAN & NEGEV KAOLIN 
TH/HF RATIO 1.13 ± 0.13 

PALESTINE LIME CLAY & POTS 
TH/HF RATIO 2.23 ± 0.29 

NILE MUD & POTS 
TH/HF RATIO 1.13 ± 0.26 

CYPRUS MILK BOWL 
TH/HF RATIO 1.38 ± 0.31 

Ο 
MYCENAE 
TH/HF RATIO 3.31 ± 0.47 

HESI BLACK GLAZE 
TH/HF RATIO 3.34 ± 0.33 

PALESTINE RED FIELD CLAYS 
TH/HF RATIO 0.74 ± 0.31 

MESOPOTAMIA POTS, BRICKS 
TH/HF RATIO 2.30 ± 0.28 

Figure 4. Thorium-hafnium correlation for various Near Eastern pottery and 
clay 
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A R C H A E O L O G I C A L C H E M I S T R Y 

Table II. Pottery and Clay 

S P E C I M E N 

Shephelah and Hebron Area 

K2C F E 2 9 3 

PERCENT 

N A 2 C R B 2 0 

Beit Mirsim 

Yatta 
Hebron 

Lakhish 

Azeka 

Mareeha 

Goded 

Plain Sites North of Hesi 

Muqanna 

Safit 

Zippor 

6 1 6 0 
6 3 2 0 
8 2 6 0 
7 6 4 0 
6 2 9 0 
6 7 0 0 

1 2 1 0 0 
1 0 7 0 0 

8 2 4 0 
7 4 6 0 
5 6 4 0 

2 ' i 0 
3 8 . β 
3 M 
4 3 . 0 
5 3 , 6 
4 0 ( 2 
5 1 . 5 
5 2 . 8 
4 6 . 1 
37.6 
4 0 . 9 

4 9 8 0 48,1 
5 5 5 0 5 2 , 5 

9 5 2 0 
7 6 1 0 
8 2 7 0 
5 2 9 0 
6 5 2 0 
3 1 8 0 
7 5 8 0 
7 4 6 0 
5 5 8 0 
6 8 6 0 
7 4 8 0 
6 0 8 0 
6 6 9 0 
6 9 0 0 
8 2 1 0 
8 3 4 0 
6 0 5 0 
3 7 9 0 
5 1 2 0 
4 0 6 0 
4 9 4 0 

7 6 7 0 
9 4 5 0 
8 8 4 0 
7 8 9 0 
6 3 1 0 
7 1 4 0 
9 2 7 0 
8 5 6 0 
6 5 0 0 
7 1 5 0 
6 4 0 0 
7 2 2 0 
7 6 5 0 
8 0 9 0 
7 9 5 0 
6 6 7 0 
7 5 7 0 
6 7 8 0 
7 1 7 0 
5 4 8 0 

5 6 . 3 
5 3 . 7 
3 7 , 5 
6 5 , 5 
6 8 . 4 
2 « , 5 
5 2 , 4 
3 7 , 9 
3 9 , 9 
56.8 
5 9 , 0 
5 7 , 0 
7 6 , 3 
3 7 . 9 
4 9 , 0 
5 1 , 8 
4 5 , 3 
3 5 , 3 
6 2 , 7 
6 6 , 7 
« 5 , 6 

49,8 
57,5 
57,8 
5 6 , 0 
4 4 . 0 
4 5 , 5 
48,8 
45.3 
5 1 . 5 
36.4 
4 8 . 1 
58.3 
46,8 
38.4 
4 2 , 7 
3 0 , 7 
3 0 . 6 
3 1 . 2 
2 8 . 5 
48.6 
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5. B R O O K S E T A L . Activation Analysis of Pottery 61 

Samples from Sites Local to Hesi 

CONCENTRATIONS OF QXJOES 

CS2C BAO S C 2 0 3 L A 2 U 3 

1 , 0 4 1 5 6 0 1 7 , 5 3 6 , 70 o 8 , 3 
1 , 2 4 2 3 1 0 2 1 . 1 4 0 , 60 7 6 , 7 
1 , 5 0 2 4 0 0 2 4 . 6 4 6 , 70 « 3 , 4 
1 .84 2 1 0 0 2 2 . 3 4 6 , 50 7 8 , 9 
1 . 8 4 440 1 9 . 7 3 8 , 20 8 0 , 6 
1 , 3 8 4 7 8 1 6 . 7 3 5 , 00 7 5 , 4 
1 ,79 7 4 0 2 4 . 7 4 2 , 80 0 , 0 
i . 7 e 7 2 7 2 5 . 4 4 2 , 70 1 2 6 , 0 

, 7 5 1 9 1 0 2 0 . 4 4 8 , 30 o, 0 
i . 3 e 1 1 0 0 1 9 . 3 4 1 , 70 Ο ι 0 
1 . 3 0 4 6 4 1 3 . 4 2 5 , 00 4 8 , 9 

2 . 5 6 4 7 8 2 1 . 6 5 6 . 3 0 o5 |0 
2 , 4 0 487 2 1 . 4 5 2 , 2 0 91 , 6 

1 , 7 * 5 4 0 2 2 . 7 4 5 , , 4 0 « « l , 9 
1 . 7 1 489 1 9 . 6 4 1 , 7 7 , , 2 
1 . 2 9 2 3 0 0 2 1 . 7 3 8 , , 7 0 7 7 , |1 
2 , 9 ? 8 9 4 2 7 . 6 6 8 , , 2 0 1 2 5 , . 0 
2 , 2 6 5 4 1 2 3 . 6 4 7 , ,>o * 5 , . 0 

. ' 0 4 5 3 8 . 5 2 1 , . 1 0 3 5 , . 9 
1 , 7 0 4 7 3 1 7 , 2 3 8 , , 7 0 7 2 , , 7 
1 . 1 7 479 1 7 . 2 33 , 2 0 7 2 , , 3 
1 . 4 6 9 9 1 1 5 . 9 44, . 6 0 0, |0 
1 . 8 4 8 7 6 2 1 . 3 5 6 . 7 0 1 2 5 , |0 
2 , 0 1 8 5 4 2 1 . 7 44 . 5 0 1 2 3 , 0 
2 . 3 5 4 5 2 2 1 . 1 40 . 8 0 89 |2 
2 . « 7 1 2 4 0 3 0 . 2 59 . 3 0 114 |0 
1 . 2 2 1 6 3 0 1 9 . 6 4 1 , > 0 78 , 5 
1 , 9 0 2 6 7 0 2 1 . 9 4 3 . 8 0 67 , 9 
2 , 2 5 1 0 3 0 2 4 , 2 5 5 . » 0 91 . 5 
2 , 0 3 1 1 2 0 2 2 . 4 46 . 4 0 90 , 5 
1 . 3 6 484 1 2 . 2 2 5 , 9 0 s i |0 
2 . 8 6 6 9 0 2 5 . 0 50 . 9 0 1U3 |0 
2 , 9 3 6 9 6 2 5 . 6 50 . 6 0 V6 , 5 
1 . 7 5 3 9 6 1 5 . 2 27 . 4 0 i>7 , 6 

( J E Q 2 E U 2 0 3 

P A R T S P E R 

1 . 5 8 
1 . 8 5 
1 . 9 5 
2.86 
1 . 7 9 
1 . 4 6 
1 . 8 7 
2 . 0 4 
1 . 7 0 
1 . 6 7 
1 . 1 8 

L U 2 0 3 HFC2 
P I L L I O N 

THC2 TA205 C R 2 0 3 MNO CCO 

. 4 9 2 

, 5 4 5 
. 6 1 0 
. 6 2 5 
. 5 1 4 
. 5 3 7 
.566 
.662 
. 5 4 2 

• 6 2 3 
. 4 7 9 

8 , 8 6 
8 , 5 4 
9 , 6 5 
7 . 6 2 

1 0 , 7 0 
1 6 , 6 0 
1 3 , 1 0 
U . 5 0 

8 , 9 1 
8 , 1 5 

1 1 . 4 0 

7 , 7 6 
8 , 2 3 
8 , 7 8 
8 , 6 5 
9 . 7 6 

1 1 . 3 0 
9 , 3 1 
9 , 2 9 
8 , 3 3 
7 , 6 4 
6 , 0 9 

1 . 8 6 i , i 8 0 £ 4 , 4 0 9 , 9 1 
1 , 9 1 l . Q l O £ 4 , 1 0 1 2 , 7 0 

1 . 8 8 
1 . 8 3 
1 . 8 7 
2 . 5 1 
2 . 2 2 

. 9 3 
i . 5 9 
1 . 5 1 
1 . 4 8 
1 , 8 3 
1 . 8 9 
1 , 8 3 
2 . 5 8 
1 , 6 7 
1 , 8 5 
2 , 2 6 
2 , 0 1 
1 . 1 3 
a , i 5 
a,12 
1 , 3 6 

, 7 3 8 
, 5 5 8 
. 5 5 8 
.865 
, 6 0 3 
. 3 5 7 
. 6 3 2 
. 5 2 3 
. 6 0 4 
.589 
.663 
. 6 1 5 
.966 
, 5 5 3 
. 6 0 2 
, 6 3 6 
, 6 β 3 
, 3 9 4 
. 8 0 1 
, 7 6 6 
, 5 1 1 

9 , 9 7 
u . i o 

9 , 0 2 
1 3 , 7 0 
i l , 5 0 

6 , 6 3 
1 3 , 9 0 
£ 2 . 6 0 

6 , 4 0 
1 0 , 0 0 
1 0 , 1 0 
£ 3 , 6 0 
£ 4 , 0 0 
U . 2 0 
£ 1 . 5 0 
1 0 , 3 0 
1 0 . 1 0 

9 , 4 3 
£ 3 , 3 0 
1 1 . 7 0 
1 2 . 5 0 

8 . 9 5 
9 . 8 2 
8 , 1 1 

1 2 , 6 0 
1 0 , 1 0 

4 . 3 8 
8 , 3 5 

1 0 . 2 0 
6 , 4 1 
9 , 3 2 
8 , 5 6 
9 . 9 6 

1 2 , 3 0 
1 0 , 3 0 

9 , 7 8 
9 . 3 9 

1 0 , 2 0 
6 , 2 3 

1 0 , 4 0 
1 0 , 8 0 

7 . 2 6 

1 . 5 2 
1 . 7 5 
2 . 0 5 
1 . 6 8 
1 , 8 9 
1 , 3 6 
2 , 4 2 
2 , 1 3 
2 , 1 5 
1 , 5 7 
1 . 0 6 

2 . 1 7 
2 . 0 7 

1 . 9 7 
1 . 7 2 
1 . 8 6 
2 , 3 6 
2 . 5 3 

, 7 0 
1 , 4 7 
1 , 4 6 
1 , 4 2 
1 , 9 7 
1 . 8 7 
1 . 7 5 
7 , 4 9 
1 . 7 5 
1 , 9 6 
2 , 0 0 
1 , 9 6 
1 , 0 9 
2 , 0 6 
2 . 2 6 
1 , 3 0 

125 
1 4 1 167 
280 
144 
142 
1*6 
191 
148 
140 
120 

161 
157 

153 
132 
149 
223 
163 

91 
126 
135 
121 
147 
140 
153 
261 
146 
211 
165 
163 
118 
217 
226 
118 

8()4 
9 0 7 
854 
773 
942 
851 

1 2 3 0 
1 1 9 0 

826 
5 8 3 
636 

18.7 
23.1 
27,C 
20.5 
20,4 
17.2 
2 7 , « 
30,2 
31,2 
20.6 
14.1 

1 0 3 0 2 3 , 0 
984 2 1 , 8 

23 « 
2 1 , « 
2 3 , 1 
3 6 , 9 
3 0 , 4 

7,< 
1 8 . 0 
1 8 . 1 
1 5 . 7 
2 2 . « 
2 6 , 3 
2 2 . 0 
6 6 , 3 
2 0 , 3 
2 4 , 3 
28 7 
2 3 , 3 

4 · ' 3 4 , 0 
3 2 , 6 
1 5 . 3 

1 0 7 0 
1 0 4 0 

899 
1 8 4 0 
1 4 1 0 

362 
904 
829 
7o3 
834 

1 1 9 0 
1 0 4 0 
1 3 0 0 

8 0 7 
1000 
1 2 6 0 

8 6 1 
529 

1 3 6 0 
1 0 2 0 

724 

1 . 7 4 8 5 1 1 8 . 9 3 9 , ,30 7 6 , ,6 1 . 6 4 , 6 0 5 
2 , 2 5 1 2 9 0 2 2 . 3 4 6 , ,70 0 ι ,0 1 , 9 4 ,967 
2 , 2 * 9 3 0 2 2 . 5 4 4 , ,90 8 9 , ,5 1 . 8 7 . 5 5 7 
2 , 0 7 
1 . 4 0 

1 5 9 0 2 3 . 7 5 2 , ,80 0| |0 2 . 0 4 . 7 2 4 2 , 0 7 
1 . 4 0 478 1 8 . 4 3 3 , ,90 7 7 , ,3 1 . 5 4 , 6 5 0 

2 . 5 4 8 2 2 1 9 . 5 5 1 , , 6 0 8 7 , ,4 1 . 8 4 , 5 0 0 
, 6 4 0 2 , 0 1 4 8 0 2 2 . 2 4 7 , , 8 0 0 , |0 a.00 

1 , 8 7 

, 5 0 0 
, 6 4 0 

1 . 3 4 5Q6 2 0 . 7 3 8 , , 4 0 9 8 , ,4 
a.00 
1 , 8 7 , 6 3 4 

1 , 7 3 5 2 0 1 9 . 1 4 2 , , 6 0 0i |0 1 . 7 3 .583 
1 . 0 7 440 1 2 . 7 2 6 , , 5 0 >7, . 2 1 , 2 2 . 4 4 6 
1 . 6 3 6 7 4 2 0 . 7 4 7 , . 1 0 8 7 , . 6 1 . 9 0 

a . i 4 
, 8 7 2 

1 . 8 4 
1 . 6 1 

8 4 2 2 2 . 9 5 4 , , 0 0 9 5 , , 7 
1 . 9 0 
a . i 4 .661 1 . 8 4 

1 . 6 1 5 8 2 1 8 , 6 3 6 , , 8 0 0, .0 1 , 6 9 , 5 0 5 

• ? 7 1 5 5 0 2 0 , 4 5 1 , , 2 0 0, ,0 1 . 8 5 . 5 9 8 
1 . 4 3 460 1 5 . 8 3 0 , , 7 0 0 7 , . 1 1 , 6 6 , 6 0 5 
1 . X 3 417 18,η 4 0 , , 3 0 >7, I 9 1 . 6 4 , 6 0 8 
1 . 0 1 949 1 8 . 8 4 5 , , 9 0 1>7, .0 1 , 6 4 . 5 3 9 
1 . 1 1 5 3 3 1 7 . 7 4 0 , , 4 0 0, .0 1 . 5 4 . 4 0 5 

. 7 Ç 377 1 8 . 7 4 3 , , 3 0 0, .0 1 , 6 6 . 6 2 4 
1 . 5 4 388 1 7 . 0 29 , 6 0 * 2 , ι 8 1 , 5 0 , 4 7 8 

10,70 
9,45 
8,82 

10,20 
18,40 

l 3 , 9 o 
£ 2 , 0 0 

9,07 
11,80 
8,80 

11,10 
8,99 

l 2 , 4 0 
£ 6 , 8 0 
9,66 

11.30 
9,62 
9,69 

11.80 

8,11 
9,08 

1 . 8 6 
2.07 

138 844 8,11 
9,08 

1 . 8 6 
2.07 151 1150 

9,29 2.12 158 999 
9,10 2,18 168 1150 
9 . 7 5 
β , 0 8 

2.28 167 1060 9 . 7 5 
β , 0 8 1.77 137 917 

10.00 2.17 173 1310 
9 . 1 3 2.08 160 7βι 
9.43 1 . 7 6 144 1060 
6 , 5 6 1.12 65 702 
7 ,9ο 1.78 140 1010 

10.30 1.92 196 8ι3 
7,71 1.77 128 9 9 6 
9 , 3 6 1.94 153 921 
7,92 1.42 137 820 
8,14 1 . 6 0 139 815 
8 , 1 3 1,84 139 812 
8 , 7 1 1,67 136 7 2 * 
8 , 5 5 1.70 136 9 5 η 
7 . 3 7 1 , 3 4 126 837 

22.9 
30.7 
29,9 
29.3 
2 0 , « 

§υ 
20.8 
14,2 
23.2 
27.9 
11.2 
25,e 
14.9 
19.7 
24,2 
20,e 
2 4 , « 
17.7 
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62 A R C H A E O L O G I C A L C H E M I S T R Y 

T a b l e I I . 

Plain Sites South of Hesi 

Nagila 

Milha 

Serai 

Garor 

Farah 

Coastal Sites 

Ashqelon 

S P E C I E 

KG 1 
KG 2 I 
NG11 > Pottery 
NG13 J 
Κ 66 6 Clay 
PLlï^l 
HL16 I 
t i l ? p> Pottery 
HL20 
PL21 
KL22. 
*L60 
SR e > 

IΡ J > Pottery 

K 2 C F E 2 0 3 

P E R C E N T 

N A 2 0 R 6 2 0 

Clay 

SR13 Γ 
SR15 J 
SR66 
GR 7 
GR 4 
GR 5 
GR19 
GR60 
FR 
FR 2 
FR 
FR68 1} 

Clay 

Clay 

Pottery 

Clay 

H S- Potte 
21 ) 
66 Clay 

G A 
G A H > Pottery 
GA21 
GA66 
AO 3 ^ 
AO 4 
AQ 9 k Pottery 
AO10 Γ 
A017 J 
AQ6 0 Clay 

1.97 
1.45 

.96 
1.77 
1.2* 
1.46 
2.10 

4 . i e 
5 . 2 1 
6 , 3 0 
7 , 0 8 
3 , 8 0 
6 , 2 6 
6 , 6 8 

2 . 0 7 6,36 
1.33 3,31 
3,36 
1.86 
1,57 
1.59 
1.50 
1.52 
1.60 
1.52 
1,62 
1.51 
1.86 
1.82 
1.15 
2.49 
2,07 
2.21 
1,05 

5,23 
5.95 
3,62 
5.71 
5.77 
6,11 
5.95 
3,70 
3.96 
5,02 
5.47 
4.82 
2.83 
6,32 
4,80 
7.31 
2.61 

1 .46 
1.40 
1.50 
1.54 
2.13 
1.25 
1.33 
2.06 
3 . 0 4 

1 . 0 9 

7,05 
6,36 
6,55 
6,97 
8,71 
6,45 
6,35 
6,2β 
5.78 
2,62 

5480 
7000 
4190 
5950 
6270 
7360 
5150 
5360 
6390 
2330 
79io 
7040 

10700 
9450 
8940 

12900 
14300 

8170 
6880 
6960 
9970 
6010 

12400 
12100 
17100 

6370 

33.0 
60,3 
64.1 
46,7 
36.1 
53 ,3 
76.2 
61,9 
31.7 
84.3 
68.5 
40.4 
59.0 
51.1 
55.3 
51.6 
30,9 
29.4 
33.5 
34,3 
36.2 
39,0 
35.2 
29.3 
57.8 
31.9 

11000 63,1 
10500 59,4 
12600 54,5 

9560 48,9 
15500 1 θ 7 , 0 
13900 53,9 

9170 53,2 
13200 53 , 8 
11500 135,0 

7460 30,2 

Qeshet 

Sheqef 

Hesi 

Pottery 

Clay 

Pottery 

Clay 

Clay 

3.01 
1.69 
1,60 
1.98 
U4Î 1 . 2 9 

1.75 
1.80 
2.01 

.97 
1.91 
1.35 
1.3-4 
1,54 

.82 

4,05 
.5,33 
5.97 
5,92 
5,70 
4.81 
6,04 
5.55 
7,02 
4.15 
5.96 
5.30 
3.31 
4,65 
1.87 

3620 
7540 
3880 
9330 
7030 
9730 
5330 
5480 

11400 
5070 

12000 
7250 
7290 

10600 
5830 

55.4 
56.8 
52.5 
51,0 
49.4 
49,7 
41 . 6 
4 7 , 6 
55.9 
43.7 
48,2 
45 , 6 
30.5 
47 . 6 
20.7 

sherds f rom each site, w i t h f ew exceptions, f o rmed t ight groups that 
matched , except for a s l ight ly l ower h a f n i u m value , the loca l field c lay 
a n d / o r m u d br i ck . H o w e v e r , the materials a n d clays f rom the different 
sites c ou ld not be signif icantly dif ferentiated through composit ion. 

T h e clays taken f rom the wadis near the tells showed m u c h more 
var ia t ion than the pottery. T h i s m a y mean that the ancient potter, l ike 
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5. B R O O K S E T A L . Activation Analysis of Pottery 63 

Continued 
CONCENTRATIONS OF OXlDiS 

C S 2 C Θ Α 0 S C 2 0 3 L A 2 U 3 C E 0 2 E U 2 0 3 

P A « T S P E R 

LU2O3 HFC2 

MILLION 
, 9 7 6 9 1 1 5 . 5 ο 4 , , 3 0 
, 5 3 4 4 8 1 9 . 5 3 6 , ,80 

2, , 0 6 1 9 5 0 2 3 , 5 4 7 , , 3 0 
1( , 4 3 1 3 8 0 2 5 . 7 5 3 , ,90 
1, , 0 7 4 1 3 1 4 . 1 2 5 , ,50 
2.00 797 2 2 . 7 4 3 , ,00 
3 , ,92 8 3 2 2 5 . 3 5 7 , , ϋΟ 
2 . , 0 1 4 9Q 2 4 . 1 4 9 , ,90 

, 9 9 336 1 2 . 4 2 6 , 
3 1 , 

, 4 0 
δ\ , 3 5 980 2 8 , 6 

2 6 , 
3 1 , ,00 

,70 1, , 7 5 6 1 5 2 2 , 1 4 2 , 
,00 
,70 

1. ,25 4 3 3 1 3 , 8 2 7 , ,70 
1, , 5 3 7 2 2 2 1 . 4 3 7 , ,80 
1. ,42 5 3 8 2 1 . 1 3 7 , ,40 
1. ,52 660 2 2 . 9 4 0 , ,80 
1. ,27 430 2 2 . 1 3 6 , ,20 
1. ,22 4 1 3 1 3 . β 2 6 , ,80 

( , « 3 920 1 5 . 8 2 8 , ,80 
( , 8 5 1 0 3 0 1 8 . 5 4 3 , ,90 
1 ,94 5 4 1 1 9 . 8 3 8 , ,40 
( , 9 3 7 8 3 1 7 . 7 3 2 , ,70 
( , 9 3 3 9 5 1 0 . 6 2 0 , ,50 

1, ,84 4 0 5 0 2 4 . 3 3 7 , ι 4Q 
1 ,99 317 1 7 . 8 3 2 , ,10 

2 , , 4 3 5 8 5 2 7 , 4 4 0 , ,10 
,62 2 8 4 9 . 4 1 4 , ,70 

>3, . 3 1.38 . 4 2 5 6 , 71 6 , 1 8 11 , 2 0 134 581 
73, |4 1 . 7 7 . 5 7 7 1 0 . 90 β .54 1< , 5 2 144 913 
9 3 , . 5 1 . 9 3 . 5 7 2 1 0 , 40 1 0 , 7 0 1. , 8 5 2 3 3 1 0 9 ο 

1 3 0 , |0 2 . 5 2 .80ο 
.468 

1 6 . 
Î 2 , 

90 12 , 7 0 2 . , 3 4 2 1 2 2 0 3 η 

55« , 8 1 . 4 0 
.80ο 
.468 

1 6 . 
Î 2 , 20 6 . « 7 1. , 2 5 114 6 7 ο 

77, ι 8 1 . 9 5 .565 1 0 , eo 8 , 5 ? 1, , 9 4 160 1110 
1 2 5 , 1° 2 . 4 5 

2. Ο 9 

, 7 6 8 1 5 , 50 12 , 2 0 2 , , 0 4 210 2 9 6 η 
* 2 , . 2 

2 . 4 5 
2. Ο 9 , 7 0 7 H . 30 9 . 5 2 2 , , 0 8 368 1200 

4 9 , . 5 1 . 0 8 ,339 7 , 65 5 , 6 6 
. 0 8 

1, , 1 3 1 1 1 5 8 Ρ 
7 1 , , ι 1 . 5 2 , 5 0 9 4 . 60 β 

, 6 6 
. 0 8 1. , 1 1 140 973 

8 2 , 1 . 9 0 . 5 1 8 
. 5 6 2 

1 1 . 50 9 , 3 8 Ι . β ΐ 1 6 6 1 1 3 η 
>7, 1 . 2 1 

. 5 1 8 

. 5 6 2 1 2 . 60 7 . 5 5 1 . 1 9 1 2 3 74? 
0. ,ο 1.86 .434 9 . 66 8 , 2 5 2 , , 1 3 1 5 6 943 

8 5 , |4 1.88 , 5 1 2 
,466 

1 0 . 60 8 . 0 5 2 . , 1 4 158 1 0 4 0 
0, ,ο 1 . 9 0 

, 5 1 2 
,466 H . 50 9 . 4 9 2 . ,24 167 1 1 5 η 

0, ,ο 1 . 9 3 ,474 1 0 . 50 8 , 4 7 2 , , 0 4 156 9 ς 3 
5 5 , ,2 1 . 2 6 , 4 3 0 1 0 . 50 6 . 5 7 1, ,10 113 613 
61. |1 1 . 2 9 , 4 3 4 β . 39 6 , 3 6 1 ι , 4 2 140 562 
7 8 , , 3 1 . 8 1 .488 9 . 10 7 , 7 5 1, , 6 2 167 980 
8 7 , ,4 1 . 5 6 . 4 β 7 7 , 89 9 , 5 7 1. , 8 0 137 9 7 Λ 
5 8 , |0 1 . 4 3 , 4 7 7 9 , 54 7 , 1 9 1, , 6 7 124 815 
4 2 , , 9 1.12 

2 . 1 5 
. 3 0 6 9 , 26 5 . 1 6 1. , 0 2 76 482 

7 2 , , 4 

1.12 
2 . 1 5 , 5 4 6 H . 60 8 , 2 8 2 , ,09 1 7 1 8 7 η 

6 7 , , 8 1 . 4 6 . 4 1 1 8 , 79 β . 0 3 1. , 4 6 127 7 7 Ρ 
ο 8 , >< 2 , 4 8 . 5 5 8 9 , 

1 2 , 
93 10 , 3 0 1. ,94 200 1240 

Ό , . » . 8 5 . 3 5 ι 
9 , 

1 2 , eo 3 . 5 6 ι , 9 1 67 453 

T H C 2 Τ Α 2 0 5 C R 2 Û 3 M N Q cCO 

1 « . C 
2 5 . 5 
3 5 , 7 
46 , 4 
1^.5 
3 0 . 4 
4 3 , 1 
2 6 , 7 
1 4 . 3 
2 1 , G 
2 6 . 5 
1 3 . 1 
3 4 . 4 
2 5 . 5 
2 5 . 2 
3 0 , 5 
1 4 . C 
1 8 . 5 
2 3 . 3 
2 4 . 2 
2 1 . 6 
1 0 .6 
2 4 . 3 
1 8 . 1 
2 6 . 2 

6.6 

2.32 376 26,3 45,50 149,0 
2.33 5χ7 23.4 45,80 0,0 
Ι , β ι 443 24.0 39 t 9o « 5 , 6 
1,91 426 26,2 70,30 52.5 
5,36 248 31,4 4|,3θ 93,9 
1,4C 499 24,4 38,20 « 1 , 4 
1,96 454 23.7 4 4 , 1 0 86.7 
1,7θ 620 22.9 3 9 , 9 ο 82,7 
6,44 429 25.4 40,20 « 7 , 6 

,9é 265 9.8 1 7 , 6 0 36,9 

3 , 5 2 6 1 1 2 1 . 8 3 2 , 7 0 
1 , 3 6 8 4 3 1 9 . 7 3 9 , 8 0 
2 . 1 0 3 8 5 2 3 , 1 5 4 , 9 0 
1 , 6 2 610 2 2 . 1 4 1 , 3 0 
2 . 0 0 4 8 5 2 0 . 0 

1 7 . 6 
3 5 , 0 0 
3 1 , 2 0 1 , 8 5 354 

2 0 . 0 
1 7 . 6 

3 5 , 0 0 
3 1 , 2 0 

1 . 8 ο 1 9 0 0 2 2 , 9 4 7 , 4 0 
4 1 . 9 0 2 , 1 1 

1 . 8 6 
6 5 5 1 9 , 6 

4 7 , 4 0 
4 1 . 9 0 2 , 1 1 

1 . 8 6 6 9 1 2 6 , 5 4 4 , 3 0 
1 , 2 5 5 9 2 1 5 . 3 3 0 , 3 0 
1 . 3 6 
2 . 5 0 

8 4 7 2 2 . 9 4 8 , 4 0 1 . 3 6 
2 . 5 0 2 6 8 2 0 . 1 3 2 , 7 0 
1 . 1 0 447 1 3 . 0 3 β . / 0 
1 . 5 5 456 1 6 . 8 3 2 , 6 0 

. 9 3 3 7 6 7 . 0 1 5 , 4 0 

2 . 0 9 . 4 9 0 12 . 4 0 9 , 8 6 2 . 5 5 1 8 2 1 0 7 η 4 3 . 1 
2 5 . 2 1 . 8 8 . 6 3 4 11 . 2 0 9 , 4 2 2 . 2 2 

. 1 7 
170 1 1 5 ο 

4 3 . 1 
2 5 . 2 

1 , 9 3 . 5 2 2 10 . 7 0 9 , 3 7 2 
. 2 2 
. 1 7 179 1 2 4 η 2 9 , 2 

1 . 9 1 1 . θ 9 θ 9 . 7 7 
. 1 8 

8 , 6 3 2 . 0 7 1 7 5 1 0 4 η 2 7 . 4 
1 . 7 4 
2 . 0 6 

, 5 1 4 
. 5 7 2 

4 
. 7 7 
. 1 8 1 2 , 0 0 

9 , 1 9 
1 . 6 5 1 8 5 0 1 1 7 η 6 6 , 5 1 . 7 4 

2 . 0 6 
, 5 1 4 
. 5 7 2 9 . 4 4 

1 2 , 0 0 
9 , 1 9 2 . 3 5 156 1 0 3 η 3 5 , 7 

2 . 2 0 . 5 1 6 9 . 6 9 9 . 5 1 2 , 0 3 1 5 2 1 5 6 η 3 0 . 5 
2 6 . 6 2 . 2 5 . 5 1 7 9 . 0 5 9 , 4 4 1 . 8 1 154 1220 
3 0 . 5 
2 6 . 6 

1*63 . 5 0 0 4 , 4 8 1 4 , 8 0 1 . 5 3 114 6 8 ? 1 6 . 4 
, 8 4 , ? 7 Θ 8 , 3 3 4 , 1 5 , 7 3 66 566 5 . 6 

* 6 , 1 1 , 3 7 , 3 9 6 5 , 1 4 6 , 8 7 ι , 0 0 119 496 ΐ 5 , 6 
7 5 . 7 j , 7 7 , 5 3 2 ΐ 2 , 5 θ 8 , 5 0 1 , 5 8 169 954 2 2 . 6 
9 5 . 2 2 , 1 9 , 5 7 2 U . 0 0 1 0 . 8 0 1 , 8 1 302 1 0 0 Ρ 2 4 , 6 
7 8 . 5 ι , β β , 5 9 8 1 1 , 4 0 8 , 1 9 1 , 7 2 1 5 5 l 0 9 f 3 3 , 1 
7 5 . 3 3 . 5 6 , 4 9 6 6 , 6 9 9 , 4 3 1 , 4 4 146 1 0 2 η 2 1 , 7 
« 5 , 8 ί ι 6 3 ,467 8 , 7 6 7 , 4 6 ι , 3 3 124 1 0 1 Ρ 1 4 . 6 
« 9 , 4 ι , 9 5 , 5 2 9 9 , 3 5 9 , 6 4 2 , 5 7 ι β 9 1 0 ο η 2 1 , 6 
7 6 . 8 j , 9 2 , 5 7 8 8 , 5 8 8 , 8 9 1 | 5 Ρ t 9 5 U 2 0 26 , 6 
8 9 . 8 3 , χ β . 5 7 7 1 3 , 0 0 1 0 , 1 0 2 , 0 7 ΐ 9 θ 1 6 7 η 3 1 . 6 
5 6 , 0 1 , 4 3 , 4 1 6 7 , 0 1 6 , 1 2 1 , 1 4 l i 5 1 1 9 Ρ ΐ 6 . 6 
7 5 . 9 l t 9 4 , 5 7 4 1 1 , 5 0 8 , 4 0 1 , 9 2 1 8 2 Ι 4 β η 2 4 . 3 
7 1 , 7 1 , 9 8 , 4 1 9 6 , 4 1 7 , 4 3 1 , 5 0 146 556 2 0 . 5 
7 0 , 0 1 , 2 1 , 4 2 2 ΐ 4 , 2 0 8 , 6 ο 1 , 3 8 I Q 8 5 9 l 1 1 . 5 
0 5 . 6 i t 5 1 , 5 3 0 1 2 , 6 0 8 , 7 8 ι , 5 ΐ 1 5 1 959 ΐ 7 . 4 
3 1 , 3 , 6 7 ( ? 5 2 8 , 4 4 4 , 6 2 , 6 3 67 345 6 , 6 

his m o d e r n G a z a counterpart , used the l o ca l field c lay, w h i c h is rea l ly 
the loess soi l , a n d w h i c h covers most of the coastal p l a i n . A n a l y t i c a l 
results are i n T a b l e I I . A n interesting, s imi lar s i tuation was f o u n d at 
T e l l B e i t M i r s i m . T h e materials tested f rom this ancient site fit the pat 
tern of the field c lay around the te l l . T o locate c lay sources i n this area, 
we i n q u i r e d at the ne ighbor ing v i l lage a n d learned that w h e n the w o m e n 
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64 A R C H A E O L O G I C A L C H E M I S T R Y 

of the v i l lage need c lay (not for pot t ing but for m a k i n g cupboards , bee
hives, etc. ) they w a l k to a source 4 k m away. C l a y f r om this source was 
tested a n d f ound to be a u n i q u e pattern not seen i n other c lay samples 
or i n any of the pottery analyzed . 

T h e G e z e r materials (about 32 sherds) f e l l into two basic large 
groups a n d four other smaller groups. T h e largest group of 14, w h i c h 
was composed of two subgroups a n d contained sherds f rom the total 
t ime range tested, h a d a pattern s imi lar to the sample of loca l l imestone 
c lay. A n exact m a t c h was not expected since the c lay source tested was 

Table III. Specimens 

Groups of Gezer Sherds 
Showing Similarity to <N 
Local Gezer Clay GZ60 

Not Matching Above Groups 
but Similar to Clay 

Local Clay Sample 

S P E C I M E N 

GZ01 
GZ0< 
GZ05 
GZl9 
GZ2? 
GZ30 
GZ32 

GZ14 
GZ15 
GZ24 
GZ2« 
GZ29 
GZ31 

GZ02 

GZ60 

K 2 C P E 2 0 3 

P E R C E N T 

1,90 
1,92 
1.71 

.92 
1.15 

1 . 2 7 

1.1* 
.90 

1.10 
1.4β 
1.59 
1,65 

2.97 

. 3 4 

4,51 
4.44 
5,07 
2.92 
3,74 
3,95 
3,46 

4,Q6 
4,0fi 
3,82 
4,10 
3.95 
4.15 

3,95 

2,05 

N A 2 0 

6190 
5630 
6040 
2870 
4240 
3130 
3560 

3520 
3440 
4100 
4950 
5500 
3970 

4060 

1680 

Groups of Gezer Sherds 
Showing Similarity to <| 
Coastal Red Field Clay 

GZ06 
G Z l l 
GZ12 

GZ13 
GZ18 
GZ20 
GZ23 

GZ08 
GZ17 

1,11 2,51 
1.14 2,34 
1,55 2,87 

,41 5 ,8β 
,42 5,74 
,31 7,00 
,44 5,21 

1,76 5 ,3β 
1,45 5,13 

2310 
2730 
3570 

5860 
7130 
7820 
6520 

5790 
6290 

Groups of Gezer Sherds 
of Unknown Clay Sources 

GZ03 
GZ07 
GZ09 
GZ22 

GZ10 
GZ16 

GZ25 
GZ26 

1.39 3,14 
2,10 4,57 
2,02 3,96 
1.16 4,82 

.61 2,38 

.97 2,20 

1.78 3 f 4 5 
2.23 3 ( 0 5 

3330 
4540 
6820 
6090 

1020 
1450 

5560 
6820 

Gezer Sherd Matching 
El Jib Clay GZ21 2.71 4,63 2170 
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5. B R O O K S E T A L . Activation Analysis of Pottery 65 

not exposed i n ant iqui ty . T h e second group of nine, w i t h three sub
groups dated over the f u l l t ime range, fit the general r e d field c lay pat 
tern. T h e r e m a i n i n g nine sherds fe l l into four s m a l l groups; only one 
h a d a recognizable pattern—viz , that of the E l - J i b l imestone c lay ( T a b l e 
I I I ) . 

T h e H e s i Ceramics . A s expected, the materials f rom T e l l e l - H e s i 
revealed a large group of sherds w i t h the pattern fitting that of the coastal 
p l a i n clay. O f the 225 sherds analyzed , 52 be long to this group ( T a b l e 
I V ) . These were the usual store jars, cookpots, bowls , cups, jugs, etc., 

f r o m T e l l Gezer 
CONCENTRATIONS OK QX! DES 

R B 2 0 CS2C ΒΑ0 S C 2 0 3 L A 2 0 3 l , E 0 2 E U 2 0 3 LU2Q3 H F C 2 T H C 2 T A 2 0 5 C R 2 0 3 UNO C C O 

P A R T S PER P I L L I O N 

34 ,9 . 9 9 6 1 0 l 7 . 8 3 6 , 6 0 0 5 , 1 J ; , 6 * ,56£ 6 ,06 6 , 5 7 1 ,34 227 1020 20 .5 

3 5 · ΐ Î , 3 Ç
 li20

 l 7 ' 9 3 * · 4 ° * 6 · 3 I · * 9 · 5 2 4 6 , 0 0 6 ,61 1 ,16 1 5 7 106η 2 0 , 6 
53 .6 2 ,04 2 8 2 0 2 1 . 6 4 5 , 3 0 / 2 , 1 1 , 7 7 , 5 5 9 6 , 3 9 8 , 5 9 ι , 5 ΐ 1 7 8 ΐ ΐ 7 θ 2 2 . 6 
31 ,0 1 .02 2 3 8 0 13.0 38,40 45 ,9 j , 3 5 , 3 9 ç 3 ,67 5 ,26 ,83 u 8 0 l 3 . 5 
21·1 Î ' 5 2 3 1 5 0 ι 6 · β 3 ΐ · 0 0 > β · 2 1 · 5 6 ,505 5 ,60 5 , 7 ο 1 , 0 3 1 6 9 7 J 9 
3 9 , 9 2 , 0 1 3 4 1 0 ΐ 7 . 9 34,bo 5 β , 4 1 Ι 5 4 , 5 4 7 5 , 26 6 , 0 2 ,97 1*8 9 6 6 ΐ 6 . 1 
30 .7 i , u 3 0 8 0 15 ,6 3 5 , 9 0 52 ,3 ι , 5 4 , 5 2 9 5 ,25 5 ,35 , 9 3 136 β 3 7 j.5 β 7 

3 6 , 9 1 ,74 i960 ΐ β . 4 37 ,5ο ^ 4 J 9 j T 5 2 ,47β 3 , 5 ο 6 ,61 ΐ , ο 5 ι93 8 3 7 ΐ 7 , 2 
3 5 . 4 1 ,48 2 3 5 0 ΐ β . 4 37,50 > 7 , 7 ΐ Ι 5 1 , 4 1 6 3 ,76 6 , 5 7 ι , ο 7 ι 6 7 7ο5 17 ,7 
4 0 , 9 1 , 5 9 2 6 2 0 ΐ 7 . 7 3 3 , 4 ο 5 5 , 7 Î T 5 2 , 5 0 6 4 , 5 9 6 ,35 0 · 0 0 1 ? 6 7 0 Λ 30,5 
4 4 , 2 1 ,46 2800 1 9 . 1 36,70 >8 ,3 J . 7 5 , 5 2 9 4 , 0 0 6 ,76 ι , 0 7 2 0 3 6 0 l ΐ 5 , 6 
3 8 , 7 1 , 5 5 3 1 5 0 ΐ 9 . 6 3 8 , 9 0 5 8 , 6 χ ,5 6 , 5 4 0 3 ,47 6 ,72 ,96 211 686 ΐ 7 , 4 
37.5 1,24 3 1 2 0 ΐ 8 . 4 34,10 59 ,4 L F 5 3 , 5 1 3 4 , 5 4 6 ,25 ι , 0 1 1 6 9 β 0 3 ΐ 7 , 2 

48 .2 1 , 6 2 2 5 8 0 2 1 , 4 4 0 , 9 0 6 0 . 4 1 , 3 6 , 4 4 6 1,57 7 ,15 , 9 7 2 0 3 8 6 3 ΐ β , 7 

1 8 . 3 1 .27 3 2 3 0 1 0 . 4 2 4 , 8 0 3 4 J 5 ι , 2 6 , 4 2 ι 3 , 5 0 3 , 5 7 , 6 5 9 6 ΐ ί β ο ΐ 3 , 3 

22, 8 ,60 549 9.7 22, ,10 38, ,3 .85 .269 3, ,66 4, ,46 ι ,81 89 35β 9,0 

31, 2 .65 439 9.5 21, ,20 38, 6 .99 .291 3, ,88 4, 01 ι ,73 83 296 8.3 
29, 0 ,81 246 10.8 23, ,30 44, β .92 .308 4, ,β3 4, ,74 I ,88 94 490 9.C 

46, ιβ 1.39 2480 22.6 4 4 , ,70 «5 , ,2 2.00 .544 9, ,09 8, ,58 1 .78 180 1270 26,6 
48, >1 1.49 1520 21.2 48, ,20 74, ,9 1.79 .489 9, ,14 8, ,63 1 .73 155 999 30.7 
59, ,2 2,07 523 26.0 51 • 40 Οι .0 2.27 .618 H .60 10 ,60 2 .32 0 1380 35.7 
46, .2 1,29 1260 19.8 38, ,40 73, >9 1.63 . 4 7 2 9 ,15 6 .44 1 .49 157 931 25.e 

40, ,1 .93 628 20.6 39, ,60 82, ,9 1.79 .496 β, ,70 β, ,00 1 .55 163 1250 40.5 
37, ,6 .92 1920 19.0 33, ,40 65, ,9 1.84 .447 β, ,86 7, ,48 1 .57 135 948 35,6 

26, ,ο 1.05 1150 14.7 37,40 56, ,2 1.56 .545 6, ,08 5, ,28 ,85 193 843 13.6 
43, ι * 1,04 359 Ι β . 9 39,60 82, ,2 1.74 .595 8, ,33 7, ,06 1 .46 273 1170 24.5 
40, ,5 1.26 1900 17.7 41,00 65, , * 1.82 .560 9, ,29 6. ,83 1 .22 190 1210 22.4 
41, ,9 2,63 3300 21.2 46,40 >9, ,3 1.90 .575 12, ,βο 9, ,11 1 ,33 215 1100 29.4 

9, .2 .15 229 9.1 17,40 27, ,9 .74 .323 ι ,95 2, ,29 ,33 315 132 4.7 
14, »3 .4e 932 10.7 17,50 ^9, ,1 .72 .322 1, ,06 2, ,80 .32 269 73 4.5 

43, ,7 i . e e 2410 17.2 38,90 54, ,5 1.69 .629 1, ,β5 5 ,92 .76 271 348 *M 40 ,3 1.62 897 15.3 31,60 46, ,ο 1,40 .535 1, ,88 5 .01 .53 193 344 Ι β . 5 

64,1 2,84 2 7 2 2 1 . 8 2 3 , 8 0 4 7 , 9 T , 0 5 , 3 5 β 3 , 3 3 6 .50 124 326 15,5 
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66 A R C H A E O L O G I C A L C H E M I S T R Y 

Table IV. Samples Belonging to 

SPECIMEN K2C FE2B3 NA2C RB20 CS2C BAO SC203 

PERCENT 
PE29 1.54 4.46 7020 40 4 1.16 883 16.4 
PF 3 1.38 5 , 8 7 9450 50 9 1,62 550 20.7 
PF10 2 . 1 4 5 , 7 0 9330 36 3 .86 1190 20.2 
Ρ Π 4 1 . 9 1 

1 . 6 9 
4,73 6800 40 1 1,06 933 18.5 

PF21 
1 . 9 1 
1 . 6 9 4 ,80 8080 50 0 1.35 941 18.1 

PF24 1.82 
2 . 0 5 

5,51 8790 50 9 1.52 518 20.2 
PF28 

1.82 
2 . 0 5 7.34 14100 58 6 2,02 627 27.5 

PF31 1.36 6 ,20 10200 50 7 1.87 520 23.0 
PF32 2.21 6 ,60 9700 41 1 1,72 802 24.2 
PF36 1.50 5,21 6710 47 4 1.45 7Q5 19.1 
PF39 1.51 

1.73 
5,55 7390 50 1 1.34 3370 20.2 

PG 7 
1.51 
1.73 5,14 7980 47 1 1.33 1110 19.1 

PG 6 1.61 5,57 9330 40 5 .95 1360 20 . 4 
PG 9 1.74 6 ,07 9130 54 9 1.67 796 21 . 9 
PG16 1 . 4 5 5,35 8230 42 5 1.88 673 19 . 9 
PQ28 1 .77 6,44 9840 51 4 1.85 811 24.7 
PG3e 1.62 4,54 8070 32 2 .91 973 16 . 9 
PF41 1 . 6 1 5.85 10200 32 9 0.00 828 21.9 
PF37 1.46 5,44 7570 44 0 1.34 820 20.3 
PF34 1.51 

1.65 
5.22 8340 39 2 1.37 699 19 . 4 

PF20 
1.51 
1.65 7,02 12300 63 8 1.61 566 25 , 8 

PFi8 2.00 
2 . 0 8 

4 ,38 8950 33 3 . 8 6 963 16.1 
PFl3 

2.00 
2 . 0 8 4 ,17 10100 41 8 1.31 7Q0 15.6 

PE15 1.50 5.47 7750 33 5 .81 603 20.1 
ΡΘ34 1.76 5,99 7910 47 5 1.65 524 22.2 
PA31 1.77 7.29 12200 60 4 2.23 651 27.0 
PC 8 1.45 5,3e 9450 50 4 i . 5 e 720 19.9 
PE 9 1.39 5.53 7840 47 0 1.6c 585 20.4 
P E U 1.38 4,34 5470 38 7 1.31 386 15.7 
PE20 1.62 5.37 

5,16 
8430 50 8 0,00 535 19.5 

PE23 1.56 
5.37 
5,16 7960 43 8 1.07 1330 19 . 0 

PE25 1.75 6 ,06 10000 74 3 1.66 1040 22.5 
PA40 1.55 5 > 4 9560 56 4 1.79 775 21.7 
PB 4 1.87 5 .62 8050 34 9 1.20 1120 Ê0.5 
PB 6 1.56 4 .87 8010 43 0 1.15 1020 ί β . 7 
PB19 1.72 5,42 9030 36 2 .96 

1.80 
1300 21 . 0 

PB21 1.98 6,36 10400 55 9 
.96 

1.80 740 24.5 
ΡΒ2β 1 . 4 1 4 ,10 8190 36 2 1.22 944 15.6 
ΡΒ33 1.82 5,67 11500 45 .0 1.55 2770 22.6 
ΡΒ36 1 . 4 0 5 , 7 6 9530 48 9 1.82 849 21.7 
PC 3 2.00 5.74 11400 41 2 1.17 2820 20.9 
PC 5 1.61 4 ,80 7180 38 3 .80 540 17.9 
ΡΑ 8 1.53 5.06 8660 37 2 1.16 1400 18.0 
PA12 1.83 5,63 8600 41 3 1.1s 

.71 
1080 20.6 

PA15 1.46 4 . 9 6 
δ , Ο β 

7160 39 ,5 
1.1s 

.71 1110 18.1 
PAlé 1 . 8 7 

4 . 9 6 
δ , Ο β 9230 49 2 1.29 741 18.2 

PA19 1.52 5,54 
6 ,17 

8190 43 9 1 , 0 6 13Q0 20.1 
PA25 2.05 

5,54 
6 ,17 9740 55 ,7 1.66 585 22.8 

PA27 2.37 4 ,89 9970 46 0 1,6e 1240 17.6 
PA34 2. 08 

1.45 
6 ,15 8840 57 ,9 1.67 716 22.5 

PA38 
2. 08 
1.45 4 ,07 7730 35 ,5 1,49 

1.41 
1270 15.9 

PA39 1.89 6 ,69 11400 56 ,3 
1,49 
1.41 1780 24.4 

a n d are dated archaeological ly to the late I ron I I ( seventh century B . C . ) 
or the Pers ian p e r i o d w i t h a f ew pieces be long ing to other periods. 
W h e t h e r or not the subdiv is ion of this group w i l l be archaeological ly 
mean ing fu l w i l l p r o b a b l y depend on the results of research a i m e d at the 
subdiv i s ion of the coastal field clays into smaller geographic units. 

T h e next largest group was that of the B l a c k G l a z e ( actual ly a shiny 
s l ip ) ware , also k n o w n as A t t i c ware ( F i g u r e 5 ) . T h e pattern for this 
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5. BROOKS E T A L . Activation Analysis of Pottery 67 

the Local Hesi Elemental Pattern 

C O N C E N T R A T I O N S 0̂  Q X I D E S 

LA203 CE02 Εγ203 HJ20Z HFC2 THC2 TA205 CR203 UNO CCO 

741 l ç . l 
981 27.4 
86P 21.5 
713 l 5 , 3 
9in i e . g 

881 21.2 
U 5 p 28.2 
1060 3 0 , ς 

Θ7π 23,C 
1010 2 i , 7 

121P 22,1 
94η 21,f 
833 21.3 
987 23,7 
8i5 22,3 
95? 25,5 
614 l7.< 

U 2 P 25.C 
997 25.5 
921 22,6 

1140 26.5 
853 20,1 
733 15.C 
886 20.5 

1070 24,C 
1160 30,6 

924 20,2 
900 22.6 
860 l 6 . 5 
89? 28,6 
72* 20,C 

l2on 22,7 
824 22,6 
8 0 3 15.7 
877 l 5 , 5 
893 26,5 

1030 27,C 
683 15,5 
760 2 0 , ç 

973 23,1 
84? 15.3 
79P 16.t 
7l<? 17.5 

1070 26 .C 
731 15.7 
725 17.S 
86* 22,7 

109C 24,5 
1060 1*.C 
1050 2 4 . 1 

6l<5 15.5 
970 27.1 

P A R T S PER K I L L I O N 

27,80 OO I 3 1 , 3 6 .342 8, 33 6,44 1. 56 121 
36,10 do, 2 1,95 .628 10, 10 6,82 1. 99 147 
37,30 78 9 1,74 .53o 10, 60 8,67 1. 87 145 
30,50 
30,80 

6 9 , 3 1.47 , 4 7 4 

. 4 4 ! 
8, 43 7,11 1. 49 118 30,50 

30,80 0 8 , 5 1,44 
, 4 7 4 

. 4 4 ! 10, 20 7,84 1. 75 142 
37,30 «1 0 1,51 ,562 10, 80 8 , 7 4 1. 77 140 
44,20 82, 7 1,94 ,556 U . 50 8,83 2. 12 184 
44,Q0 0 3 , 4 1,95 .528 10, 10 9 ,23 2, 06 176 
38, go 79i 6 1 , 9 8 .625 10. 10 8,51 1. 87 163 
35,70 71, 5 1,70 . 4 6 8 8, 85 7,66 1. 80 132 
3 9 ,50 « 3 , 0 1,65 .606 

. 4 8 1 
9, 21 8,45 

8,05 
1. 54 161 

3 3 ,80 73, 4 1,72 
.606 
. 4 8 1 10, 50 

8,45 
8,05 1. 41 136 

34,60 78, 6 3,00 . 5 8 5 10, 20 8 , 4 3 1. 75 158 
3 9 ,60 80, 3 1,87 .532 11. 10 10.10 2. 00 144 
35,10 75, 2 1,72 .506 8, 73 8,34 1. 86 150 
3 7 , 30 « 1 , 3 2.11 .562 11, 40 9 , 23 1. 75 179 
31,50 o i . 8 1,42 .397 8, ,50 6,50 1. 80 127 
36,70 75, 6 1.70 .622 i l , 30 10,30 0. 00 157 
34,70 73, 8 1.74 , 4 9 8 9, 62 .49 1. 80 141 
32,00 Ί ι 1 1.61 

2.04 
.433 9, 04 7.76 1. 72 128 

38,1*0 0 8 , ,1 
1.61 
2.04 .657 9, ,45 8,96 2, i l ? 193 

28,20 63, ,2 l , l 8 . 4 6 3 8, ,65 6,83 1, ,59 118 
26,60 63, ,6 1,33 .495 9, ,09 6 , 9 4 11 ,56 119 
34,40 71, |6 1,72 ,52o 10, ,40 8,04 1, ,25 136 
34,10 ' 4 , ,6 1,77 .514 8, ,60 7.91 1, ,88 142 
3 9 , 70 08, ,1 2,08 .618 10, ,40 8,80 2, ,25 178 
32,70 > 2 , 1° 1,58 .423 9, ,70 8,15 1, ,98 161 
36,20 73! ! 3 1,71 

1,35 
, 4 4 7 10, ,00 7.82 

6 , 17 
1, ,75 150 

26,90 54, |3 
1,71 
1,35 .346 6, ,e3 

7.82 
6 , 17 1, ,35 119 

34,20 /3 , |7 1,65 .497 9, ,24 8,76 0, ,00 137 
30,80 67, ,2 1,51 .404 8,55 

12,40 
7,61 11 ,57 146 

38,10 83, ,3 1,95 .601 
8,55 

12,40 9,13 .71 164 
36,90 77| 1° 1,73 .448 8 ,58 8,11 1 ,97 165 
35,80 81, ,5 1,61 . 6 4 0 

9 ,00 8,65 11 ,50 145 
34,10 72, .3 1,50 . 4 3 9 10 ,70 8.77 11 ,69 127 
35,30 ' I l ,1 1,68 .480 9 ,30 8,55 1 ,79 157 
38,U0 0 4 , 3 1,86 ,546 13 ,10 9 ,60 2.08 178 
29,60 >8 1 , 3 6 ,426 

,485 
8 ,59 7,10 1 ,51 117 

35,20 76 ,1 1,84 
,426 
,485 10 ,50 8,26 1 ,88 153 

41,30 81 , 6 1,84 . 4 9 ! 11 ,10 9 ,22 2 ,03 151 
35,70 01 ,0 1 , 9 8 .609 H ,10 9 , 4 4 1 ,71 154 
29,90 04 ,5 1 , 5 8 .408 8 ,36 7,46 1 .59 143 
32,90 73 ,3 1,68 . 5 6 8 9 .04 8,53 

8,17 
1 . 4 5 139 

3 3 ,40 77 ,3 1,86 .501 9 .56 
8,53 
8,17 1 ,88 163 

29,80 05 ,2 1,64 . 4 6 3 7 .17 6,65 1 .56 132 
31,20 70 , 6 1,41 

1,79 
.446 8 .64 7.75 

8,02 
1 .76 136 

3 3 ,30 74 , 5 

1,41 
1,79 .546 9 ,60 

7.75 
8,02 1 .91 147 

38,40 «1 , 9 1,98 .546 9 ,45 9 , 39 1 ,83 167 
3 3 ,60 08 , 5 1,52 ,498 9 ,53 8,20 

9 ,18 
1 .57 144 

3 9 ,50 02 , 9 3.00 .551 11 .20 
8,20 
9 ,18 1 .96 165 

27,10 58 ,3 1,40 .393 8 .50 7,54 1 .46 117 
37,20 a i ,0 1.65 . 4 β ι 9 ,88 8 , 3 8 2 .06 168 

group of 25 members is very s imi lar to the patterns for M y c e n a e and 
L a c o n i a but has a higher c h r o m i u m content. T h e pattern closely fits 
that of a s imi lar group of sherds excavated at Ida l i on on C y p r u s . These 
two m a t c h i n g groups are assumed to be f rom A t t i c a , on the basis of their 
inc lus ion of one R e d - F i g u r e d a n d two B l a c k - F i g u r e d sherds. Statist ical ly 
the n u m b e r of sherds i n this group is not representative of the number 
of this type f ound on the site. A n effort was made to see i f any of this 
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68 A R C H A E O L O G I C A L C H E M I S T R Y 

ware c o u l d have been the w o r k of an i m p o r t e d potter us ing l o ca l c lay ; 
no such evidence was found . Three sherds w i t h b lack "g laze" deviated 
s l ight ly f r om the pattern ; two h a d a y e l l o w rather than the usual orange 
paste. There were also four pieces ( two descr ibed b y the archaeologists 
as amphora fragments a n d two as C y p r i o t e w a r e ) that were also very 
close to the B l a c k G l a z e pattern. 

Figure 5. Black gfoze ware from Hesi fitting the same Aegean pattern, 
except GZ42 which is a yellow paste with elemental pattern slightly 

different from the Aegean pattern 

T w o other groups h a d patterns s imi lar to the Aegean pattern. O n e i n 
cludes the only who le piece of pottery ana lyzed , a smal l juglet. T h i s group 
(Aegean- l ike 2) has two sherds descr ibed as C y p r i o t e ware . T h e other 
group (Aegean- l ike 3) of s l ight ly di f fer ing patterns, is composed of 
pieces, the pastes of w h i c h appear ident i ca l to the eye. T h e second group 
contains five sherds f rom the H e s i corpus and one f rom T e l l B u r n a i n 
the l o ca l te l l survey. 

Poss ib ly be long ing to the Aegean pottery was a group of seven 
sherds (Aegean- l ike 4 ) that h a d a higher S c / E u rat io than i n any of the 
Palest in ian clays. T h e rat io was s imi lar to that of the Aegean , but the rest 
of the pattern, especial ly i n the T h / H f ratios, d i d not appear Aegean. 
Three members of this group were descr ibed b y the archaeologists as 
be long ing to G r e e k amphorae ; they p r o b a b l y represent an Aegean c lay 
source w e have not yet identi f ied. Analyses of the Aegean- l ike wares are 
i n T a b l e V . A more complete discussion of the A e g e a n materials is i n 
our report i n this area (11). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

05



Figure 7. Archaeological sites and clay sources rele
vant to this research 
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70 A R C H A E O L O G I C A L C H E M I S T R Y 

H i s t o r i c a l a n d b i b l i c a l students are concerned w i t h trade between 
p l a i n sites, as H e s i , w i t h Judean h i l l sites, especial ly those of the J e r u 
salem area. A t H e s i we f ound 12 sherds match ing the h i l l l imestone c lay 
patterns ( T a b l e V I ). A l s o i n the loca l t e l l survey, two such sherds were 
f o u n d at G o d e d a n d one at A z e k a . T h e archaeological descr ipt ion of this 

Table V . Samples with 

SPECIMEN K2C F E 2 0 3 NA2C * B 2 0 

PERCENT 

HS57 
HS59 
HS60 
P A i 7 
PA20 
PA22 
PA36 
P B l f i 
F B 3 2 
PC 2 
PC 4 
Ρ Ε 1 

Hesi Black Glaze Ρ Ε 2 
Ρ Ε 3 
Ρ Ε 5 
Ρ Ε 6 
Ρ Ε 7 
Ρ Ε 2 2 
Ρ Ε 2 7 
PF β 
PG21 
PG32 
HS26 
HS30 
HS56 

3 . 1 ° 8 , 1 4 6 9 8 0 1 6 3 , 0 
3 , 2 4 7 , 8 3 7 8 9 0 1 5 9 , 0 
3 . 2 5 
3 , 5 ° 

8 ,39 6 6 4 0 1 6 7 , 0 3 . 2 5 
3 , 5 ° 8 , 0 1 9 8 4 0 1 5 5 , 0 
3 , 7 3 8 , 5 8 7 2 7 0 1 7 5 , 0 
3 ,63 8 , 4 7 7 1 4 0 170 , 0 
2 . 8 9 8 , 1 4 7 7 9 0 1 6 1 . 0 
3 , 5 4 8 , 2 5 7 3 0 0 Ι 6 ΐ ι 0 
2 , 8 0 β , 08 6 9 7 0 1 4 4 , 0 
2 ,74 8 , 4 5 7 4 2 0 1 6 2 , 0 
3 . 0 5 8 , 2 4 7 5 0 0 1 6 6 , 0 
3 . 2 5 8 , 5 7 7 6 1 0 1 5 5 , 

7 2 8 0 1 6 7 , 
0 

3 , 6 5 8 , 8 1 
7 6 1 0 1 5 5 , 
7 2 8 0 1 6 7 , 0 

3 .34 8 , 3 0 8 6 9 0 1511 0 
3 . 2 6 8 , 3 1 7 8 9 0 1 5 6 , 

9 1 2 0 1 6 6 , 
0 

3 . 6 1 8 , 4 6 
7 8 9 0 1 5 6 , 
9 1 2 0 1 6 6 , 0 

3 . 3 2 9 , 1 1 8 7 9 0 1 7 5 , 
6 7 6 0 1 7 7 , 

0 
3 . 2 7 8 , 2 4 

8 7 9 0 1 7 5 , 
6 7 6 0 1 7 7 , 0 

2 .98 7 , 8 6 7 3 2 0 1 5 4 , 0 
3 .38 8 , 4 5 8 0 8 0 1 6 6 , 0 
3 , 7 0 8 , 8 3 7 7 9 0 l e 0 , 0 
3 . 4 9 8 , 8 5 7 1 1 0 1 4 2 , 0 
ο.οο 7 , 8 0 0 1 5 9 , 0 
0 . ο ο 8 , 6 0 η 2 ΐ 6 , ,ο 
3 .38 8 , 6 2 7 4 1 0 1 6 5 , 0 

Hesi Sherds of a 
Pattern Similar 
to Black Glaze 

H S 6 2 \B lack Glaze on l f 4 5 8 , 4 5 1 2 6 0 0 β 5 , 2 
G Z 4 2/Yel low Paste 2 , 8 9 6 , 1 6 6 6 4 0 1 6 4 , 0 
P C l l \ Cypriote 3 , 5 7 8 , 2 5 7 6 5 0 1 6 4 , 0 

3 , 4 5 8 , 9 3 7 0 6 0 1 5 1 , 0 
2 . 6 7 7 , 8 5 U 2 0 0 l g , 8 
2 , 6 1 7 , 9 4 1 1 1 0 0 l 0 9 , 0 
0 , 0 0 8 , 5 2 0 1 7 7 , 0 

GZ42/"Yellow Paste 
P C l l ^ Cypriote 
P C 1 2 / * Ware 
PB 1 
PB 9 
HS27 

HS61 3 , 3 9 6 , 0 6 7 6 7 0 1 4 9 , 0 
Aeeean-like 2 6 3 . 2 1 6 , 2 5 8 2 2 0 1 6 1 , 0 Aegean l ike ι ρ Ε < 3 , 4 7 7 , 01 7 9 7 0 170 , 0 

P C l ? 3 . 0 9 7 , 0 2 7 6 0 0 l l 9 , 0 

Aegean-like 3 

Aegean-like 4 

PF 7 
PA 7 
PC16 
P A 4 1 
PC 9 
BR 3 Te l l Burna 

P F 1 2 
PA33 
PB 2 Amphora Base 
PB27 
P F 1 6 
PG 5 
PG 1 Amphora Base 1 , 3 1 4 , 0 6 

2 , 0 3 3 , 9 1 
1 .78 3 , 9 4 
2 ,58 5 , 1 7 
2 . 3 5 4 , 7 6 
2 . 2 0 4 , 5 6 
1 . 6 4 5 , 0 1 

1 . 3 2 5 , 2 4 
3 , 4 9 6 , 1 2 
1 , 3 9 3 , 6 1 
2 . 8 4 5 , 1 0 
1 . 2 0 4 , 3 0 
1 , 3 7 3 , 0 6 

2 7 2 0 7 2 , 6 
2 2 6 0 6 5 , 6 
3 5 9 0 7 6 , 5 
2 5 5 0 76,0 
3 4 9 0 7 7 , 4 
2 1 1 0 5 0 , 0 

4690 3 8 , 9 
4 9 8 0 6 2 , 9 
4 4 5 0 3 6 , 3 
5 2 0 0 6 1 , 1 
4 9 8 0 3 5 , 4 
4 3 2 0 0 , 0 
5 2 0 0 3 1 , 5 
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5. BROOKS E T A L . Activation Analysis of Pottery 71 

group has not been completed, except for one sherd descr ibed as a storage 
jar. T h e h i l l patterns vary somewhat, a n d these sherds have not been 
p i n p o i n t e d as to specific site. 

T h e l i terature describes i n Palestine d u r i n g the Pers ian per i od f rag 
ments of large bowls (20 -30 c m i n diameter ) named mortor ia . O n the 

Aegean-Like Patterns 

CONCENTRATIONS Of- QXlDES 

CS2C BAO SC203 LA2U3 CEQ2 EU203 L * 2 ° 3 

PARTS PEP 1 » ILLI ON 

12 . 6 c 739 36.5 4 4 , 50 U 9 , 0 1,67 .536 
10,70 753 35.9 47, 40 137, 0 1.80 .441 
13,40 781 37.8 42, uo >9, 4 1.87 .46o 
10,20 
1 3 , 4 0 

667 37.3 41, 30 *5, 1 1.58 .556 10,20 
1 3 , 4 0 841 38.6 39.70 90, 3 1,73 ,614 
13 .7ο 89i 37.8 39, ,40 v 3 , 6 1,74 ,534 
11,00 574 36.6 41, ,70 9 4 , 2 1.80 .514 

. 6 3 i 13,10 693 36.9 41, ,20 ° 6 , ,8 1,66 

.514 

. 6 3 i 
14 , 4 c 625 36.0 47, ,20 « ι ,2 1.73 .528 
12.40 880 36 . 4 38, ,30 9 2 , ,7 1,50 .593 
12,40 740 34.7 39, .40 9 6 , ,7 1.69 .639 
12,20 616 38,3 43, ,70 1 0 4 , ,o 1.39 ,683 

11,50 
10,^0 

592 40.5 4 4 , ,30 107, |0 1.71 .703 11,50 
10,^0 695 38.6 42, ,40 9 5 , |1 1.75 ,726 

, 7 7 6 12,30 835 37.5 41, ,00 101, .0 1 . 4 4 
,726 
, 7 7 6 

10,10 655 39 . 4 42, ,90 9 5 , . 5 J . 6 2 .782 
11,10 560 41.6 

37 . 4 
42, ,70 9 6 , . 9 1.57 ,7β4 

14,10 780 
41.6 
37 . 4 38, ,60 8 5 , .4 J . 6 7 , 4 7 0 

10,30 
10,60 

664 35,8 41,50 9 2 , . 9 1.64 .521 10,30 
10,60 592 36.7 42, ,30 9 4 , , 5 1.73 .696 
13, β ο 685 39.9 4 « ,00 1J6, .0 2.24 ,555 
14,00 759 40.1 42 ,80 9 6 , |3 3»39 , 4 β 6 

10,70 1130 35.7 0 ,00 91 • 0 1.66 , 8 5 ι 
12,30 1030 36,2 0 ,00 V2 . 9 1.74 .662 

11.50 605 38.8 43 .60 0 |0 1.74 ,619 

H F C 2 T H C 2 T A 2 0 5 C R 2 0 3 MNO CCO 

3,51 
4 ,24 
3 , 4 5 
4 ,05 
4 ,10 
4 ,38 
3.58 
4 .51 
3 , 4 7 
3.59 
4 ,42 
3,98 
3,78 
4 .26 
4 ,56 
3,56 
3,69 
3,74 
4 ,03 
3, ee 
4,33 
4 . 2 7 
4 , e8 
4 .71 
3.52 

13.20 
13.80 
13,50 
12,50 
13,20 
13,5o 
13,70 
13,60 
12,80 
13,10 
13,60 
13,80 
13,90 
13,00 
14,10 
13,90 
13.80 
13,40 
13,50 
13.60 
14,80 
13,80 
14,50 
15,30 
12,80 

1. 46 7 2 6 1170 4 β , 4 
1. 63 634 9 2 ? 6 0 , 8 
1. 44 764 1 2 2 0 48,1 
1. 2 9 6 7 6 951 4 0 , 7 
1. 34 816 1 1 6 η 4 6 , 4 
1. 32 8 0 1 l2on 4 6 , c 
1. 43 7 3 7 1 1 3 0 4 7 ,2 
1. ,40 810 98P 4 7 ,2 

l i ,35 714 118P 4 7 ,6 

l l ,26 7 8 9 1260 46,2 

l i ,36 7 5 4 1 1 6 0 4 7 , 0 
1. ,02 7 8 0 109P 48,6 

l i , 2 3 7 2 7 9 9 j 4 3 ,7 

l l , 7 7 6 6 7 894 4 0 ,2 

l i , 1 6 8 0 7 1 1 9 Γ 4 4 , 5 
1, , 2 2 6 7 3 9 4 1 4 3 , 5 
l l , 1 3 7 4 8 805 4 6 , 0 
l l , 3 4 8 4 9 1 1 7 0 4 7 , 4 
1· , 4 0 68Q 899 4 5 ,1 

1. , 1 3 6 7 5 107P 4 1 , 4 
l l ,38 734 8 4 2 5 0 . 4 
l l . 4 6 8 2 1 1 1 0 0 4 5 , 3 
2 , 2 1 7 8 6 0 4 4 , 5 
2 .12 8 5 8 η 46,7 

1 . 5 1 7 1 7 1 1 2 0 5 5 , 3 

5.16 319 3 6 , 4 26,40 >7, , 9 l l , 4 9 ,608 
7 . 4 6 929 31 . 9 3 7 , 30 « 2 , |0 1< ,52 .602 

, 5 7 7 9 ,06 1070 3 8 . 0 38,20 90, ,8 *« , 7 4 
.602 
, 5 7 7 

11,20 811 3 9 . 9 43,00 99, ,8 1· ,85 . 6 8 3 

5 . 5 5 
5 , 8 l 

3 7 9 3 3 . 3 3 5 , 9 ο 8 6 , ,7 l i ,51 ,811 5 . 5 5 
5 , 8 l 396 3 3 . 6 36,20 ' 8 , , 3 1 , 6 3 , 5 β 0 

12,40 862 3 5 . 8 0,00 0 6 , ,2 1 , 5 4 , 7 6 8 

3,07 8 ,23 
3,47 12,30 
4,14 12,70 
3,57 13,60 
3,75 11,20 
4,01 11.40 
3,79 14,00 

1, ,13 473 971 42,2 
29,6 1, ,17 416 l l i n 
42,2 
29,6 

Οι ,00 8χ3 1380 47,0 
1 ,49 848 1330 45,1 

1.46 541 1380 4 5 · ί 
l l ,68 461 1320 54.6 

47.7 l l ,61 858 0 
54.6 
47.7 

8 , 7 4 3 6 0 2 5 . 3 5 2 , 1 0 U 4 , 0 1 , 4 5 
7 , 7 3 4 1 7 2 5 . 4 4 6 , 4 0 1 U 2 , 0 1 , 6 7 
8 , 5 6 5 1 8 2 8 . 9 4 9 , 6 0 1 1 2 , 0 J , 5 2 
4,4o 4 1 1 2 8 . 5 5 Q , 9 Q H J 3 , 0 2 , I 4 

. 7 0 6 4 , 1 7 1 4 , 3 0 2 , 6 7 1 2 1 7 9 1 1 3 7 , C 

. 6 3 2 4 , 5 2 1 6 , 7 0 1 , 7 2 1 2 6 743 l 9 , e 
, 7 1 8 4 , β 5 1 6 , 5 0 1 , 6 7 148 756 2 2 , 1 
, 5 7 2 5 , 0 9 1 4 . 4 0 0 , 0 0 164 1 2 3 0 2 9 , 1 

2. 23 731 15.8 34,10 0 9 , ,9 
2 , 7 i 636 15.3 38,20 ^ 9 , ,4 
3, ,72 570 20.9 45,50 *2, ,5 
3, ,44 404 19.7 43,20 91, .3 

2, ,72 99o l 8 . 8 41,10 «7, .3 

4, ,63 955 21.3 54,10 *3, |1 

2, ,04 869 20 . 9 39,50 0 6 , , 9 
2, ,24 853 25.6 35, b0 >9, |3 

1, ,25 457 14 . 4 22,70 4 4 , |0 
3, ,47 598 25.3 36,50 76, . 9 
1, , 4 β 525 16.8 25,20 >6, , 6 

,85 186 12 .9 17,20 06, ,* 
1 ,32 255 15.7 25,10 0, .0 

1,31 
1.46 
1,87 
1.79 
1,58 
1.79 

1.44 
1,66 

.78 
1,48 

,99 
,70 
,90 

.475 
,480 
.461 
. 5 2 7 
. 3 9 9 
. 5 2 0 

. 4 8 6 

. 3 9 5 

. 5 0 2 
, 3 1 5 
. 2 2 2 
, 4 2 8 

3,37 9,57 
2,68 9 , 4 4 
3 ,β2 12,10 
3,36 n , 9 o 
3,51 11,00 
4 ,13 12,90 

9,07 
9,92 
4,00 
8,02 
4,45 
2,55 
4,78 

9,39 
9,89 
6,16 
9,38 
6,55 
4 , 0 4 
5 , 7 4 

1, ,07 116 126 
1, ,04 144 127 
1, ,57 172 199 

1· ,23 165 2 0 3 
1. ,38 148 212 
l l ,43 159 220 

1.93 148 495 
l i ,77 195 812 

,84 88 285 
l i ,40 l6o 545 
l l ,35 104 485 

,88 67 195 
1 ,90 113 513 

5 . 1 
i e . c 

13.2 
1 2 . 5 

17,2 
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72 A R C H A E O L O G I C A L C H E M I S T R Y 

Table VI . Limestone H i l l Clays and 

S P E C I M E N K 2 C F E 2 0 3 N A 2 C Ρ Θ 2 0 

PERCENT 

Yellow Limestone 
H i l l Clays 

B 0 6 5 Beit Ummar 4 , 6 0 5 , 6 0 
AR60 Arub 3 . 3 1 4 , 2 8 
J R 6 5 Jerusalem 4 , 9 5 4 , ? 1 
J B 6 0 E l Jib 2 . 1 2 4 , 2 9 
J B 7 0 W. of El Jib 5 , 6 5 5 , 8 3 

1 0 6 0 U 3 , 0 
866 7 2 , 9 
550 5 3 , 4 
649 6 5 , 5 
9Q7 1 2 5 , 0 

Hesi, Azeka, Goded 
Pottery Matching 
the Limestone Clay 
Patterns 

P B 1 6 
P B 2 9 
P C 1 0 
PE17 
PF 4 
PF 5 
P F 2 9 
PG 2 
PG31 
6 0 4 
6D 6 
AZ 6 
HS 7 
HS 9 
HS51 

Tel l Azeka 
Te l l Goded 

3 , 3 5 4 , 6 2 
3 , 6 8 4 , 6 5 
3 , 8 7 4 , 6 1 
2 . 6 0 4 , 4 7 
4 . 2 9 5 , 4 1 
3 . 8 1 3 , 9 3 
3 , 5 2 3 , 6 1 
1 . 8 9 2 , 9 0 
0 . 0 0 3 , 9 0 

3 0 6 0 7 4 , 1 
1 8 9 0 6 7 , 2 
2 8 0 0 7 1 , 8 
3 1 6 0 6 1 , 5 
3 6 5 0 7 3 , 2 
3 2 9 0 4 2 , 8 
4 8 1 0 6 4 , 7 
1 9 3 0 6 5 , 1 
3 6 3 0 5 9 , 6 
1 5 9 0 5 8 , 7 
1 6 2 0 U 4 . 0 
1580 7 2 , 1 
1 4 6 0 6 2 , 8 
1 6 6 0 2 7 , 7 

0 5 7 , 1 

basis of ceramic style, six sherds were ana lyzed , plus a fragment of a base 
that was thought to be a m o r t o r i u m (on ly r ims have been repor ted ) . 
T h e base fragment, plus five of the mortor ia , h a d ident i ca l patterns w h i c h 
fit w e l l , w i t h one exception, the general M e s o p o t a m i a n pattern ( T a b l e 
V I I ). C lose v i s u a l examinat ion of the non -match ing sherd, w h i c h h a d a 
r e d field c lay type pattern, suggested that i t d i d not be long w i t h the 
others because of its paste differences. M o r t o r i a of the match ing element 
pattern were also obta ined at Qeshet a n d M i l h a d u r i n g the l oca l te l l 
survey. T h e d i s turb ing exception to p l a c i n g the mortor ia i n the M e s o p o 
tamian group is the S c / F e rat io (5.32 ± 0.39) w h i c h differs f r om the 
M e s o p o t a m i a n ratio of 4.23 ± : 0.14. A smaller group of m i x e d ceramic 
type a n d s l ight ly different element patterns also fits into the Mesopota 
m i a n pattern except for the S c / F e rat io ; this var iat ion m a y be the result 
of heavy temper i n these sherds. T h e temper has not been ana lyzed for F e 
a n d Sc. O f course, it is possible that the true o r i g in of these materials 
has not been found . 

Ceramics w i t h the E g y p t i a n N i l e c lay pattern have not been f ound 
at this stage. E g y p t i a n materials were expected because of the presence 
on the site of m a n y smal l glass figurines considered i n archaeological 
circles to be E g y p t i a n imports . At tempts to m a t c h H e s i ceramics w i t h 
E g y p t i a n have been restr icted to the N i l e m u d pattern. 

T h e r e m a i n i n g pottery of the H e s i corpus f e l l m a i n l y into groups 
of five to 12 sherds h a v i n g s l ight variations w i t h the general r e d field 
c lay pattern ( T a b l e V I I I ). At tempts to p i n p o i n t exact locations for these 
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5. BROOKS E T A L . Activation Analysis of Pottery 73 

Hesi Pottery of Matching Pattern 

CONCENTRATIONS Oh QXjDES 

CS2C BAO S C 2 0 3 L A 2 0 3 CE02 E U 2 0 3 L b 2 0 3 HFC2 THC2 U 2 0 5 C R 2 Û 3 MNO C^O 

PARTS PER M L L I O N 
6 , 6 6 
6 , 9 0 
6 . 2 2 
5 , 6 2 
7 . 7 2 

9 . 1 2 
3 , 9 j 

1 2 3 3 7 , 7 3 6 , .10 4 9 , .2 I t l l 1. » 3 l 0 3 , , 3 6 9 . 1 2 
3 , 9 j 1 2 1 2 4 . 6 2 5 , , 8 0 ,2 1 , 4 0 . • , 4 7 3 3 , 
6 , 2 0 147 2 6 . 1 2 4 , , 9 0 4 1 , I 4 , 9 8 ι , l 4 0 2 , , 5 8 
4 . 4 6 58 2 2 . 2 2 1 , , 4 0 4 6 , . 1 ι . ι β , 3 1 9 2 , 4 9 
6 , 9 7 110 2 9 . 9 2 7 , , 4 0 6 3 , ,4 1 . 6 1 . 4 3 4 2, , 5 1 

l t 0 3 1 8 3 145 1 2 . 5 
. 9 4 1 2 6 686 
. 8 2 118 144 7 . 7 
. 8 4 1 1 3 33P 1 < . 5 
. 8 8 1 5 9 126 1 1 . 7 

3 , ,55 9 7 8 2 5 . 5 2 5 , 3 0 i>5, ,2 1 . 2 9 .364 4 , , 0 6 8 , , 6 3 
3 , .69 304 2 4 . 4 2 2 , 9 0 >2, ,5 Î . 4 4 . 3 7 6 3 , , 5 6 7, . 7 7 
3 , .06 4 6 9 2 3 , 0 2 2 , 6 0 4 7 , ,8 1 . 3 2 , 3 1 7 2 , , 6 6 8 , . 6 7 
3 , ,94 4 1 3 2 8 , 7 2 8 , 4 0 8 5 , ,5 t . 7 2 

1 . 2 8 
. 4 1 7 
. 4 5 2 

4, , 0 2 8 , 
3 , ,73 3 3 4 2 1 . 9 2 3 , 2 0 b 3 , ,8 

t . 7 2 
1 . 2 8 

. 4 1 7 

. 4 5 2 3 , , 0 6 8 , ,79 

2 , ,65 304 2 2 , 9 2 3 , 6 0 5 8 , ,9 1 . 3 5 . 4 3 7 2 , , 9 3 6, , 9 6 
4 , , 3 1 376 2 3 , 5 2 4 , 5 0 >9, |4 1 . 3 9 . 4 5 t 4, , 7 9 7, ΛΙ 
2 , ,72 468 1 9 . 8 2 8 , 1 0 

1 9 . 6 0 
« 4 , |5 1 . 3 0 . 3 3 7 2 , , 4 3 6, ,37 

3 , ,06 92 2 0 . 9 
2 8 , 1 0 
1 9 . 6 0 49, , 1 1 . 2 7 . 3 1 7 

, 4 5 8 
2 , , 6 8 5 , ,79 

3 , ,57 6 7 3 2 4 . 0 2 8 , 4 0 >7, |0 1 .46 
. 3 1 7 
, 4 5 8 3 , Ί 8 

7, ,21 
9 , ,46 6 9 2 2 8 . 5 3 1 . 6 0 8 2 , , 9 1 . 5 9 , 4 4 8 3 , , 5 1 8, , 2 5 
3 , ,76 354 2 1 . 2 3 2 , 6 0 o. ,0 1 . 2 3 . 2 5 l 3 , , 4 5 6, , 4 2 
3 , , 2 7 7 7 1 1 7 . 7 2 0 , 5 0 3 8 ! ,9 . 9 8 . 3 7 8 2, , 2 3 5, ,20 

1, , 7 1 5 8 2 1 5 . 0 1 8 , 7 0 3 0 , ,9 . 8 4 . 3 4 4 2 , 1 7 4 , 1 7 
3 , ,65 924 1 8 , 8 0 . 0 0 4 1 , ,7 1 . 0 4 . 4 5 5 2 , 4 8 5 . 5 4 

1 . 4 5 1 2 2 325 1 5 . 4 
1 . 0 6 1 1 6 321 1 5 . 5 
0 . 0 0 128 371 1 7 . 2 
0 . 0 0 140 596 1 2 . 5 

. 9 5 1 0 9 6 o 3 1 0 . 6 

. 7 9 117 579 1 1 . 2 
1 . 0 1 0 476 1 1 . 2 

, 6 6 1 0 5 265 1 3 . 4 
. 5 0 99 28) 1 ' . * 
. 9 8 

1 . 0 5 
128 396 1 3 . C . 9 8 

1 . 0 5 1 4 3 376 2 0 . 3 
. 8 9 106 3 8 ] 1 4 . e 
. 5 5 90 303 1 2 . 4 
. 5 8 7 1 321 1 0 . 5 
. 5 5 104 3Q5 1 3 . 6 

groups have not been made, a n d success i n this area m a y depend u p o n 
analyses of more c lay a n d pottery f rom a w i d e r area than the i n i t i a l survey. 

There were a f ew sherds w i t h total ly un ique composi t ional patterns, 
a n d these w i l l p robab ly not be p laced , at least u n t i l m u c h more is k n o w n 
of the e lemental concentration patterns for the who le N e a r East . I n this 
category is a group (1 i n T a b l e V I I I ) of nine sherds h a v i n g the same 
pattern ; unfortunately none of these have forms recognizable to the H e s i 
archaeologists. 

Conclusion 

A c t i v a t i o n analysis was used to study 225 sherds selected f r om the 
excavated Pers ian leve l ceramics f rom T e l l e l - H e s i , Israel . T h e purpose 
of the project is to determine the or ig in of these mater ia l s—whether they 
were made at the site, came f rom sites l o ca l to the te l l , or came f rom 
foreign sites. Estab l i shment of ceramic trade patterns w o u l d he lp solve 
certain archaeological , h is tor ica l , a n d b i b l i c a l problems re lat ing to this 
area i n the t ime per i od considered. 

Analys i s of ceramics a n d clays f rom the coastal p l a i n a n d h i l l c oun
try near T e l l e l - H e s i showed that w h i l e some of the h i l l country materials 
are dist inct , the coastal p l a i n pattern is s imi lar to the po int where separa
t ion of the materials b y specific sites has not yet been done. H e s i m a 
terials do i n c l u d e sherds be long ing to the h i l l country pattern , ind i ca t ing 
trade relationships w i t h sites i n the Pers ian Prov ince of J u d a h — a n i m p o r -
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A R C H A E O L O G I C A L C H E M I S T R Y 

Table VII. Mesopotamian Samples 

Mesopotamian Samples 

S P E C I E 

Ν ρ J Nippur 
NM66 Nimrud Brick 
TY l \ 

2 >Te l l Taya 

1 \ 
2 >Arpachiyah 
3 J 

TY 
TY 
AP 
AP 
AP 
SH 
SM v Samarra 
S H 6 e / P o t s & T i l e 

IR 1 
UR 2 
UR 3 
IR 4 
UR 5 
IR t 
U R l l 
LR12 
IR13 
L R U 
LR15 
CT 1 
CT 2 
CT 3 
CT 
CT 
CT 
NZ 
NZ 
NZ 
NZ 
NZ 
NZ 
BP 
BB 
ΒΘ 
BB 
BB 
BB 

>UR Tablets 

• UR Pottery 

> Ctesiphon 

J 
a 

Babylon 

K2C FE203 
PERCENT 

.88 7.56 
1.70 6,25 
2 . l 5 7,26 
2.67 6,56 
1 . 1 * 5,57 
3 .46 7,72 
2 .48 8,83 
2.75 6,95 

.81 7,32 

.59 8,26 
I . ? 7 6,62 
2 .2β 4 ,93 
1.40 6,50 
2.73 7,06 
1.52 6,76 
2.11 6,36 
2.79 6 | 4 8 
2.51 6,05 
2.37 6,66 
1.51 7,57 
1.06 6,64 
2.11 7,20 
1 .76 6,16 
2.41 6,17 
1.79 5,72 
2,03 6 ,99 
1.74 5,87 
1.32 6,69 
2.37 5,95 
2,20 4 ,83 
2.2^ 6,06 
2.2^ 6,02 
2.22 5,93 
2,o2 6,04 
1.1* 7,42 
1.71 7,19 
1.91 7,35 
1 .78 7,33 
1.81 7,00 
1.94 6,83 

NA2C RB20 

18200 39,7 
11700 50 , 1 

75oo e i , o 
9790 71 , 4 
6 6 6 0 35 , 2 
8 2 4 0 l l 9 , 0 
5180 e5,2 
5500 65,8 

19600 32,6 
8440 21,5 

14400 6 2 , 2 
10200 65,3 
12100 57,7 
16500 55 , 0 
17700 6 0 , 5 
18700 68,3 

9770 68,6 
22300 2 4 , 2 
22800 6 7 , 8 
2 5 1 0 0 
1 7 5 0 0 

26,2 
28,5 

23700 62,3 
17500 73,5 
17900 70,7 
14600 75,8 
11900 74,0 
12300 62,9 

6010 57,8 
7510 57,4 
5760 51.9 
5140 β 3 , 3 
4920 74,4 
6460 β 2 , 7 
4360 64 ,7 

19600 29,5 
20900 78 ,6 
19400 70,7 
20600 52,8 
18300 56 ,8 
19800 62,5 

Hesi Sherds Matching 
the Mesopotamian Pattern 

PF33 
PB38 
PE16 
PA 6 
PA 1 

3.00 7 , 9 e 
2.51 8,36 
1,86 5,63 
2.62 8,29 
1 . 9 8 6,03 

1 1 8 0 0 4 9 , 9 
1 8 9 0 0 7 0 , 4 

8 1 1 0 6 4 , 5 
1 3 8 0 0 6 6 , 5 

8 8 9 0 6 7 , 8 

Mortoria from Hesi and 
Nearby Tells with a 
Mesopotamian Pattern 

CS 2 Te l l Qeshet 
P L 2 3 Te l l Milha 
P 6 2 9 
PF35 
P F l l 
PC 6 
PA26 
PA29 

2 . l 3 5 , 6 7 
2 . 3 0 5 , 8 4 
2 . 2 ° 5 , 9 6 
1 . 9 1 5 , 7 6 
2 . 3 2 5 , 6Θ 

2 . 3 2 6 , 3 4 
2 . 3 C 6 , 2 3 

7 4 5 0 6 0 , 6 
7 6 9 0 6 0 , 8 

1 0 1 0 0 4 8 , 2 
6 4 8 0 5 7 , 3 
7170 5 2 , 4 
7 2 3 0 5 5 , 1 
8 6 8 0 6 7 , 1 
7920 6 7 , 1 
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5. B R O O K S E T A L . Activation Analysis of Pottery 75 

and Matching Hesi Sherds 
CONCENTRATIONS OY ÇX I DES 

CS2C BAO S C 2 0 3 L A 2 C 3 CE02 E y 2 o 3 
PARTS PER 

L U 2 0 3 
P I L L I O N 

HFC2 THC2 TA205 C R 2 0 3 MNO CCO 

4.91 358 32.3 22, iO 3 8 , ,9 1,31 .461 
.383 

3, ,77 8,40 l l ,24 495 1380 41.5 
2.21 324 27.4 25, 90 5 8 . ,9 1.21 

.461 

.383 3, ,54 6 ,74 
10.30 

1, ,10 659 105n 34 , 0 
5,26 399 29.7 39 , 7 0 >4, ,1 1 ,56 .429 4, ,71 

6 ,74 
10.30 l l ,39 414 I23n 34.6 

3.67 400 28.8 25 , 8 0 
29 , 7 0 

37, ,8 1.30 .539 3, ,84 7 ,46 1.08 844 1180 35,2 
2,7c 343 23.2 

25 , 8 0 
29 , 7 0 >2, ,0 1 .12 . 3 3 2 3, ,48 6,44 

10.7 0 
l l ,02 623 951 32,1 

7.66 561 31.1 26, ,80 7 2 , ,3 1 ,28 . 5 4 2 4, ,70 
6,44 

10.7 0 1 ,38 404 1120 3 3 , 1 
47,5 4.66 235 38,5 29, U0 >5, |0 1 .17 .601 

, 4 5 i 
3, ,10 7 ,85 ,95 550 1160 

3 3 , 1 
47,5 

4 , 9 5 783 28.3 31, ,80 87, ,2 1.28 
1 .29 

.601 
, 4 5 i 4, ,07 8,88 1 ,23 531 1160 35,4 

2.32 263 30.8 26, ,60 >8, ,8 
1.28 
1 .29 

,448 
.465 

3, ,22 8,21 1 .51 363 1380 35.6 
1.76 280 36.5 24, ,30 5 6 , |0 1 .17 

,448 
.465 3, ,56 8,44 1 ,56 407 l77p 40 , 1 

3 ,67 318 28.3 26, ,80 6 2 , ,6 1.10 .373 2, , e 9 7 .97 
6 .08 

1 .19 308 1410 33,3 
15.5 3 ,01 291 20.9 

27.4 
21, ,60 «4 , ,8 .80 

1 .23 
.402 2, ,53 

7 .97 
6 .08 ,88 226 742 

33,3 
15.5 

2.79 359 
20.9 
27.4 23, ,90 48, ,6 

.80 
1 .23 .433 2, ,63 6 ,92 .90 362 1250 35 , 1 

3 ,27 326 30.1 25, ,40 5 8 , |0 1.58 .385 2, ,99 6,77 1 ,22 445 1400 3 8 , 0 
3 ,50 350 28.2 23, ,40 49, i l 1 ,41 .368 2, ,74 7 ,25 .98 359 1190 36 , 1 
3 ,87 271 27.3 21, ,30 36, ,7 ,88 .358 3, ,38 7 .09 .89 334 806 2β ,2 
3,76 349 27.9 23, ,90 34, |6 1,46 .364 3, ,01 7 ,05 1 .66 382 824 27,6 
1.64 598 26.1 28, ,20 ° 0 , , 1 1 ,41 ,434 

.391 
4, ,18 8 ,54 0 .00 322 1170 24,0 

2,56 345 29.4 26, ,90 6 0 , ,6 1.42 
,434 
.391 3, ,64 7 .21 0 .00 1040 1220 33 ,2 

1.02 383 32.8 27, ,60 60, .9 1,58 ,43o 4, ,09 8,73 .83 581 1210 37,5 
2.8Ç 220 28.4 24, ,20 37, |0 1*01 .408 3, ,00 6 ,93 

8 ,07 
.62 406 1260 34.6 

3,22 460 31.7 27, ,70 6 3 , ,7 1.34 ,427 3, ,64 
6 ,93 
8 ,07 .55 535 1170 34,3 

2,86 408 26.3 24, ,90 5 6 , |0 1 .12 .374 3, ,38 7 ,21 
7,18 

.98 492 1100 34,5 
2,99 405 27.0 25, , 9 0 ^7, |0 1.34 .411 4, ,11 

7 ,21 
7,18 .95 597 1040 27.6 

3,16 366 24.8 24, ,20 35, |0 1.25 . 4 1 4 3, ,14 6,99 ,89 454 1040 30,C 
3 ,40 396 29,8 28, ,00 o 2 , ,2 1.31 .415 3, ,32 7,66 .89 466 1110 36.0 

25.4 3,00 
3 .20 

393 25.4 26, , u ο >5, ,8 1.30 .444 3, ,82 7,22 .95 432 953 
36.0 
25.4 3,00 

3 .20 595 24.7 41, , 7 0 7 * . ,1 1.82 .494 5, ,11 10,30 1 .45 220 767 23.5 
3 , 5 0 386 24.8 27, , 3 0 ° 2 , |0 1.33 .410 3, ,52 8 ,06 ,88 403 1030 25.3 
2.25 341 20.6 21, ,>0 48, , 7 1 ,28 .319 

,374 
3, ,12 6 ,12 ,83 379 901 *y 

29, C 
3,93 858 26.1 26, ,*o >7, ,2 1 .23 

.319 
,374 3, ,86 8 ,03 .92 355 1080 *y 

29, C 3 ,66 435 25.2 24, ,20 >«l ,4 1 ,17 .453 3, ,29 7.69 ,87 317 970 27,3 
3 ,3c 363 25.5 28, ,20 ° l i , 8 1 .42 

1 .19 
,45Q 3 ,52 7,92 .92 461 1010 27.0 

3.55 373 25.7 26, , 4 0 37, ,2 
1 .42 
1 .19 .395 3, ,39 7.94 .87 360 958 26.2 

2 , i e 357 31.6 28, ,10 ° 2 , ,2 1.34 ,439 
,423 

3 ,72 8,18 .91 540 1310 39,0 
3 ,67 398 31.0 26, ,10 33, ,8 1 .35 

,439 
,423 3, ,48 7 .78 1 .02 402 1190 36,5 

3 , 7 i 4Q8 32.2 27, , 2 0 *o, . 7 1 .45 .443 3, ,52 7.94 .89 400 1290 38 ,7 
2,75 417 32.7 25,80 >7, , 1 1,56 ,416 3, ,47 7,3 2 .94 601 139ο 36,6 
2,95 493 30.8 24, ,00 33, ,9 1.42 .411 3, ,19 6 ,67 .93 519 1210 37,2 
3,12 0 30.6 25, ,60 3 2 , ,4 1,28 .400 3, ,80 7 .41 .85 431 1160 3 3 , 1 

2,66 
2,94 
3,17 
3,62 
2,99 

636 38,4 28, ,60 « 5 , ,4 1.15 .558 2, ,68 5,92 ,76 417 1510 
485 41.5 25, ,30 49, ,7 1.55 .717 2, ,92 5,77 o . o o 396 1650 
310 28.7 23, ,90 |2 1.20 ,35o 2, , e i 6,04 

6,09 
,83 422 1420 

653 39,0 21, ,^0 >o, 7 l . l 8 . 4 5 4 3, ,32 
6,04 
6,09 .74 

1.18 
361 1290 

5Q4 28.5 27, ,90 81, ,7 1 , 3 8 , 4 9 i 3, ,48 7,20 
.74 

1.18 429 1260 

2.5Ç 
2.66 
2.96 
3,16 
2 , 7 0 

2.46 
2,9e 
3 . 3 l 

918 
759 
277 
463 
739 
629 
646 
431 

31.2 27,60 
33.0 27,50 
32.5 25,30 
30.9 27,50 
30.9 22.60 
33.5 23,50 
34.5 26,80 
31.6 28,60 

« 7 , 6 
3 4 . 5 
5 7 . 4 
6 4 , 8 
5 4 , 8 
3 2 . 6 
5 8 , 8 
0 1 . 5 

1.24 
1.31 
1.44 
1.32 
1.15 
1.26 
1.26 
Î . 3 5 

, 4 4 2 

, 5 4 5 
.413 
. 4 4 o 
. 3 9 8 
. 3 6 7 
. 4 2 0 

. 5 8 0 

2 , e i 
3 . 0 4 
3 , 4 3 
3 , 3 7 
2 , 6 7 
2 , e 4 
3 , 3 1 
3 , 5 5 

6.06 
6,46 
6.79 
7.07 
5.76 
5,88 
6,67 
6,91 

,96 
.96 
,83 

1,26 
.78 

1,12 
1.15 
1.19 

392 
600 
536 
875 
629 
991 
614 
625 

1020 30,5 
1050 27,3 
1280 2β ,1 
1280 31,5 
1380 25,1 
1110 27.4 
1450 30.6 
1250 25,1 
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76 A R C H A E O L O G I C A L C H E M I S T R Y 

tant h is tor i ca l a n d b i b l i c a l fact. T h e largest group of H e s i ceramics fits 
the coastal p l a i n pattern. 

C l a y a n d ceramic samples f rom the Aegean , C y p r u s , Syr ia , and 
M e s o p o t a m i a areas were ana lyzed , a n d previous w o r k on E g y p t i a n m a 
terials was used as a basis of comparison w i t h the H e s i materials whose 
e lemental concentrat ion patterns indicate foreign import . Sherds of 
A e g e a n / C y p r i o t e o r ig in were found. A s m a l l group of materials , i n c l u d 
i n g one stylistic co l lect ion of large bowls c o m m o n i n the Palest in ian area, 

Table VIII. 

S P E C I H E N 

P B 3 9 
P C l 4 
P C 1 5 
P E 1 2 
P E l * 
P E 2 8 
P F 4 2 
P F 4 3 
p e n 

K2C P E 2 0 3 

PERCENT 

2 . 1 4 
1 . 3 6 
2 . 2 0 
i . e o 
1 . 6 0 
1 . 7 3 
1 . 8 5 
1 . 7 1 
1 . 8 0 

6.Q7 
4,77 
5 .79 
5 , 5 5 
5 , 4 5 
5 > 
5 . 1 2 
5 , 3 2 
4 , 2 2 

NA20 RB20 CS2C BAO 

1 0 3 0 0 e i 5 1 . 3 l 8 5 1 
7 1 1 0 37 7 1 . 4 c 1 1 5 0 
9 9 1 0 64 0 1 , 2 5 9 6 7 
8 2 5 0 56 0 0 . 0 0 1 3 2 0 

1 4 3 0 0 0 0 0 . 0 0 8 7 2 
7 5 5 0 57 7 1 . 1 7 1 7 1 0 

1 0 0 0 0 0 η . 8 6 21Q0 
8 8 7 0 45 1 . 9 6 1 1 2 0 
6 8 Q 0 33 8 1.1e 8 5 2 

PG 4 
PG 6 
PG12 
PG17 
PG27 
PG30 
PG33 
PG23 
Ρ Θ 2 2 
P F i 9 

1 . 9 4 
2 , 5 9 
2 . 2 4 
2 .56 
3 , 2 0 
1 . 6 2 
1 . 7 3 
2 . 0 3 
2 . 2 2 
1 . 5 7 

5 . 5 7 8 7 3 0 39 9 1.Q1 9 9 5 
4 . 8 5 9 8 6 0 33 2 . 8 5 3 6 3 
4 , 4 3 9 1 3 0 3 1 1 0 . 0 0 1 1 8 0 
4 , 2 4 1 0 1 0 0 3 1 7 . 8 2 1 0 5 0 
6 , 4 3 1 2 2 0 0 48 8 1 . 8 4 1 0 9 o 
5 , 5 4 8 1 7 0 45 2 1 . 2 9 6 4 4 
4 76 9 1 4 0 42 1 1,5(3 1 1 5 0 
4 72 8 5 0 0 46 3 1 . 3 1 3 6 8 
4 61 1 0 2 0 0 42 9 1 . 0 5 

1 . 7 c 
2 2 2 0 

5 e i 8 7 8 0 5 3 0 
1 . 0 5 
1 . 7 c 8 8 5 

P A 2 1 
Ρ Θ 1 2 
Ρ Γ 9 
PC 1 
PC 7 
PG13 
PG39 
PG35 

1 .58 
1 ,88 
1 . 1 0 
1 .65 
1 .75 
2 . 0 ? 
1 . 9 1 

.87 

3 , 9 3 
4 . 7 2 
4 . 7 3 
5 , 0 8 
5 , 3 3 
5 , 1 9 
5 , 2 2 
2 , 5 7 

7 1 4 0 31 8 . 8 4 2 1 3 0 
4 3 7 0 43 3 2 . 3 8 4 5 3 
4 9 3 0 3 1 5 1 , 7 3 7 3 3 
5 1 7 0 51 1 2 . 2 2 6 2 6 
5 7 7 0 49 3 2 , 6 9 

2 . 4 o 
5 1 8 

5 7 7 0 4 5 , 1 
2 , 6 9 
2 . 4 o 4 0 7 

5 7 1 0 5 0 , 0 2 , 7 4 3 8 2 
2 9 1 0 1 9 , 4 . 7 3 8 3 3 

PA 4 
P A I S 
P A 2 3 
P E 1 0 
Ρ Π 7 
P G 1 9 
P G 1 5 
P G 2 2 
P G 3 4 

1 . 0 6 

1 . 1 5 
1 . 2 7 
1 . 5 0 
2 . 0 3 
l . l 8 
1 . 4 3 
2 . 2 5 
2 , l 5 

4 . 4 2 
4 , 3 0 
4 , 0 3 
4 , e e 
4,64 
3 ,47 
3,74 
5 . 9 8 
5 , 1 « 

5 3 7 0 3 8 , 4 1 .43 4 7 7 

4 1 2 0 1 9 , 5 1 , 0 9 7 2 2 
5 0 8 0 3 1 , 8 . 9 5 1 4 0 0 
3 7 4 0 4 1 , 9 1 , 7 5 i 9 6 0 
8 8 5 0 3 8 , 8 

2 5 , 3 
1 . 0 6 6 8 7 

3 7 5 0 
3 8 , 8 
2 5 , 3 . 9 4 1 0 2 0 

3 8 6 0 2 7 , 7 1 . 2 4 4 0 5 
8 8 3 0 4 2 , 0 1 . 1 5 9 0 3 
7 8 6 0 3 0 , 0 1 . 1 5 1 6 6 0 

PB e 
P G i e 
P E l 8 
P B 1 0 
PA10 

2 .38 5 , 4 7 
2 . 6 2 4 . 6 9 
1 . 6 3 3 , 5 4 
1 , 3 3 3 , 2 9 
1 . 3 1 3 , 8 8 

1 0 7 0 0 4 8 , 1 2 , 0 5 i 8 6 0 
1 0 8 0 0 4 0 , 6 

2 6 , 6 
83 1 4 6 0 

5 3 9 0 
4 0 , 6 
2 6 , 6 67 7 1 6 

4 6 4 0 2 7 , 1 1 00 9 6 5 
0 3 7 , 7 1 42 9 1 3 
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5. B R O O K S E T A L . Activation Analysis of Pottery 77 

appear to be f rom Mesopotamia . N o objects of E g y p t i a n N i l e m u d have 
yet been d is t inguished a l though such materials were expected f rom 
non-ceramic archaeological evidence. 

T o a i d i n g roup ing the materials , methods were w o r k e d out us ing 
ratios between the concentrations of pairs of elements a n d b y computer -
p r o d u c e d correlat ion plots between such pairs . S c a n d i u m a n d i ron were 
h i g h l y correlated and of a dist inct ratio for a g iven geographic area and 
c lay type. 

Miscel laneous H e s i 

CONCENTRATIONS 0* QXjDES 

2 .13 .667 lOi ,40 6 ,08 ,96 136 1170 2 3 . « 
1 .93 .514 

• 638 
6, ,45 7 .58 ,66 l 6 l 973 l 7 . « 

2 ,28 
.514 
• 638 10, ,50 8 ,01 1,20 156 817 27,9 

2 ,36 ,559 8, ,56 6 ,54 .64 137 924 24.6 
1 ,98 

, 0 6 

.567 1$< ,50 7 ,53 0,00 130 987 21.2 
2 

,98 
, 0 6 .497 9, ,87 7 |43 ,94 153 939 22.2 

1 ,89 . 5 5 0 H . ,20 7, ,70 ,82 152 945 19,9 
1 ,90 .614 

.494 
9, ,73 6, ,75 ,66 140 888 20,1 

16.6 1 ,65 
.614 
.494 7, ,72 7, ,96 ,86 113 829 

20,1 
16.6 

SC203 LA2U3 ΰΕ02 EU203 HFC2 THC2 TA205 CR2O3 MNO CCO 
PARTS PER M I L I ON 

22.2 37,bo « 1 , 4 
19.6 4 l , 6 o 73,3 
22.0 38,70 7 8 , 1 
20 . 9 34 , 8 0 75,6 
20 .6 3 4 , 9 0 72,2 
20.1 34,30 *2,0 
19.7 35,10 / 0 , 4 
19.5 33,30 7 i , 3 
17.8 37,60 74 , 6 

20.6 35,70 74,3 2,43 ,507 9,60 8,70 1,31 144 9X6 23,2 
1 S * 9 2 1 · ? ° S 5 | î * · · 5 · 4 * 4 7 » Ç 4 7 · 6 9 I · 2 1 υ 5 7 * 3 17.0 ΐ β . Ο 29,90 70 , 4 j , ç 5 f 4 2 6 8,66 7,37 1,17 135 738 20.0 
16,0 26,80 5 J , 9 1,74 , 4 2 0 8 ,β6 6,57 1,50 120 592 l J . C 
24.0 37,00 77,7 2.64 .508 H , 2 0 9 ,36 i , 7 o 173 1020 2 9 . 2 

21.0 34,20 74,5 2.28 ,483 10,40 8,7o 1,88 i98 875 21.2 
19.6 33,50 73,9 2,08 .445 9,79 8,29 1,29 t 3 3 848 l 8 , 4 
16 .9 38 ,00 64,7 1,55 ,488 10,40 6 ,49 1,32 125 668 ΐ β , Ι 
18.1 3 0 , V 0 63,3 3,54 ,464 l 4 , 4 o 7,64 i , 5 5 i 3 l 657 21,7 
20 . 9 36,bo *5 ,o î » 7 1 ,603 l 3 , 8 o 8,73 1,86 1*8 996 21.4 

17.0 30,70 65 , 4 
21.5 36,40 76,9 
18.6 39,00 « 1 , 4 
21.7 38,30 * 2 , 6 
23.1 39,40 <J7,3 
23,1 40,80 * 5 , 2 
23.3 40,90 « 7 , 1 

9.9 15,5)0 49,0 

16,0 25,10 i>4,5 1,20 ,364 5 ,38 6 ,48 H 2 183 430 l 6 . 0 
l 6 . 9 31,20 7 2 , 8 1,33 ,387 5,90 7 ,95 ι , β ΐ 120 248 χ 3 , 7 
15.3 22,50 44,5 1,16 , 3 o i 5,56 5,75 i , i 9 93 392 l 3 , 2 
19.4 33 ,70 72,1 1,51 .448 6,56 7,97 i , 5 l 190 486 i 5 , é 
17.0 31,30 73,9 1,40 .425 8,54 9 ,24 χ , 3 9 132 588 l 9 , 4 
12 .9 28,10 62 , 4 l l 2 l .33£ 4,02 6,97 i , i 3 95 299 H , 0 
14.5 25,70 4 7 , 9 1 | 2 6 , 3 9 β 5,61 6,01 ,92 137 479 i 5 , 2 
21 .6 39 ,40 6 7 , 1 2,00 .515 7 ,49 9 ,06 1,52 l 8 l 645. l 9 , 4 
19.1 34,70 75,6 j , e o , 5 6 2 7 ,95 8,35 1,46 ΐ β ΐ 688 18,4 

1 .49 . 4 3 i 9, ,26 7 ,30 1.70 138 50* 16.e 
t ,68 .537 9, ,27 9, ,56 1.68 151 459 20,2 
1 ,66 .545 10, ,60 8, ,88 1.89 166 3in 2 1 . 4 

16,2 11 ,82 .669 9, ,42 9 ( ,63 1.62 
2.17 

150 340 
2 1 . 4 

16,2 
1 ,74 .629 10, ,10 9, ,90 

1.62 
2.17 178 483 19,6 

1< ,96 .522 9, ,14 10, ,30 2*01 166 492 23,3 
1< ,91 .699 9, ,59 9, ,93 2,18 152 498 20,9 

1 ,88 .289 4, ,30 4, ,54 .93 63 330 6,5 

20.9 35,*0 
17.9 33, 00 7 i , o 1,88 ,488 9,58 8,28 1,59 i25 692 ΐβ' ,0 
H'i 22 « 2 2 11*1 l l 2 l ' 3 2 3 S » 0 7 6 · 3 1 1 · 0 9 1 1 4 386 13.9 12.7 25,80 î>3,7 t t l B ,364 9,32 6 ,15 i , 3 l 99 476 U . C 
15.6 33,10 / 3 , 7 t t 6 o , 5 7 0 l 0 , 5 0 8,7o 1,64 139 577 i 5 , 6 

20, C 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

05



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

T a b l e V I I I . 

SPECIMEN 

PF 1 
P F 2 3 
P F 2 7 
P F 4 0 
PG14 
PG20 
PG24 
P E 2 4 
Ρ Θ 2 6 
Ρ Θ 3 1 
P B 3 7 
PA35 
PA30 

K2C F E 2 0 3 
PERCENT 

NA2C R g 2 0 CS2c BAQ 

1 .76 
1 . 6 1 
2 .76 
1 , 8 0 
2 . 9 8 
1 , 6 0 
1 .33 
1 , 8 2 
1 .36 
1 . 2 8 
1 , 4 1 
1.46 
1 . 7 1 

7 , 2 0 
6 . 3 5 
5 , 4 2 
5 , 1 5 
5 , 3 7 
9 , 8 5 
6 , 6 1 
8 , 3 3 
3 , 9 0 
6 , 0 1 
6 . 3 6 
5 , 5 2 
8 , 5 1 

1 1 3 0 0 64 1 1 , 6 5 474 
1 0 4 0 0 54 8 1 . 7 6 7 2 2 
1 1 7 0 0 38 5 1 , 2 5 

1 . 8 1 
2 6 2 0 

1 0 0 0 0 50 7 
1 , 2 5 
1 . 8 1 644 

8 8 9 0 39 8 . 9 1 2690 
3 4 8 0 73 5 2 .93 499 
8 4 2 0 41 7 1 . 7 1 774 
7 5 6 0 77 3 2 . 0 1 4 8 2 
5 4 0 0 32 6 1 . 3 7 2 0 5 0 
9 1 3 0 5 2 , 6 1.7.1 476 
3 3 6 0 5 4 , 9 1 . 7 0 797 
7 3 0 0 5 3 , 9 1 . 4 7 9 0 2 
7470 e 2 , 4 2 ,83 4 0 2 

PB 5 
PB35 
PG36 
PG40 
PR 3 
PB 7 
P F 3 0 
PA37 

1 . 6 4 
1 . 2 9 

. 3 4 
, 6 0 
. 3 4 
.48 
, 4 1 
. 6 9 

6 , 7 4 
6 , 8 5 
7 , 7 6 
7 . 4 3 
7 , 5 6 
7 . 5 4 
8 , 2 7 
7 , 6 2 

5 5 2 0 24 , 0 1 . 6 1 1 6 9 0 
5 2 7 0 2 2 0 1 , 5 3 2 1 4 0 
1 5 4 0 28 4 3 03 1 8 2 
2 3 2 0 34 6 2 67 217 
1 5 4 0 32 

35 
1 2 57 434 

1 6 4 0 
32 
35 1 2 51 3 2 5 

2 2 4 0 '3 4 0 3 02 2 8 5 
2 5 5 0 3 0 , 7 2 , 42 3 8 9 

PA26 
PG 3 
PG10 
PG26 

1 , 8 2 6 , 2 2 
2 , 3 0 7 , 2 5 
1 ,48 8 , 5 6 
1 , 8 1 8 , 7 0 

5 0 0 0 6 7 , 1 ^ , 9 6 
6 8 9 0 5 1 , 4 1 , 1 2 
2 5 8 0 8 2 , 6 4 ,3c 
6 7 0 0 5 9 , 5 2 , 1 1 

730 
370 
487 
486 

10 

P F 2 6 
P B 1 5 
P B 2 0 
P E 1 3 
p e n 
P B 2 4 
P B 2 3 

PA 2 
P A 1 3 
P 8 1 3 
P F 2 5 
PG41 

NR 5 Neirob 
HA 3 Hama 
H A 4 Hama 
PB14 
PA 3 

2 , 0 5 7 , 6 3 
1 . 9 2 6 , 3 1 
1 . 2 0 5,75 
2 . 4 2 5 , 1 6 
1 , 3 5 5 , 8 5 
1 . 6 0 7 , 2 4 
1 ,56 5 , 4 0 

1 . 3 « 5 , 8 0 
1 , 9 8 4 , 9 6 
1 . 3 5 4 , 6 7 
2 , 3 3 6 , 1 6 
2 , 3 2 4 , 1 0 

1 .89 4 , 9 0 
1 , 5 6 5 , 6 3 
l i l * 
1 . 0 n 

1 . 6 7 

4 , 2 6 
4 . 1 6 
5 . 8 4 

6 7 5 0 67 , 0 3 , 0 7 616 
6 1 6 0 6 3 , 0 2 . 6 4 1 0 4 0 
7 2 9 0 55 , 1 1 , 9 7 0 

1 1 2 0 0 32 , 9 0.00 1 2 1 0 
9 0 8 0 49 , 2 l . s e 

2 , 3 c 
850 

8 2 6 0 63 , 9 
l . s e 
2 , 3 c 5 0 8 

1 0 3 0 0 44 , 3 1 . 5 2 5 5 2 

9 6 6 0 53 |4 1 . 5 2 
1,5c 

0 
1 0 4 0 0 50 9 

1 . 5 2 
1,5c 1 3 3 0 

7600 30 4 1 . 4 6 1 2 7 0 
6 4 9 0 35 7 1 , 0 6 657 

1 1 0 0 0 30 5 1 . 0 5 5 4 2 

4 0 9 0 2 8 . 2 . 1 , 5 6 164 
4 0 4 0 3 5 . 5 1 . 4 7 

. 7 5 
338 

3 3 0 0 2 1 . 9 
1 . 4 7 

. 7 5 5 0 9 
3 8 8 0 2 8 , 3 1 . 4 6 729 
6 9 5 0 3 4 , 5 1 . 4 2 234 
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5. B R O O K S E T A L . Activation Analysis of Pottery 79 

Continued 

CONCENTRATIONS OF Q M D g S 

>C2o3 I A 2 U 3 U E Q 2 E y 2 0 3 L U 2 0 3 H F c 2 THC2 TA205 C R 2 0 3 MNû CCO 
P A R T S PER P I L L I O N 

2 5 . 3 4 1 , 10 9 1 , .6 2 t l 6 . 6 2 4 7 . 8 6 6 . 8 9 2 , , 1 5 1 4 5 l 3 8 n 2 P . 6 
2 4 . 2 3 9 , ,50 8 4 , ι 8 1 , 6 6 , 5 5 0 10 . 1 0 12 , 0 0 1, , 8 7 1 5 8 1 0 4 0 2 6 . 2 
2 1 . 4 4 6 , ,10 7 6 , ,6 1 . 7 1 . . 5 4 0 10 , 3 0 10 , 5 0 1, , 8 5 150 823 2 2 . C 
1 9 . 0 3 3 , ,20 Ί ( ,7 1 . 7 4 , 4 0 4 7 , 0 8 7 . 8 8 1, , 5 8 190 937 1 5 . 7 
1 9 . 2 3 6 , ,30 ' 5 , |0 1 . 5 7 . 4 7 3 8 , 0 8 8 . 2 4 

. 5 0 
1, , 9 5 1 4 5 9 7 2 2 1 . 6 

3 6 . 8 6 5 , , 6 0 1 3 9 , 1° 3 . 6 3 , 7 8 4 6 , 9 8 12 
. 2 4 
. 5 0 2 , , 5 4 2 1 5 1 1 5 0 4 0 . 2 

2 4 . 4 3 9 , ,00 8 4 , , 2 a . o 3 . 5 3 ! 9 , 5 2 10 . 7 0 1. , 5 8 1 7 3 1 0 5 0 2 7 , 2 
3 1 . 9 5 3 , ,30 1 1 9 , |0 a . 7 0 , 8 5 4 8 . 1 6 

, 1 5 
10 . 6 0 l l , 1 « 2 0 1 1 5 7 0 4 3 , 2 

1 6 . 1 2 5 , , 7 0 6 1 , , 9 i . n . 3 1 6 5 
. 1 6 
, 1 5 6 . 3 7 1, , 4 4 9 1 605 1 5 . 7 

2 2 . 1 3 4 , ,90 >6, , 3 1 . 7 5 , 4 7 ! 9 . 1 3 8 . 6 8 
, 5 0 

1, , 9 2 153 936 2 3 . 5 
2 4 . 3 4 5 , ,3Q 8 7 , , 9 3 . 1 3 , 5 7 8 7 . 3 9 10 

. 6 8 
, 5 0 2 , , 1 1 1 4 6 9 2 ? 2 5 . C 

2 0 . 6 3 7 , , « 0 8 1 , , 2 1 . 7 9 . 5 1 0 7 . 6 0 8 . 4 0 1. , 6 9 150 88n 2 P . « 
3 2 . 3 5 1 , ,40 1 0 7 , i n 2 . 7 1 , 6 6 8 8 . 6 4 12 , 3 0 3 , , 0 6 1 8 9 1 1 6 0 4 7 , 3 

2 4 . 5 4 9 , , 7 0 1 1 8 , |0 2 . . 1 9 . 7 9 9 9 , , 8 1 H i , 6 0 l i , 7 9 170 1 2 4 0 
2 4 . 0 3 9 , , 9 0 1 1 4 , 0 2< , 2 8 . 6 1 3 

. 9 4 4 

1 0 , , 2 0 11< , 0 0 2 , , 2 1 160 1 3 4 0 
2 8 . 9 7 4 , , 6 0 1 6 2 , |0 2< , 8 5 

. 6 1 3 

. 9 4 4 11. , 5 0 1 3 , , 2 0 2 , , 7 8 1 9 8 475 
2 6 . 1 7 7 , , 5 0 1 2 3 , 1° 3 , , 6 1 . 8 3 8 9 , , 7 7 1 1 . 9 0 2 , ,64 1 7 5 1 3 0 0 
2 6 . 8 5 4 , , 4 0 1 1 6 , |0 a, , 3 3 . 8 5 4 9 , , 4 4 1 2 , , 0 0 1, , 9 3 2 0 2 1 3 5 0 
2 7 . 1 5 3 , , 6 0 9 9 , ι 6 a, , 7 2 , 7 0 8 

.784 
1 0 , ,20 1 2 , ,80 2 , , 7 4 199 1 1 3 0 

3 0 . 7 
2 8 . 7 

5 9 , , 5 0 1 8 2 , |0 3 , , 2 7 
, 7 0 8 
.784 1 2 . 5 0 1 4 , ,00 2 , , 6 2 2 3 3 1 3 5 0 3 0 . 7 

2 8 . 7 5 7 , ,60 1 7 4 , ,0 a, , 8 2 .689 1 1 , ,90 1 2 , ,80 2 , , 4 9 2 1 4 1«30 

2 2 . 9 4 9 , ,00 1 3 4 , |0 a< , 3 3 . 7 7 9 1 4 , , 9 0 1 2 . 2 0 2< , 3 3 1 8 8 2 8 4 0 48.6 
2 7 . 4 4 5 , ,uo 9 0 , ,4 2< , 9 0 . 6 1 7 

, 7 7 i 
0. , 0 0 9 . 1 1 

1 4 , 0 0 
2 , , 2 6 1 6 1 1 0 6 0 6 0 . 2 

3 2 . 9 6 4 , , 1 0 1 2 1 , ,0 3 , , 5 4 
. 6 1 7 
, 7 7 i 9 , , 1 5 

9 . 1 1 
1 4 , 0 0 2 i , 0 7 1 7 9 1 4 1 0 2 6 . 6 

3 3 . 2 5 4 , ,30 l o 9 , ,0 3· , 5 2 . 6 9 3 8 , , 5 2 1 2 , 1 0 2 , , 2 2 189 1150 3 6 , 3 

2 7 . 8 5 2 , ,70 1*7, |0 2 , 7 8 . 7 8 1 1 7 . 30 1 3 , ,40 2 , 6 2 224 1 8 7 0 
2 4 , 7 5 1 , 7 0 1*3, |0 2 . 3 9 .660 1 5 , 10 1 3 , ,00 2 . 3 7 2 1 9 2 0 1 0 
2 1 . 4 3 8 , ,10 7 8 , ,8 1 . 8 5 . 5 5 0 9 . 96 9 , , 8 4 1 , 9 6 1 5 8 1020 
2 1 . 5 3 3 , ,40 7 2 , ,2 1 .98 . 5 1 3 9 . 

1 4 . 
02 7, , 4 6 1 . 5 2 140 797 

2 1 . 8 3 6 , , 3 0 7 8 , , 2 1 . 7 4 
. 0 9 

. 5 1 1 
9 . 

1 4 . 00 9 , , 4 3 1 .69 150 1 0 6 0 
2 7 . 1 4 5 , , 8 0 9 7 , , 4 2 

. 7 4 

. 0 9 . 6 2 5 1 3 , 40 1 0 , , 7 0 2 . 4 0 
. 0 5 

1 9 3 1 4 1 0 
2 0 , 7 3 6 , , u 0 7 4 , ,0 1 . 6 1 ,489 10, 70 8, , 2 9 2 

. 4 0 

. 0 5 137 110 

2 0 . 5 35, ,U0 7 5 , ,3 1 . 8 1 . 6 4 i 10, , 4 0 8 , ,10 1, , 5 9 1 6 2 
1 8 . 2 34, ,60 ' 4 , ,2 1 . 7 3 . 5 3 0 H i , 5 0 8 , , 5 8 1, , 6 9 148 
1 6 , 9 3 5 , , u 0 0 8 , ,2 1.49 .460 6, , 8 8 8, , 0 6 1, , 7 3 120 
2 2 . 7 43, ,50 9 4 , ,1 1 . 9 0 . 5 9 9 9, ,97 1 0 , , 6 0 2 , , 3 5 2 4 6 
1 4 , 8 û , ,00 39, |3 1.37 . 4 0 1 8, , 6 2 7, , 5 4 1. , 4 9 U 6 

681 
825 
899 
994 
857 

2 0 , 6 
l 6 . C 
1 1 . 4 
2 3 . 2 
1 6 . 5 

2 3 , 4 0 4 8 , l l 1^25 . 2 8 5 2 . 9 0 4 , 1 4 , 9 7 164 520 
2 9 , 4 0 3 9 , ,9 1*50 . 4 0 6 4 . 7 5 

3 , 5 l 
5 , 9 7 
4 , 5 1 

, 9 9 319 749 
2 1 , 9 0 4 4 , , 3 1..10 , 3 1 4 

4 . 7 5 
3 , 5 l 

5 , 9 7 
4 , 5 1 . 9 6 185 465 

2 3 , 7 0 4 9 , ,2 1 . 1 4 . 2 9 3 3 , 3 3 5 , 1 3 1 , 1 9 219 682 
2 8 , 8 0 * 1 | i l I . 4 6 , 4 1 9 3 , 0 5 6 , 0 6 1 . 3 2 146 7 Q * 

rector of its excavations at T e l l Gezer ; M a r t i n A i t k e n and H o r a c e 
C a t l i n g of the L a b o r a t o r y for Archaeo logy a n d the H i s t o r y of A r t of the 
A s h m o l e a n M u s e u m , O x f o r d , w h o p r o v i d e d m a n y of the Aegean mate
r ia ls ; B a r b a r a C l i n k e n b e a r d for the mater ia l f rom Lesbos ; R u t h A m i r a n 
for the N a g i l a Excavat i on pottery; W i l l i a m Potts for the G a m m a c lay 
samples; L o t t a Gaster for the G a z a samples a n d in format ion ; John L a n d -
graf of the E c o l e B i b l i q u e et Archéologique Français, Jerusalem for the 
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80 A R C H A E O L O G I C A L C H E M I S T R Y 

B e i t M i r s i m v i l lage materials a n d informat ion . T h e M e s o p o t a m i a n sam
ples were p r o v i d e d m a i n l y b y the M e t r o p o l i t a n M u s e u m of A r t , N e w 
Y o r k C i t y , a n d b y the Peabody M u s e u m , C a m b r i d g e , Mass . A few 
samples were f rom the H a r t f o r d Seminary M u s e u m , C o n n . 
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6 

Correlation between Terra Cotta Figurines 
and Pottery from the Valley of Mexico and 
Source Clays by Activation Analysis 

R. ABASCAL-M. 

Instituto Nacional de Antropologia e Historia, Mexico D.F. 

G. HARBOTTLE and Ε. V. SAYRE 

Brookhaven National Laboratory, Upton, Ν. Y. 11973 

Activation analysis of selected groups of sherds of typically 
Oaxacan and Teotihuacan ceramics has shed some light on 
the question of the Oaxacan presence at Teotihuacan and the 
related concept of long-distance trade between the two 
centers during early Classic times. Studies of Preclassic 
"Tlatilco" figurines reveal them to have been locally 
manufactured. 

' T ' h e app l i ca t i on of neutron act ivat ion analysis to the study of archaeo-
·*• log i ca l ceramics is n o w w e l l established (1, 2, 3). H e r e w e report 

our present method of operation, i n c l u d i n g techniques of data processing 
a n d taxonomy a n d some results obta ined i n s tudy ing archaeological 
mater ia l f rom the P r e c o l u m b i a n V a l l e y of M e x i c o a n d the Oaxacan area. 
U n d e r the r u b r i c " V a l l e y of M e x i c o " w e discuss our w o r k on two dist inct 
archaeological prob lems : first, a study of Oaxacan-style pottery f ound i n 
the Oaxacan barr io or suburb of Teot ihuacan , a n d secondly, the probab le 
or ig in of the w e l l k n o w n preclassic terra cotta figurines unearthed i n the 
b u r i a l g round of T la t i l c o . 

T h e first p r o b l e m was posed to us b y E v e l y n C . Rattray , w h o also 
supp l i ed the relevant sherds a n d clay samples. I n one section of T e o t i 
huacan, so m a n y sherds of Oaxacan-style pottery have been f ound that 
archaeologists have come to regard the suburb or barr io as a possible 
site of Oaxacan occupat ion (4). Inasmuch as the home of Oaxacan pot
tery is located i n the M o n t e A l b a n region some 400 k m south of T e o t i -
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82 A R C H A E O L O G I C A L C H E M I S T R Y 

huacan, across mountains a n d desert, i t is a quest ion of considerable 
interest to l earn whether the Oaxacan-style pieces f ound i n Teo t ihuacan 
were manufac tured i n Oaxaca and transported b y h u m a n carriers over 
this great distance, or whether they were s i m p l y p r o d u c e d i n Teot ihuacan 
out of l o ca l clays but i n Oaxacan style. C l e a r l y the archaeological i m p l i 
cations of the two possibi l i t ies are qui te different, i n v o l v i n g questions of 
c u l t u r a l contact a n d long-distance trade. 

Figure 1. Teotihuacan provenance: typical Teotihuacan sherds 

B N L Rattray 
No. No. Stratigraphy Description 
7-1 Teo. 5 Surface red on yellow basin (salt and pepper paste) 
1-2 4868 Ν layer 1 olla rim 
1-9 5045 Ρ layer 3 comal 
1-10 5045 R layer 3 red-orange olla body 
1-3 4944 Τ layer 3 pol. hi. outcurving bowl 
1-4 4946 Ν layer 4 San Martin orange amphora 
1-6 4958 Q layer 5 S MO crater, pocked base 
1-7 4981 Μ layer 11 polished hi. br. outcurving 
1-8 4990 S layer 11 red rim basin 
1-37 5023 0 layer 14 pol. br. bl. simple bowl 

T h e actual provenance of the Oaxacan-style sherds was a strat i -
graphic p i t (des ignated N 1 8 W 1 ) excavated b y Rat t ray i n a b u i l d i n g 
(S i te 7) located i n g r i d square N 1 W 6 on the M i l l o n m a p of Teo t ihuacan 
( 5 ) . T h e p e r i o d is w i t h i n the classic T l a m i m i l o l p a n a n d X o l a l p a n phases, 
r ough ly 350 to 600 A . D . T o prov ide a reference group representative of 
Teo t ihuacan a set of t y p i c a l Teot ihuacan-sty le sherds were taken f r om 
the same provenance. A group of five sherds of a Oaxaca-Teot ihuacan 
h y b r i d style was also co l lected b y Rat t ray f rom the same pit , N 1 8 W 1 . 
T h e loca l c lay chosen was that used b y the present-day San Sebastian 
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6. A B A S C A L - M . E T A L . Activation Analysis of Mexican Ceramics 83 

Teo t ihuacan potters, located i n the southern part of the ancient c i ty on 
g r i d square S 2 E 1 of the M i l l o n map . T h e genuine Oaxacan sherds taken 
for comparison were surface collections f rom two sites, C a b a l l i t o B l a n c o 
a n d D a i n Z u ( M a c u i l x o c h i t l ), located 40 a n d 22 k m ( respect ively ) south
east of Oaxaca w h i l e the c lay was f rom the source be ing used today b y 
the famous potter Rosa of Coyotepec , about 12 k m south of Oaxaca . 

W e also report on another group of sherds, of fine orange paste f r om 
L a m b i t y e c o (Oaxaca ) s u p p l i e d b y John P a d d o c k of the Instituto de 
Estudios Oaxaquenos, a n d finally a sherd of postclassic Mixteca—Puebla 
po lychrome, supp l i ed b y Ignacio B e r n a i of the I N A H ( M e x i c o ) , of prove 
nance Y a g u l , a site close to C a b a l l i t o B lanco i n Oaxaca ( β ) . Photographs 
of a l l the sherds ana lyzed are shown i n F igures 1 through 5. 

Figure 2. Teotihuacan provenance: Oaxacan-type sherds 

B N L Rattray 
No. No. Stratigraphy Description 

1-12 4944 layer 3b G 12, double line groove inside rim 
1-13 4946 Η hyer 4 G 21, parallel incised lines inside bottom 
1-14 4949 Κ layer 4b G 1, apaxtle 
1-15 4957 } layer 4b G 1, apaxtle 
1-16 4950 Ε layer 4c — perforated sieve or censer 
1-17 4966 layer 6 G 12, double line incising, inside rim, pol. 

gray 
1-18 4974 F hyer 9-10 — dense gray, pol. 
1-19 4978 I layer 10 G 21, coarse incising, interior base 
1-20 5042 layer 11 G 21, wave-like incising, interior base 

T h e second p r o b l e m concerns the analysis of six terra cotta figurines 
f rom the site of T l a t i l c o . T l a t i l c o , a suburb of M e x i c o C i t y , has been 
descr ibed b y P i n a C h a n (7 ) i n these terms: " D e todos los pueblos pre -
clâsicos d e l val le de M e x i c o que hasta ahora se conocen, T l a t i l c o fué e l 
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84 A R C H A E O L O G I C A L C H E M I S T R Y 

mas cosmopol i ta , e l mas numeroso e l mas desarrol lado cronologica y 
cu l tura lmente . " A l t h o u g h its importance has l ong been evident, B e r n a i 
(8 ) reminds us that " T l a t i l c o does not represent a c i t y " but was rather 
" p r i m a r i l y a cemetery," though inhab i ted . There is no evidence of m o n u 
m e n t a l sculpture or architecture ; on the contrary its interest to archae
ologists derives f r om the great w e a l t h of s m a l l objects, ceramic fragments, 
jade ornaments, "yuguitos , " a n d above a l l , figurines. These figurines, 
almost a l l representing w o m e n w i t h short arms, heavy legs, a n d broad 
hips , are t r u l y remarkable i n their var ie ty a n d animat ion . M a n y wear 
short skirts a n d some bear traces of r ed p igment , especial ly on the hair . 

Figure 3. Teotihuacan provenance: Oaxaca-Teotihuacan hybrids 

B N L Rattray 
No. No. Stratigraphy Description 

1-22 4932 Ε foyer 1 G 21, coarse incising on interior 
(N19W2) 

1-23 4945 Β foyer 3c G 1, apaxtle 
1-24 4950 D foyer 4c brown sieve, matte finish 
1-25 4958 C layer 5 — polished brown comal? 
1-26 4981 A layer 11 G 21, gray-brown, incised base 

B e r n a i (6 ) has descr ibed the extraordinar i ly close styl ist ic re lat ion
ship of some of these figurines to those of the O l m e c culture i n the 
metropo l i tan O l m e c zone a long the G u l f Coast : "characterist ic O l m e c 
types are as fine a n d beut i fu l i n T l a t i l c o as are the ir counterparts i n L a 
V e n t a . A t times they are so s imi lar that i t w o u l d not be possible to te l l 
the ir provenance h a d they not been f ound d u r i n g explorations." 

T h e quest ion of these stylistic relationships and , more general ly , of 
trade d u r i n g O l m e c {i.e., 1300-400 B . C . ) times is one of c ruc ia l i m p o r 
tance to the correct f o rmulat ion of the who le concept of an O l m e c 
presence, empire , or influence i n Mesoamer i ca . F o r example , To ls toy a n d 
Paradis ( 9 ) , i n descr ib ing their most recent w o r k i n the V a l l e y of M e x i c o , 
state that "this ( O l m e c ) presence has been l i n k e d to trade b y many 
( C o e , F l a n n e r y , G r o v e , a n d J imenez M o r e n o ) , though the products ex-
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6. A B A S C A L - M . E T A L . Activation Analysis of Mexican Ceramics 85 

Figure 4. Oaxacan provenance: matching group 

B N L 
No. 
7-32 
7-33 

Rattray 
No. Stratigraphy 

G 3 Caballitol Blanco 
Κ 17 Dain Zu 

1-34 G 12 Dain Zu 

1-35 G 21 Dain Zu 
F-121 Lambityeco 

Md. 195 Cut S-4 
F-122 same, surface Β 
F-123 same, Ν-11 

F-126 Lambityeco S-8 Md. 
F-129 same, S-10 Md. 

F-130 Lambityeco 
bag 6060 

F-131 same, bag 6112 
F-132 Lambityeco 

F-134 Lambityeco 

F-135 Lambityeco 

Description 
dense grey, polished grey slip 
brown matte basin, scraped 

exterior 
polished grey bowl, parallel 

incised lines 
matte grey, incised base 
barrel-shaped(P) vase, resist 

decor, 
same, incised 
polished both sides, red-brown 

outside, buff inside 
Cajete, brown rim on orange 
Rim> tecomate-like, incised line 

on ext. rim, highly polished 
outside, near-black zone 
around rim 

rim, hemis. Cajete, type A-7 in 
Caso, Bernai, Acosta "La 
Cerarnica de Monte Alban" 

same 
flattened rim sherd, a fragment 

of object 6195(?) 
hemis. Cajete, incised-excised, 

traces of stucco obj. 7444 
frag, bat claw vessel, A-7 

object 5914 

changed between par t i cu lar communit ies cannot a lways be specif ied 
w i t h any confidence." T h e y discuss not on ly the possibi l i t ies of trade 
between the people of the O l m e c presence i n the V a l l e y of M e x i c o a n d 
the G u l f Coast but of cross-tie interrelationships among the different 
preclassic sites w i t h i n the V a l l e y of Mexico— i . e . , T l a t i l c o , T l a p a c o y a , 
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86 A R C H A E O L O G I C A L C H E M I S T R Y 

Zacatenco, E l A r b o l i l l o , as ev idenced b y the mater ia l f o u n d i n the 
s trat igraphica l ly corresponding layers i n these sites. 

It seemed to us that the who le p r o b l e m of O l m e c trade a n d the 
interre lat ionship of the preclassic sites i n Mesoamer i ca offered an u n 
usual ly favorable case for the method of g roup ing via paste-composit ional 
patterns based on neutron act ivat ion analysis. As a start on this p rogram 
w e inc lude here the analysis of six preclassic T la t i l c o figurines, a n d w e 
compare their analyses w i t h those of two modern specimens a n d touch 
upon the archaeological conclusions possible. 

Experimental 

Analytical Procedures. T h e ceramic body is sampled as fol lows. 
F i r s t a fresh surface is prepared b y remov ing w i t h a tungsten-carb ide 
b u r r a th in layer of the exist ing surface a long w i t h its d i r t , s l ip , a n d i n 
some cases weathered or eroded mater ia l . T h e n a tungs ten - carb ide d r i l l 
is used to d r i l l into the sherd along lines para l l e l to the surfaces, a n d a 
sample of about 100-200 m g is removed . W i t h sherds too t h i n to d r i l l , 
samples are removed f rom a fresh surface b y further appl i cat ion of the 
tungsten—carbide burr . C l a y specimens are not on ly ana lyzed as rece ived 
but fine fractions are separated f rom t h e m for add i t i ona l comparat ive 
analysis. Samples ( a n d standards) are oven-dr ied at 6 5 ° - 7 0 ° C before 
use. Samples of 40 m g each are sealed into u l t r a h i g h pur i ty Supras i l T-20 
fused quartz ampoules ( U . S . F u s e d Quar tz C o . , F a i r f i e l d , N . J.) for 
i r rad ia t i on i n the nuclear reactor. 

Figure 5. Non-matching sherds: descriptions given in Table III. 
Two modern sherds from San Sebastian Teotihuacan. 

I n a l l of our w o r k we used as standards the six U . S . G e o l o g i c a l Survey 
s tandard rocks designated A G V - 1 , B C R - 1 , D T S - 1 , P C C - 1 , G S P - 1 , and 
G - 2 (10, 11). W e i g h e d samples of a l l six, prepared a n d packaged i n the 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

06



6. A B A S C A L - M . E T A L . Activation Analysis of Mexican Ceramics 87 

same fashion as the ceramics, are i n c l u d e d w i t h each set of 20 -30 samples 
a n d share the total bombardment history of that set. These s tandard 
rocks were ana lyzed b y many laboratories for the m a n y elements present 
i n b o t h substant ia l a n d trace amounts, a n d the results are reported b y 
F l a n a g a n (10, 11). A l t h o u g h F l a n a g a n also tabulates the best values, w e 
prepared our o w n table, e l iminat ing excessively deviant values b y a p p l y 
i n g Chauvenet 's cr i ter ion to F lanagan 's tabulat ion of o r i g ina l data. O u r 
s tandard table is presented here as T a b l e I. 

M o s t of our neutron irradiat ions were done i n the B r ookha v en H i g h 
F l u x B e a m reactor. Bas i ca l ly , two irradiat ions were m a d e — a short one 
(0.5-3 m i n at 1 Χ 1 0 1 4 n e u t r o n s / c m 2 sec) a n d a l ong one ( t y p i c a l l y 3.5 
hr at 5 Χ 1 0 1 4 n e u t r o n s / c m 2 sec) . A f ter the short bombardment , w e 
counted short - l ived radioisotopes of manganese, sod ium, potassium, a n d 
lanthanum w h i l e the l ong bombardment served for the remainder (see 
Tables I I - I V ) . I n some instances the l ong b o m b a r d m e n t was done first. 
T h e n , after 8-11 days decay, the same samples were react ivated b y a 
short bombardment . T h e y were then immedia te ly counted for manganese 
alone ( count times of 200 se c / sample suffice), a n d after it h a d d i e d , a 
longer count (4000 sec) for a l l r e m a i n i n g isotopes was taken. Samples 
were counted w i t h a 7 % (ca. 35 -40 m l ) l i t h i u m - d r i f t e d germanium 
counter (Pr ince ton G a m m a t e c h ) h a v i n g a resolution of 1.82 k e V on 
cobalt-60, coup led to a 4096-channel N u c l e a r D a t a 2400 pulse he ight 
analyzer . T h e use of six d ist inct ly different rock standards i n each b o m 
bardment a n d the statistical comparison of the ca l ibrat ion constants 
der ived for them constitute a rigorous test of the prec is ion of the e lemental 
determinations. 

D a t a H a n d l i n g . I n previous studies where sufficient data were a v a i l 
able to permi t a proper statist ical analysis of the nature of the d i s t r ibut ion 
of the e lemental concentrations i n re lated groups of specimens, w e have 
f ou n d our data to be l ogar i thmica l ly d is t r ibuted . T h a t is, plots of fre
quency of occurrence vs. l og of concentrations closely approx imated 
n o r m a l d i s t r ibut ion curves. T h e use of log concentrations also al lows one 
to give e q u a l we ight to a g iven f ract ional change, independent of the 
absolute value of the concentrat ion range invo lved . 

In more extensive studies we are n o w a p p l y i n g true mul t ivar ia te 
statistical procedures, such as c luster ing a n d group d i s c r iminat ion based 
on general ized M a h a l a n o b i s distances (12, 13). Since, i n the studies 
reported here, w e h a d an insufficient n u m b e r of specimens w i t h i n each 
group to a p p l y these procedures w i t h o u t s ignif icantly r e d u c i n g the n u m 
ber of variâtes (e lements) determined , we h a d recourse to s impler p r o 
grams of data compar ison a n d group testing. Because the compos i t ional 
groups encountered were so c lear ly dist inct , these s imple procedures 
served w e l l for c lassi fy ing specimens. 

O n e such p r o g r a m was the p l o t t ing of l og concentrat ion profiles for 
each sample through a computer program, P O T P L O T , f o l l owed b y s i m u l 
taneous v i sua l compar ison of a l l elements i n different specimens b y super-
pos i t ion ing their plots over a l ight box. S u c h a procedure for spec imen 
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88 A R C H A E O L O G I C A L C H E M I S T R Y 

T a b l e I . M a s t e r 
Oxide 

Element U.S. Geological Survey Standard Rocks 

Oxide Factor G-2 (97) GSP-1 (38) AGV-1 (64) 
Na*0 1.3479 4.067 rb 0.015 (35) 2.816 =fc 0.017 (38) 4.255 dr 0.019 (35) 
Κ 2 Ο 1.2045 4.500 =b 0.018 (41) 5.507 dr 0.014 (41) 2.909 db 0.082 (48) 
Rb 2 0 1.0936 189.5 rb 2.0 (12) 281.9 rb 5.2 (15) 76.2 db 2.1 (15) 
Cs 2 0 1.0602 1.320 =b 0.045 (6) 1.100 ± 0.084 (5) 1.334 rb 0.041 (6) 
BaO 1.1165 2108 ± 68 (18) 1515 ± 8 0 (19) 1418 rb 59 (18) 
MnO 1.2912 354.1 ± 13.2 (54) 408.6 ± 11.2 (51) 965.0 d= 14.6 (54) 
CoO 1.2715 6.01 rb 0.13 (15) 8.60 rb 0.29 (18) 19.38 db 0.71 (21) 
NiO 1.2726 9.26 rb 1.77 (16) 14.63 db 1.76 (21) 23.15 =fc 1.58 (21) 
SC2O3 1.5339 6.12 rb 0.34 (12) 12.19 ± 0.94 (11) 18.19 rb 0.49 (10) 
Fe2Os 1.4297 2.696 dr 0.011 (41) 4.309 ± 0.016 (40) 6.808 db 0.022 (43) 
E u 2 0 i 1.1579 1.73 rb 0.14 (2) 3.18 ± 0.87 (2) 1.882 db 0.087 (2) 
T b 2 0 a 1.1510 0.60 rb — (1) 1.5 rb — (1) 0.89 rb — (1) 
D y 2 0 8 1.1477 2.35 =fc — (1) 6.50 db — (1) 3.97 rb — (1) 
LusOs 1.1372 0.20 ± — (1) 0.19 rb — (1) 0.42 zb — (1) 
Cr 20s 1.4614 13.01 rb 0.70 (22) 19.14 ± 1.2 (20) 16.25 dr 0.79 (18) 
Ce0 2 1.2284 204.5 =fc 9.8 (4) 553.8 dr 51.8 (5) 95.2 db 14.0 (4) 
T h 0 2 1.1379 28.77 ± 0.31 (ID 125.6 ± 3.0 (14) 7.66 dr 0.23 (12) 
H f 0 2 1.1793 8.84 rb 0.98 (4) 14.56 dr 1.43 (4) 6.05 dr 0.72 (4) 
Nb 20s 1.4305 21.4 ± 2.10 (9) 39.20 ± 1.09 (8) 27.84 rb 1.73 (5) 
S b 2 0 6 1.3285 0.080 rb 0.004 (2) 3.61 ± 0.77 (4) 5.2 rb 0.84 (4) 
T a 2 0 8 1.2211 1.11 rb 0.11 (2) 1.34 rb 0.39 (2) 
La 2 Oj 1.1728 114.7 db 5.2 (13) 297.2 dr 27.3 (16) 41.5 dr 4.8 (5) 
Sb 2 0 3 1.197 0.072 ± 0.004 (2) 3.25 db 0.69 (4) 4.7 dr .76 (4) 

a Values in ppm of oxide unless noted as % . Number of items in parentheses. 

m a t c h i n g is rough ly equivalent to the use of mean character difference 
c luster ing (14). G r o u p s so formed were tested b y another computer 
program, P O T S T A T , w h i c h ca lcu lated a n d p lo t ted the geometric mean of 
the concentrations w i t h l ogar i thmic standard dev iat ion ranges. Spec i 
mens for w h i c h more than one e lemental concentration was outside of 
9 5 % confidence l imits for the group were e l iminated . 

I n the earliest w o r k on neutron act ivat ion analysis of archaeological 
mater ia l a n d i n some later studies of other materials (15, 16, 17, 18, 19) 
i t has been noted that the ratios of two elements i n a group of samples 
can be less var iab le than the absolute amounts of either element. I n 
another archeological study, one of the authors not i ced that i n certain 
G r e e k ceramics, n i c k e l a n d c h r o m i u m were correlated (20). Q u i t e re 
cently B o w m a n et al. (21 ) reported analyses of samples f rom an obs id ian 
source i n w h i c h a n u m b e r of elements are h i g h l y correlated w i t h i ron 
( b o t h negat ive ly a n d p o s i t i v e l y ) ; these authors noted that these order ly 
relationships can lead to posit ive identi f icat ion of obs id ian f rom this 
source. I n such a case, the correlated elements v a r y i n g over w i d e con
centrat ion ranges, any attempt to characterize this source or ident i fy 
samples w i t h i t based on p u r e composi t ional c luster ing is b o u n d to fa i l . 
T h e use of M a h a l a n o b i s distance or characterist ic vector analysis w o u l d 
be appropr iate (13). 

Results of Analysis 

T h e 29 pottery a n d two c lay specimens f rom Teot ihuacan , supp l i ed 
b y Rattray , were s u b d i v i d e d b y her into four categories : ( a ) those w i t h 
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6. A B A S C A L - M . E T A L . Activation Analysis of Mexican Ceramics 89 

List of Standards 0 

U.S. Geological Survey Standard Rocks 

PCC-1 {16) DTS-1 (47) BCR-1 {52) 

3.232 ± 0.015 (33) 
1.689 db 0.009 (47) 

53.8 ± 1.0 (13) 
1.280 ± 0.124 (6) 

840 ± 42 (20) 
1172 ± 12 (40) 1227 ± 16 (47) 1816.2 ± 16 (51) 

136 ± 5 (20) 167.6 ± 6.2 (20) 45.57 ± 1.06 (22) 
3257 ± 132 (23) 3095 dz 104 (25) 16.87 ± 1.53 (20) 

12.55 db 0.91 (10) 5.89 ± 0.58 (7) 49.93 ± 0.89 (10) 
8.326 db 0.034 (41) 8.653 ± 0.028 (38) 13.472 ± 0.039 (44) 

2.461 ± 0.203 (2) 
1.2 ± — (1) 
7.17 ± — (1) 
0.68 ± — (1) 

3909 db 140 (18) 5885 ± 235 (21) 21.39 ± 1.24 (18) 
56.9 ± 4.7 (3) 

7.07 ± 0.16 (10) 
5.13 ± 0.53 (4) 

34.92 ± 6.78 (7) 
0.60 ± 0.04 (3) 0.84 ± 0.23 (4) 

1.07 ± 0.02 (2) 
33.0 ± 2.0 (8) 

0.54 ± 0.04 (3) 0.76 ± 0.21 (4) 

t y p i c a l Teo t ihuacan style; ( b ) those w i t h t y p i c a l Oaxacan style; ( c ) those 
w i t h m i x e d Teot ihuacan-Oaxacan stylistic elements; a n d ( d ) m o d e r n 
pottery k n o w n to have been made of Teot ihuacan c lay together w i t h sam
ples of the c lay itself. Analys i s showed that 10 of the 12 specimens w i t h 
t y p i c a l Teo t ihuacan style were very s imi lar i n composit ion, f o rming an 
acceptable compos i t ional group i n terms of a l l of the elements deter
m i n e d . D a t a for these specimens are given i n T a b l e I I . T h e two excep
t iona l specimens were qu i te different f rom the match ing specimens not 
on ly i n composit ion but also i n microstructure ; one was a very granular 
amphora , 1-5, and the other was a t h i n orange b o w l , 1-11, w i t h charac
teristic s izable m i n e r a l inclusions. T h e authors carr ied out an extensive 
ana ly t i ca l study of t h i n orange pottery. 

N o t surpr is ingly , a l l of the Teot ihuacan-Oaxacan h y b r i d sherds h a d 
composit ions very s imi lar to the pure Teo t ihuacan style match ing group 
( see T a b l e I I ). Cons iderab ly surpr is ing , however , was that n ine of the 10 
sherds w i t h t y p i c a l Oaxacan style also matched these two other groups 
i n composit ion. D a t a for these specimens are also l is ted i n T a b l e I I , w i t h 
those for the non -match ing sherd, 1-21, w h i c h came f rom the lowest leve l , 
layer 14. T h i s sherd however has a composit ion s imi lar to most of those 
f rom Oaxaca ( T a b l e I I I ) . T h e analyses therefore indicate that most 
of these three stylistic groups of sherds f ound i n the Oaxacan B a r r i o 
at Teo t ihuacan were d is t inct ly s imi lar i n composi t ion for a l l elements 
determined a n d hence must have been made f rom very s imi lar clays. 
M o s t p r o b a b l y this c lay w o u l d be the l oca l c lay of Teot ihuacan . T h i s 
p robab i l i t y was conf irmed w h e n it was observed that the two m o d e r n 
pottery specimens a n d the two c lay specimens as they were rece ived 
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90 A R C H A E O L O G I C A L C H E M I S T R Y 

Table II. Oxide Concentrations for Specimens 
Percent 

Specimen 

Typical Teotihuacan sherds 

No. 

1-1 
1-2 
1-3 
1-4 
1-6 
1-7 
1-8 
1-9 
I-10 
1-37 

NaiO 

2.41 
2.90 
2.36 
2.63 
2.77 
2.41 
3.02 
2.27 
2.85 
2.53 

K2O 

1.68 
1.92 
1.57 
1.39 
1.52 
2.22 
2.18 
1.32 
1.49 
1.82 

Fe^Oz 

5.95 
4.38 
4.76 
5.81 
5.10 
4.99 
6.15 
4.93 
5.95 
5.28 

Oaxacan-style sherds 1-12 
1-13 
1-14 
1-15 
1-16 
1-17 
1-18 
1-19 
1-20 

2.45 
2.20 
2.70 
2.60 
2.66 
2.27 
1.91 
2.61 
2.93 

1.60 
1.30 
1.60 
0.93 
1.56 
1.15 
1.28 
1.79 
1.46 

5.33 
4.94 
5.52 
5.91 
5.25 
4.84 
5.50 
5.60 
5.93 

Oaxacan-Teotihuacan Hybrid sherds 

Modern pottery 

Clays (as received) 

Fine fractions of above clays 

1-22 
1-23 
1-24 
1-25 
1-26 

1-38 
1-39 

C37 
C38 

C37F 
C38F 

2.96 
2.69 
2.33 
2.63 
3.34 

2.33 
2.20 

2.65 
2.20 

1.14 
0.98 

1.30 
1.72 
2.10 
1.63 
1.31 

1.25 
1.28 

1.39 
1.18 

0.94 
0.98 

6.07 
4.62 
5.82 
5.23 
4.85 

5.52 
6.52 

5.43 
5.80 

6.29 
6.74 

w h i c h are w i thout quest ion f rom Teot ihuacan conformed to the same 
compos i t ional pattern ( see T a b l e I I ). 

F r o m the correlat ion between the ancient pottery and m o d e r n c lay 
one can d r a w several significant conclusions i n a dd i t i on to the most i m 
mediate ly obvious one that the match ing ancient pots were loca l ly made. 
T h e amount of temper i n the ancient pottery, as ev idenced b y our com
parison w i t h the c lay source, has not d i l u t e d or otherwise s ignif icantly 
a l tered the compos i t ional pattern of the ceramic . A l so the pottery must 
not have s igni f icantly changed i n composi t ion d u r i n g b u r i a l . I n add i t i on 
w e observed a smal l but significant difference between the composi t ion 

Table III. Oxide Concentrations for Rattray Specimens 
from the Matching 

Percent 

Specimen No. NazO K2O FeiOz 

Granular amphora from Teotihuacan 1-5 1.65 2.27 7.30 
Thin orange incised bowl from Teotihuacan 1-11 0.22 4.31 5.07 
Polished grey incised bowl of Oaxacan style and 

composition from Layer 14 at Teotihuacan 1-21 1.42 2.85 5.17 
Red on pink, unslipped from Caballito Blanco 1-27 0.65 3.00 5.52 
Polished grey with incised rim from 

Caballito Blanco 1-28 1.87 2.93 3.70 
Coarse grey paste with cream and red-orange 

paint from Dain Zu 1-36 4.27 2.14 2.31 
Polished grey dense Caballito Blanco 1-29 1.53 2.72 4.99 
Apaxtle (thick) Caballito Blanco 1-30 1.64 2.97 5.02 
Apaxtle (thin) Caballito Blanco 1-31 2.31 2.43 5.62 
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6. A B A S C A L - M . E T A L . Activation Analysis of Mexican Ceramics 91 

with Matching Compositions from Teotihuacan 
Parts per Million 

RbîO CstO BaO SCÎOZ LaiOz CeOz EuiOz LuiOi HfOt ThOi Ta&h CnOz MnO CoO 

54.4 2.55 601 23.3 50.7 1.80 5.34 7.23 1.19 116 789 18.2 
63.3 2.38 1280 17.5 — 44.7 1.61 — 5.04 7.17 0.74 102 601 15.0 
66.0 3.50 1200 18.7 — 50.2 1.52 — 5.40 7.12 0.98 107 763 18.0 
90.8 3.18 401 21.8 — 55.6 1.69 — 6.03 7.58 1.07 140 837 19.6 
54.8 2.42 765 20.3 — 66.4 1.68 — 4.64 7.06 0.81 142 850 20.1 
67.5 3.74 934 19.8 — 68.2 1.50 — 5.53 8.10 1.26 83 1030 18.3 
59.5 2.44 985 24.9 — 64.8 1.96 — 5.78 6.95 1.03 139 892 22.8 
52.4 2.68 1100 19.1 — 50.2 1.79 — 5.18 6.36 0.86 124 839 18.4 
54.9 2.13 1090 19.8 — 41.4 1.46 — 4.56 5.90 0.81 138 675 15.9 
67.8 2.45 673 21.6 30.5 60.7 1.91 0.334 5.14 8.10 0.76 108 802 17.5 

59.4 3.63 613 20.3 32.9 62.7 2.02 0.550 6.11 7.20 1.06 85 1070 22.0 
66.0 3.71 651 18.4 33.5 79.8 1.81 0.562 5.58 9.11 1.17 69 1050 21.3 
54.3 2.52 919 19.3 30.0 52.3 1.69 0.483 4.79 7.31 0.94 114 686 16.7 
71.8 3.29 350 20.5 28.3 52.8 1.76 0.505 6.08 7.22 1.16 125 737 18.2 
63.5 2.78 861 19.0 26.4 49.2 1.60 0.438 5.17 7.44 1.31 140 779 18.7 
80.0 4.40 680 18.6 36.5 72.2 1.99 0.682 6.51 9.77 1.53 72 1080 19.9 
71.0 5.12 714 20.3 35.8 68.9 1.86 0.693 5.79 8.55 1.36 72 979 19.8 
45.0 2.28 629 22.3 24.3 46.4 1.66 0.374 4.68 5.68 1.30 162 930 19.8 
58.3 3.19 585 21.4 27.0 45.6 1.73 0.291 4.91 6.00 1.19 132 811 17.6 

72.7 2.61 680 21.0 20.6 48.4 1.64 0.276 4.61 5.83 0.97 141 915 20.6 
52.0 2.41 814 15.8 22.5 39.5 1.40 0.384 4.57 5.77 0.87 102 671 13.3 
67.0 3.66 616 18.5 28.5 59.2 1.71 0.540 6.68 7.87 1.79 87 846 17.6 
55.3 2.15 684 18.3 28.5 48.5 1.57 0.460 5.23 6.42 1.14 125 642 16.0 
30.4 1.84 470 16.5 19.0 36.8 1.22 0.304 3.47 4.41 0.91 225 813 16.2 

50.1 3.94 21.2 45.8 65.5 1.84 5.51 8.73 1.16 124 930 19.3 
64.6 5.16 889 25.2 25.3 67.2 2.00 — 5.91 9.34 1.33 126 1290 21.9 

64.8 4.16 597 21.7 62.9 1.94 5.51 8.73 1.24 135 1100 19.4 
86.8 4.11 619 22.8 — 65.9 1.86 — 5.74 9.05 1.12 145 1040 19.6 

104.0 4.29 604 26.5 46.9 86.7 2.40 0.548 6.28 10.90 1.00 93 1160 20.2 
91.9 4.48 587 28.9 48.3 91.5 2.26 0.556 6.91 11.50 1.01 104 1190 19.3 

of the c lay as rece ived a n d the fine fractions extracted f rom this clay. T h e 
p r i m a r y difference is that the sod ium concentrations i n the fine fractions 
were i n each case about ha l f that i n the total c lay (see T a b l e I I ) . S ince 
the ancient pottery coincides w i t h the total c lay rather than the fine 
fractions, i t suggests that these ancient potters d i d not fractionate their 
c lay. 

A n attempt has been made w i t h F i g u r e 6 to present graphica l ly the 
overa l l match ing data f rom Teot ihuacan . T h e hor i zonta l lines of the 
crosses indicate the mean oxide concentrations w i t h i n the ancient m a t c h 
i n g sherds w h i l e the extent of the vert i ca l lines indicates the spread of 

from Teotihuacan and Oaxaca with Compositions Different 
Groups of their Find Sites 

Parts per Million 

RbiO CsiO BaO SaOz LatOz CeOt Eu-iOz HfOt ThOi TatOf, CriOz MnO CoO 

96.7 6.28 1040 37.6 42.4 1.34 3.42 4.86 0.60 522 1030 37.1 
196.0 14.5 1060 27.4 — 122.0 2.30 6.56 16.0 1.51 116 673 19.2 

102.0 8.66 1120 24.7 37.6 61.9 1.75 4.74 8.06 0.85 117 607 17.4 
88.4 7.15 1590 29.7 52.7 114.0 2.47 5.79 8.93 1.00 110 554 17.6 

99.3 23.8 1210 13.6 38.1 63.8 1.43 6.25 9.62 1.00 57 660 13.3 

187 1.81 1840 5.2 21.8 55.0 2.91 1.71 0.75 0.23 17 353 10.4 
107.0 19.30 1380 18.3 35.4 76.9 1.62 6.12 11.30 1.18 87 859 18.7 
89.6 19.40 1550 18.9 38.0 78.2 1.63 7.01 11.90 1.19 91 895 19.1 
87.4 13.90 1160 19.8 33.8 73.3 1.70 5.33 9.58 1.09 109 929 19.5 
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92 A R C H A E O L O G I C A L C H E M I S T R Y 

*EXCEPT SODIUM, POTASSIUM AND IRON OXIDES WHICH ARE 
PLOTTED AS PERCENTS 

Figure 6. Comparison of the concentrations 
of many oxides in ancient pottery and in mod
ern pottery and clays from Teotihuacan. Aver
age concentrations (—) and 95% confidence 
ranges (\) of 23 ancient sherds. Average con
centrations (Φ) in two modern pottery plus two 

clay specimens. 

two s tandard dev iat ion ranges—i.e., 9 5 % confidence l imits for these data. 
C o m p a r e d w i t h these means a n d ranges are points representing the mean 
concentrations of the four modern specimens. C l e a r l y the m o d e r n m a 
ter ia l is not s ignif icantly different i n composit ion f r om the ancient. 

F r o m Oaxaca , D r . Rat t ray supp l i ed us w i t h sherds of t y p i c a l , l oca l 
style pottery f rom C a b a l l i t o B lanco a n d D a i n Z u , together w i t h a single 
c lay spec imen f rom Coyotepec . W e were also fortunate i n rece iv ing for 
analysis other pottery sherds excavated i n the Oaxacan area, i n c l u d i n g a 
group of 10 fine paste sherds f rom L a m b i t y e c o f rom John P a d d o c k of the 
Institute of Oaxacan Studies ; a more extensive study i n v o l v i n g these 

Table IV. Oxide Concentrations for Specimens 

Specimen 

Rattray sherd from Caballito Blanco 

Rattray sherds from Dain Zu 

Paddock fine paste sherds 

Polychrome sherd 

Coyotepec clay (as received and fine fraction) 

Percent 

No. NaiO K2O Fe20z 

1-32 0.90 2.53 6.12 

1-33 2.01 2.91 5.64 
1-34 1.43 2.75 6.08 
1-35 1.68 2.93 5.72 

F121 1.34 2.86 6.38 
F122 1.12 2.75 5.65 
F123 1.15 2.33 5.96 
F126 1.14 2.61 5.79 
F129 1.34 3.30 7.49 
F130 0.89 2Λ42 5.61 
F131 1.04 3.17 5.50 
F132 0.93 2.58 5.58 
F134 1.04 2.13 5.27 
F135 0.88 2.72 5.40 

PC 19 1.05 3.34 6.52 

C39 1.02 2.83 5.81 
C39F 0.64 2.52 6.36 
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6. A B A S C A L - M . E T A L . Activation Analysis of Mexican Ceramics 93 

sherds w i l l be p u b l i s h e d separately. Another spec imen was a M i x t e c a 
Postclassic po ly chrome sherd f r om Y a g u l w h i c h was p r o v i d e d b y Ignacio 
B e r n a i of the M e x i c a n N a t i o n a l Institute of A n t h r o p o l o g y a n d H i s t o r y . 

Analys is showed that a number of these sherds can be arrayed i n a 
group of approx imate ly match ing composi t ion a n d that the single c lay 
source also shows a reasonable composi t ional m a t c h to this group ( T a b l e 
I V ). T h i s should not, of course, be taken to ind icate that w e bel ieve that 
i n this c lay source, Coyotepec , we have identi f ied the place of manufac 
ture of the composi t ional ly match ing group of Oaxacan pottery. T o do 
this unequ ivoca l ly i t w o u l d be necessary to sample a l l the potent ia l c lay 
sources of the Oaxacan pottery a n d to determine that the var iat ion f rom 
source to source was sufficiently great to e l iminate ambigu i ty . E v e n then 
w e cou ld not be certain of identi f icat ion since some clay sources used 
i n ant iqu i ty may have been exhausted or otherwise disused. I n this 
connect ion w e p l a n to analyze the c lay source reported b y P a d d o c k et al. 
( 22 ) on ly 400 m f rom L a m b i t y e c o m o u n d 190 and thought to have been 
w o r k e d i n ant iqu i ty . W i t h this source they c o u l d make pottery d u p l i 
cat ing i n appearance the M o n t e A l b a n I V style f ound i n tomb 2 at 
L a m b i t y e c o . C l e a r l y , more w o r k needs to be done i n survey ing the c lay 
sources of the V a l l e y of Oaxaca a n d i n ana lyz ing the m a n y types of 
Oaxacan ceramics. T h e presence of a number of non-match ing sherds 
col lected i n the V a l l e y of Oaxaca and ana lyzed b y us ( T a b l e I I I ) tends 
to conf irm our bel ie f that there were several c lay sources i n use and 
confirms A n n a Shephard's op in ion (23). 

T h e placement of the M i x t e c a po lychrome sherd f rom Y a g u l i n the 
match ing group of T a b l e I V is of spec ial interest. T o the best of our 
knowledge this is the first piece of technica l evidence that at least some 
of the famous M i x t e c a - P u e b l a po lychrome was p r o d u c e d i n the V a l l e y of 
Oaxaca , conf irming B e r n a i s v i e w (24). 

with Matching Compositions from Oaxaca 
Parts per Million 

RbtO CstO BaO SCÎOZ LaiOz CeOi EutOz HfOt ThOi TaiOi, CnOz MnO CoO 

99.3 8.75 981 30.3 39.6 82.2 1.84 4.72 10.70 1.34 129 520 17.6 

77.6 8.19 1110 24.1 43.3 80.3 1.94 5.62 8.94 0.96 84 1130 17.1 
113.0 11.20 970 27.4 46.7 84.6 1.98 5.63 10.80 1.21 104 798 22.1 
97.8 9.86 911 24.9 47.3 78.2 1.79 6.08 9.25 1.18 103 856 20.9 

96.2 7.56 777 28.9 37.0 1.60 5.72 7.76 1.10 114 1210 21.2 
113.0 6.93 751 26.9 39.0 — 1.48 5.76 11.10 1.49 114 467 13.5 
99.9 6.12 709 24.1 47.0 — 1.64 6.15 10.60 1.50 117 460 15.6 
99.5 6.11 833 23.6 40.0 — 1.75 5.66 10.20 1.40 110 541 14.8 

140.0 8.77 819 32.1 50.0 — 1.94 5.42 11.20 1.46 131 601 21.5 
116.0 7.11 856 27.8 36.0 — 1.62 5.16 10.20 1.21 104 525 15.6 
113.0 6.97 709 27.4 46.0 74.5 1.76 4.86 9.32 0.98 98 683 14.7 
103.0 7.45 — 28.9 40.0 88.0 1.71 5.12 10.90 1.11 113 553 15.3 
102.0 5.65 — 24.0 39.0 68.8 1.72 5.28 10.50 1.31 113 430 14.5 
135.0 6.30 — 26.6 37.0 66.4 1.67 5.14 10.40 0.89 104 481 14.4 

128.0 7.40 766 29.1 39.0 — 1.91 7.50 10.80 1.13 109 953 15.5 

129.0 6.68 867 28.4 79.5 1.93 5.77 10.90 0.77 142 651 17.3 
147.0 7.43 648 34.6 51.6 93.0 2.02 4.59 11.60 — 126 369 11.6 
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94 A R C H A E O L O G I C A L C H E M I S T R Y 

F i g u r e 7 compares the concentrations of the various oxides present 
i n the O a x a c a (Coyo tepec ) c lay a n d the average concentrations a n d 
spread of values observed i n the m a t c h i n g Oaxacan pottery. T h e con
centrations i n the c lay l ie w i t h i n 9 5 % confidence l imits for a l l elements 
but one. F o r the n u m b e r of elements determined it is not statist ical ly 
i m p r o b a b l e that an i n d i v i d u a l spec imen be longing to a group I element 
w o u l d l ie outside such confidence l imi ts , a n d w e consider the compos i 
t i ona l m a t c h between the c lay a n d sherds to be good. T h i s m a y mere ly 
mean that the Coyotepec c lay is t y p i c a l i n composi t ion of a range of c lay 
sources throughout the V a l l e y . 

* EXCEPT SODIUM, POTASSIUM AND IRON OXIDES WHICH ARE 
PLOTTED AS PERCENTS 

Figure 7. Comparison of the concentrations 
of many oxides in ancient pottery and in mod
ern pottery and clays from Oaxaca. See Figure 

T h e Oaxacan composi t ion differs f rom the Teo t ihuacan composit ion 
i n m a n y elements but par t i cu lar ly i n the concentrations of the a l k a l i 
metals. F i g u r e 8 compares the mean concentrations a n d standard dev ia 
t ion ranges of the a l k a l i oxides of some groups of these specimens w i t h 
the average concentrat ion of the Teot ihuacan specimens w h i c h have 
either pure or h y b r i d Teo t ihuacan styles. P lo t ted values are the ratios 
of the concentrations i n quest ion to the mean concentration of this refer
ence group. T h e centers of the d i a m o n d symbols , or crosses, m a r k the 
mean concentrations, a n d their ver t i ca l spreads indicate the spread of 
i n d i v i d u a l s tandard dev iat ion ranges. T h e so l id b lack d iamonds are the 
ranges of the c o m b i n e d pure a n d h y b r i d Teo t ihuacan sherds, a n d the open 
d iamonds are the same data for the Oaxacan style sherds of m a t c h i n g 
composit ion. T h e i r compos i t ional s imi lar i ty is apparent. T h e crosses are 
the composit ions of the compos i t ional ly consistent sherds f r om Oaxaca . 
N o t e that they are signi f icantly different f rom the Teo t ihuacan sherds. 

* 

ο 
υ 0.5 

6 for legend. 
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A B A S C A L - M . E T A L . Activation Analysis of Mexican Ceramics 

SODIUM CESIUM 

lo 

A ONE STANDARD DEVIATION RANGE OF SPECIMENS WITH 
• TEOTIHUACAN STYLE 
Λ ONE STANDARD DEVIATION RANGE OF SPECIMENS FROM 
V LAYERS 3 THROUGH II AT TEOTIHUACAN WITH OAXACAN STYLE 
+ ONE STANDARD DEVIATION RANGE OF SHERDS FROM OAXACA 
Ο A OAXACAN STYLE SHERD FROM LAYER 14 AT TEOTIHUACAN 

Figure 8. Ratios of concentrations in 
Teotihuacan and Oaxacan sherds to the 
average concentrations in sherds found 
at Teotihuacan with total or partial local 

stylistic characteristics 

Figure 9. The figurines* descriptions and our laboratory numerical 
designations, reading from left to right, are as follows: figurine 3— 
height 7.7 cm, weight 21.9 grams, traces of red pigment on hair 
and generally over front of body; 2—height 8.0 cm, weight 23.8 
grams, traces of red pigment; 5—height 11.4 cm, weight 42.8 grams, 
faint traces of red pigment overlying a cream-colored undercoat; 
4—height 12.8 cm, weight 55.9 grams, red pigment on hair and 
skirt, underlayer of cream pigment over the entire body, face and 
skirt; 6—height 10.0 cm, weight 43.5 grams, red pigment overlying 
cream undercoat; 1—height 8.4 cm, weight 29.8 grams, trace of red 
pigment on headdress, fire-blackened in lower half. The clay is 

whitish gray. 
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96 A R C H A E O L O G I C A L C H E M I S T R Y 

Table V . Oxide Concentrations 
Percent 

Specimen No. ΝαιΟ K2O FeiOz 

Ancient figurines TF-1 1.75 0.99 6.88 
TF-2 1.91 1.06 6.72 
TF-3 2.02 1.04 6.67 
TF-4 2.00 0.76 6.82 
TF-5 1.82 1.06 6.36 
TF-6 1.91 1.01 7.06 

Clay from Tlatilco TF-7 1.84 0.94 7.27 

Leg of modern figurine TF-8 2.21 1.10 6.28 

T h e open circles show the relat ive positions of one Oaxacan style sherd 
f rom Teot ihuacan w h i c h d i d not conform to the l o ca l Teo t ihuacan c om
pos i t i on—spec imen 1-21, a po l i shed grey inc ised b o w l f rom layer 14, the 
lowest layer sampled at the Oaxacan Barr i o . O u r data are consistent w i t h 
the poss ib i l i ty that this sherd was impor ted f rom Oaxaca . H o w e v e r , the 
preponderance of our findings suggests that the tendency was to import 
potters rather than pots f rom there to Teot ihuacan . 

Table VI . Comparison of Mean Compositions of Six Ancient Tlatilco 
Figurines with a Modern Figurine and Clay from Tlatilco" 

Oxides Determined 

I r o n ( F e 2 0 3 ) , % 
S o d i u m ( N a , 0 ) , % 
Potass ium ( K 2 0 ) , % 
Manganese ( M n O ) , p p m 
B a r i u m ( B a O ) , p p m 
C h r o m i u m ( C r 2 0 3 ) , p p m 
C e r i u m (CeO) , p p m 
R u b i d i u m ( R b 2 0 ) , p p m 
L a n t h a n u m ( L a 2 0 3 ) , p p m 
C o b a l t (CoO) , p p m 
S c a n d i u m ( S c 2 0 3 ) , p p m 
T h o r i u m ( T h 0 2 ) , p p m 
H a f n i u m ( H f 0 2 ) , p p m 
C e s i u m ( C s 2 0 ) , p p m 
E u r o p i u m ( E u 2 0 3 ) , p p m 
T a n t a l u m ( T a 2 0 5 ) , p p m 
T e r b i u m ( T b 2 0 3 ) , p p m 
A n t i m o n y ( S b 2 0 3 ) , p p m 

Average Concentrations 

Ancient Specimens Modern Specimens 

6.75 =b 0.23 6.77 db 0.70 
1.90 ± 0.10 2.02 db 0.26 
0.99 ± 0.11 1.02 =b 0.11 
810 =b 190 1040 =b 660 
535 =fc 26 515 =b 7 
128 =1= 6 158 ± 30 

68.9 ± 5.4 67.6 ± 7.6 
66.1 db 4.0 55.3 ± 7.2 
36.9 ± 2.3 35.1 ± 0.6 
27.3 ± 1.8 27.1 db 5.9 
24.6 =b 0.6 24.8 d= 0.1 
8.99 ± 0.34 8.42 ± 0.01 
6.37 ± 0.41 6.83 db 0.17 
4.60 =fc 0.31 4.12 db 0.25 
2.06 db 0.17 2.14 ± 0.04 
1.06 ± 0.07 1.04 zb 0.11 
0.91 ± 0.22 0.94 db 0.04 
0.53 ± 0.14 0.45 ± 0.16 

a To simplify the presentation of means and standard deviations in Tables VI and VII , 
the standard deviations are presented as if the data were linearly distributed. Actually 
we believe our data to be logarithmically distributed and treat it accordingly. What 
are presented in Tables VI and VII are the geometric means of the groups of data with 
plus or minus one-half of the total standard deviation spread of the groups as calculated 
logarithmically. For reasonably closely matching groups the differences of notation are 
small and we felt that increased ease of reading justified the approximate notation. 
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6. A B A S C A L - M . E T A L . Activation Analysis of Mexican Ceramics 97 

f o r T l a t i l c o Specimens 
Parts per Million 

RbiO CsiO BaO SctOz LaiOz CeOi EuiOz HfOt ThOi TazOb CnOz MnO CoO SbiOi 

67.3 4.77 507 24.3 38.0 72.8 2.01 6.30 8.51 1.01 129 626 29.0 0.69 
59.8 4.66 500 25.3 37.2 71.7 2.13 6.76 9.28 1.16 126 725 27.3 0.46 
66.2 4.17 550 25.2 38.6 71.3 2.23 6.81 9.19 1.05 137 699 24.7 0.34 
63.4 4.35 510 24.6 38.1 72.8 2.23 5.66 9.10 0.97 127 751 27.6 0.58 
69.8 4.65 530 23.8 37.1 65.4 1.94 6.36 9.24 1.03 118 1120 29.4 0.45 
70.2 5.05 550 24.9 32.4 59.4 1.80 6.31 8.60 1.11 133 964 25.8 0.67 

50.2 4.30 520 24.9 34.7 73.0 2.11 6.95 8.41 1.11 179 1513 31.2 0.56 

60.4 3.94 510 24.7 35.6 62.2 2.17 6.71 8.43 0.96 136 575 22.9 0.34 

A t this stage i t is not possible to estimate h o w extensive the compo-
s i t ional ly u n i f o r m c lay deposits at Teo t ihuacan a n d Oaxaca are; they 
m i g h t be very extensive, a n d i t is w e l l k n o w n that the Becerra c lay f o rma
t ion underl ies large portions of the V a l l e y of M e x i c o (25). O n e m i g h t 
even th ink that the entire V a l l e y of M e x i c o contains only c lay so u n i f o r m 
i n composi t ion that i t w o u l d not be possible for one to differentiate pot
tery made f rom clays f rom different sites throughout it . T h i s is not the 
case, however , as ind i ca ted b y our second inves t igat ion—a study of 
the probab le o r i g in of the T l a t i l c o figurines. 

T h e six figurines, a l l of Va i l lant ' s class D - l (26) a n d provenance San 
L u i s T l a t i l c o , were supp l i ed b y the I N A H ( M e x i c o ) a n d are shown i n 
F i g u r e 9. T h e m o d e r n specimens inc lude c lay d u g at T l a t i l c o b y one 
of us ( R . A . - M . ) a n d the leg of a fake figurine k n o w n to have been m a d e 
i n T l a t i l c o about 20 years ago (also shown i n F i g u r e 9 ) . T h e analyt i ca l 
data for these specimens are g iven i n T a b l e V , a n d the mean concentra
tions a n d standard dev iat ion ranges for the ancient figurines a n d modern 
specimens are compared i n T a b l e V I . 

T h e results i n Tables V a n d V I show that a l l six figurines have 
essentially the same compos i t ional patterns a n d that the pattern for the 
figurines agrees exceedingly w e l l w i t h that of the m o d e r n samples. I n 
obta in ing these data we removed only smal l samples (50 m g ) to avo id 
dis f iguring the objects. W e feel that some of the spread i n the manganese 
data was par t ly the result of the samples ' be ing too smal l to be t r u l y 
representative. Manganese often tends to be d i s t r ibuted i n a nonuni f o rm 
part iculate manner i n pottery. Nevertheless , the impressive overa l l agree
ment argues qui te strongly that the figurines were made of the l o ca l c lay. 
W e also ana lyzed several clays ( k i n d l y furnished by M . D . C o e ) f rom 
the O l m e c center at San L o r e n z o Tenocht i t lan ; they were qu i te different 
f r om the T l a t i l c o c lay a n d figurines i n composit ion. 

T o re turn to our earl ier point on the var ia t ion of c lay compositions 
w i t h i n the V a l l e y of M e x i c o , T a b l e V I I shows the mean concentrations 
a n d standard dev iat ion spreads of the T l a t i l c o , Teot ihuacan , a n d Oaxacan 
m a t c h i n g groups. These data show that the T l a t i l c o a n d Teot ihuacan 
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98 A R C H A E O L O G I C A L C H E M I S T R Y 

clays can be as def initely resolved f r om each other as either can be f r o m 
the Oaxacan . 

Conclusions 

W e have s h o w n b y neutron act ivat ion analysis that groups of sherds 
f r o m early classic layers at Teot ihuacan , designated t y p i c a l T e o t i h u a c a n 
style a n d h y b r i d , have very s imi lar compos i t ional patterns a n d presum
ab ly came f rom the same c lay source. Analyses of m o d e r n pottery a n d 
c lay f r om T e o t i h u a c a n again reveal a h i g h degree of compos i t ional s i m i 
l a r i ty w i t h the overa l l Teo t ihuacan sherd group, m a k i n g i t l i k e l y that 
the sherd groups above were loca l ly made . C o m p a r i s o n of the T e o t i 
huacan pattern w i t h t y p i c a l authentic Oaxacan sherds a n d c lay shows 
significant differences w h i l e the Oaxacan c lay a n d sherds conform to a 
consistent compos i t ional pattern. O f 10 Oaxacan style sherds f rom T e o t i 
huacan , n ine h a d Teo t ihuacan composi t ional characteristics a n d hence 
were p r o b a b l y m a d e l oca l ly b y potters us ing Oaxacan styl ist ic tradit ions. 

Table VII. Comparison of Concentration Means and Group Standard 
Deviations of Compositional Groups of Ancient Pottery Specimens 

Mean Concentrations 

Tlatilco Teotihuacan Oaxacan 
Oxides Determined Figuri nes Sherds Sherds 

I r o n ( F e 2 0 3 ) , % 6.8 zb 0.2 5.3 zb 0.5 5.7 zb 0.6 
S o d i u m ( N a 2 0 ) , % 1.9 zb 0.1 2.6 zb 0.3 1.2 zb 0.4 
Po tass ium ( K 2 0 ) , % 1.0 ± 0.1 1.6 zb 0.3 2.7 zb 0.3 
Manganese ( M n O ) , p p m 800 zb 190 830 zb 140 680 zb 230 
B a r i u m ( B a O ) , p p m 530 zb 26 730 zb 240 930 zb 220 
C h r o m i u m ( C r 2 0 3 ) , p p m 128 zb 6 114 zfc 33 107 zb 13 
C e r i u m (CeO) , p p m 69 zb 5 54 zb 11 77 zb 6 
R u b i d i u m ( R b 2 0 ) , p p m 66 zb 4 60 zb 13 105 zb 16 
L a n t h a n u m ( L a 2 0 3 ) , p p m 37 zb 2 28 zb 5 41 zb 5 
C o b a l t (CoO) , p p m 27 zb 2 18 zb 2 17 zb 3 
S c a n d i u m ( S c 2 0 3 ) , p p m 25 zb 1 20 zb 2 25 zb 4 
T h o r i u m ( T h 0 2 ) , p p m 9.0 zb 0.3 7.0 zb 1.2 10.2 zb 1.1 
H a f n i u m ( H f 0 2 ) , p p m 6.4 zb 0.4 5.2 zb 0.7 5.6 zb 0.7 
C e s i u m ( C s 2 0 ) , p p m 4.6 zb 0.3 2.9 zb 0.7 8.7 zb 3.2 
E u r o p i u m ( E u 2 0 3 ) , p p m 2.1 zb 0.2 1.7 zb 0.2 1.7 zb 0.1 
T a n t a l u m ( T a 2 0 5 ) , p p m 1.06 zb 0.07 1.07 zb 0.24 1.19 zb 0.18 

H o w e v e r , one Oaxacan style sherd f r om Teo t ihuacan showed Oaxacan 
composi t ion a n d thus was p r o b a b l y impor ted . F i n a l l y , the analysis of a 
group of six preclassic figurines a n d a c lay f r om T l a t i l c o i n the V a l l e y of 
M e x i c o very strongly suggests that the figurines were also l oca l ly made. 
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7 

Neutron Activation Analytical Survey of 
Some Intact Medieval Glass Panels and 
Related Specimens 
JACQUELINE S. OLIN 

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

EDWARD V. SAYRE 

Brookhaven National Laboratory, Upton, Ν. Y. 11973 

The concentrations of 15 component oxides in medieval 
window glass were determined by instrumental thermal 
neutron activation analysis. Three groups of glass were 
studied: 52 specimens from a set of seven thirteenth-century 
French grisaille panels from a now demolished royal cha
teau at Rouen; 10 samples from a grisaille panel in the 
collection of the Princeton Museum; and a set of 32 random 
fragments of varied provenance. Significantly differing 
compositions were found. However the specimens from 
within individual and related groups of panels are com-
positionally similar even for different colors of glass. This 
similarity, therefore, indicates a common origin for the 
related pieces. Six of the random specimens had the same 
basic formulation as the specimens from the Rouen 
chateau panels. 

/ ^ p h e extent to w h i c h stained glass panels of the M i d d l e Ages have been 
A r emoved f r o m their o r i g ina l settings i n chapels a n d cathedrals , d is 

mant l ed , a n d reconstructed w i t h other glass to f o r m n e w panels whose 
provenance must be establ ished a n d the restoration pieces ident i f ied is 
often not apprec iated . A w i n d o w i n the Pr ince ton U n i v e r s i t y M u s e u m 
of A r t is an excellent example of such reconstruct ion. T h e Pr ince ton 
w i n d o w depicts the m a r t y r d o m of Saint George ( F i g u r e 1 ). It was p u r 
chased for the art m u s e u m b y the former D i rec tor , F r a n k Jewett M a t h e r , 
J r . i n 1924. A s imi lar w i n d o w showing Saint George b o u n d to a w h e e l 
was donated to Chartres C a t h e d r a l b y either G u i l l a u m e or Rober t de 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 101 

Figure 1. Stained ghss from Chartres Cathedral 
(in the Museum of Art, Princeton University). The 
top left quarter is from a thirteenth-century win
dow depicting the martyrdom of St. George. 

Accession No. 71. 

C o u t e n a y d u r i n g the second decade of the thirteenth century ( 1 ) . T h e 
Chartres w i n d o w remained there u n t i l 1788 w h e n the sculptor B r i d a n 
pet i t i oned its r e m o v a l to a l l o w more l i ght to f a l l on his w o r k on the 
n e w h i g h altar. T h e r e is no direct record of what h a p p e n e d to the 
Chartres w i n d o w , but m o d e r n grisailles n o w fill the space. Several 
studies of the Pr ince ton w i n d o w were p u b l i s h e d b y W . F r e d e r i c k S toh l -
m a n a n d b y H e n r y G r a h a m (2, 3, 4, 5 ) ; they conc luded that only the top 
left quarter is o r i g i n a l glass, a n d that i t a n d a p a n e l w h i c h remains at 
Chartres ( F i g u r e 2 ) as part of a composite of panels were once together 
at Chartres in the de Cour tenay w i n d o w . T h e possible locat ion of two 
quarters of the de Cour tenay w i n d o w is s t i l l u n k n o w n . T h i s is an example 
of the complex i ty w h i c h can exist i n s tudy ing thirteenth century glass 
w i n d o w s . 

A large port ion , poss ibly a l l , of the glass o r ig ina l l y i n a m e d i e v a l 
w i n d o w w o u l d p r o b a b l y have been p r o d u c e d b y a single workshop . O f 
course, spec ia l colors a n d types of glass m a y have been brought i n f r om 
other sources spec ia l i z ing i n their product i on . H o w e v e r , i t is un l ike ly 
that the same type of glass—e.g., g r i s a i l l e — i n a single p a n e l o r ig ina l ly 
w o u l d have m a n y sources. Glass p r o d u c e d b y a single source of m a n u -
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102 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. Thirteenth-century grisaille panels in 
the collection of The Cloisters Museum, New York. 
The panels came from the chateau of Rouen. Ac
cession No. 69.236.2. Analytical data are in Table 
II. The numbers on the photograph correspond to 

sample numbers in the table. 

Figure 3. Accession No. 69.236.3 (see Figure 2) 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 103 

Figure 4. Accession No. 69.236.4 (see Figure 2) 

Figure 5. Accession No. 69.236.6 (see Figure 2) 
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104 A R C H A E O L O G I C A L C H E M I S T R Y 

facture at a g iven t ime w o u l d p r o b a b l y have been consistent i n its 
composi t ion , a n d hope fu l ly this composi t ion w o u l d differ s ignif icantly 
f r om that of glass p r o d u c e d elsewhere. T h e u n i f o r m i t y of glass f r o m a 
g iven source can be s tud ied w e l l b y m u l t i p l e sampl ing of i n d i v i d u a l 
panels because the l ike l ihood of encounter ing glass of re lated origins 
w i t h i n them is great even i f later changes were made. 

It is l i k e l y not only that glass of the same manufacturer w i l l be f ound 
i n a single p a n e l but that separate fragments of i n d i v i d u a l glass p repara 
tions w i l l be encountered. S u c h pieces should be very closely re lated i n 
composi t ion a n d hence c o u l d be separated through analysis. T h e extent 
a n d nature of such close correlat ion shou ld indicate the size a n d u n i 
f o rmi ty of i n d i v i d u a l batches. 

Figure 6. Accession No. 69.236.7 (see Figure 2) 

T h i s study was done to establish whether such correlations do exist 
a n d whether the distinctiveness of glass composi t ion f r om different 
sources of glass manufacture w i l l a l l o w meaning fu l interpretat ion of 
observed correlations. A l i m i t e d amount of h is tor i ca l in format ion exists 
on the organizat ion of the workshops w h i c h were the sources of stained 
glass i n m e d i e v a l E u r o p e . I n " A H i s t o r y of Techno logy " b y Singer et al. 
reference is made to T h e V e n e r a b l e Bede w h o i n the e ighth century 
stated i n his " H i s t o r i a A b l a t u m , " that the F r e n c h glaziers not on ly d i d 
the w o r k r e q u i r e d but taught the E n g l i s h h o w to do it . F r e q u e n t refer
ence is m a d e to the g laz ing of the c h u r c h w i n d o w s at M o n k w e a r m o u t h , 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 105 

Figure 7. Accession No. 69.236.8 (see Figure 2) 

Figure 8. Accession No. 69.236.10 (see Figure 2) 
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106 A R C H A E O L O G I C A L C H E M I S T R Y 

E n g l a n d b y F r e n c h craftsmen w h o a r r i v e d i n 675 A . D . Samples of 
w i n d o w glass f r om the monastic site at M o n k w e a r m o u t h have been 
excavated a n d ana lyzed b y electron probe ( 6 ) . T h e i r sod ium oxide 
concentrations range f rom 13.7 to 1 6 . 1 % , a n d potassium oxide concen
trations range f rom 0.24 to 1.12%. These alkalies are present i n this 
glass i n near ly the same proport ions as i n ancient R o m a n glass ( 7 ) . I n 
contrast, m u c h of later m e d i e v a l glass has been f ound b y G e i l m a n n a n d 
others (8 ) to have predominant ly a potassium rather than a sod ium 
composit ion. O n the basis of this a n d other composi t ional considerations 
i t has usual ly been conc luded that w o o d ash was the m a i n source of 
a l k a l i i n late m e d i e v a l glass. 

Figure 9. Thirteenth-century grisaille panel in the collec
tion of the Museum of Art, Princeton University. Accession 
No. 43-65. Analytical data in Table V. The numbers on 
the photographs correspond to sample numbers in the table. 

W h a t we k n o w of the techniques of glass m a k i n g d u r i n g the M i d d l e 
Ages comes m a i n l y f rom the descr ipt ion b y Theoph i lus ( 9 ) . A c c o r d i n g 
to h i m two parts of beechwood ashes a n d one par t sand were m i x e d 
thoroughly a n d p laced i n a furnace to be fr i t ted . T h e f r i t ted mix ture 
was d i s t r ibuted to wh i te c lay pots w h i c h were fired to mel t the glass. 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 107 

Analytical Procedure 

T w o procedures of sample act ivat ion were used i n these analyses. 
I n the first, samples of ca. 20 m g were w e i g h e d a n d heat-sealed i n p o l y 
ethylene t u b i n g for a 20-sec act ivat ion at a flux of 1.5 Χ 1 0 1 4 neutrons 
c m " 2 sec" 1 i n the V l l fac i l i ty of the h i g h flux b e a m reactor at B r o o k h a v e n 
N a t i o n a l Laboratory . 5 6 M n was counted after about 4 hrs , a n d the 2 4 N a 
a n d 4 2 K were counted after 24 hrs. A second group of 50-mg samples 
was act ivated for 16 hrs at a flux of 1.5 Χ 1 0 1 4 neutrons c m " 2 sec" 1. A f ter 
about two weeks the samples were p o u r e d f rom a l u m i n u m to glass vials 
for count ing . T h e contents of the a l u m i n u m vials were washed into 
glass vials w i t h e t h y l a l coho l for quant i tat ive transfer. These samples 
were counted for δΌ-ΙΟΟ m i n for a l l other elements, us ing an automatic 
sample changer. 

I n the second procedure , one sample of ca. 40 m g was act ivated 
twice . T h e sample was first p laced i n a po lyethylene v i a l a n d act ivated 
for 20 sec i n the V l l fac i l i ty at a flux of 1.5 Χ 1 0 1 4 neutrons c m " 2 sec" 1. 
A f ter count ing , the samples were transferred to quartz v ia ls , reweighed , 
act ivated for 7 hrs at a flux of 2.8 Χ 10 1 4 neutrons c m " 2 sec" 1 or 16 hrs at 
1.5 Χ 1 0 1 4 neutrons c m " 2 sec" 1, a n d recounted i n the quartz containers. 

I n bo th procedures, s tandard U . S . G e o l o g i c a l Survey rocks G -2 , 
G S P - 1 , A G V - 1 , B C R - 1 , P C C - 1 , a n d D T S - 1 were w e i g h e d w i t h each 
group of glass samples. T h u s , glass samples a n d standard samples of 
s imi lar we ight were act ivated a n d counted s imultaneously . S ince these 
rock standards contained measurable amounts of a l l the elements deter
m i n e d i n the glasses, they served as e lement-by-element monitors of the 
neutron flux densities a n d count ing geometries encountered. F o r the rock 
standards w e used the averages of a l l determinations reported after s ign i 
ficantly deviant values h a d been e l iminated b y C h a u v e n e t s cr i ter ion. 
F o r consistency w e converted a l l e lemental concentrations to oxide con 
centrations. T h e samples were counted us ing a 35 -ml G e ( L i ) detector; 
two 1600-channel S C I P P analyzers w h i c h c o u l d be connected i n series to 
produce a 3200-channel spectra were used for the gamma-ray 
spectroscopy. 

T h e data were co l lected on magnet ic tape a n d fed into a C D C 6600 
computer where a curve-f i tt ing program, B R U T A L , was app l i ed , B R U T A L 

output gave n u m e r i c a l values for the pos i t ion a n d integrated intensity of 
each peak corrected for background . These intensities were p u n c h e d o n 
cards for each n u c l i d e for each sample a n d standard. U s i n g the C D C 
6600 computer ( i n some cases the C D C 6400 computer of the S m i t h 
sonian Inst i tut ion ) a n d programs w e have deve loped a n d n a m e d E L C A L C 

a n d S A M P C A L C , we calculate the oxide concentrations after correct ing for 
radioisotope decay i n both standards a n d samples. T h e specific activities 
of the U . S . Geo l og i ca l Survey rocks are ca l cu lated b y E L C A L C . T h e y were 
used w i t h the S A M P C A L C p r o g r a m to compare the specific activit ies of 
each radioisotope i n the samples a n d to calculate the oxide concentrations 
of the elements measured f r o m these ratios. 
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108 A R C H A E O L O G I C A L C H E M I S T R Y 

Panels and Individual Pieces of Medieval Glass Studied 

T h e first group w e ana lyzed represents an extensive sa mpl in g—5 5 
glass specimens f r o m seven separate panels f r om the chateau of R o u e n , 
b u i l t i n the thirteenth century as a p r o v i n c i a l residence for the F r e n c h 
monarch . I n the border of each pane l appear castles of Cast i l e , the 
w e l l k n o w n ins ign ia of Q u e e n B l a n c h e of Cast i l e , mother of L o u i s I X . 
These panels are shown i n F igures 2 -8 , i n w h i c h the super imposed n u m 
bers ind icate positions f r om w h i c h samples were removed . T h e chateau 
was demol i shed i n the seventeenth century , a n d nine of its glass panels 
are n o w i n the co l lect ion of T h e Cloisters M u s e u m . W e sampled seven of 
these panels, Access ion Nos . 69.236.2, 3, 4, 5, 6, 7, 8, a n d 10, w h i l e they 
were disassembled for re leading . 

T h e second set consists of 11 samples f rom grisai l le fragments i n a 
p a n e l w h i c h is part of the co l lect ion of the Pr inceton U n i v e r s i t y M u s e u m 
of A r t (Access ion N o . 43-65) ( F i g u r e 9 ) . S a m p l i n g was done w h e n the 
pane l was be ing re leaded. A t one t ime this pane l was i n the col lect ion 
of a former curator of the M e t r o p o l i t a n M u s e u m of A r t , B a s h f o r d D e a n . 

Table I. Oxide Concentrations for Miscellaneous 
Identified Using Accession 

Percent 

Accession No. Na20 K20 BaO MnO Fe203 

23.229.2-2 0.76 12.4 0.111 0.79 0.53 
23.229.2-3 0.30 22.3 0.492 1.83 0.35 
23.229.2-10 1.29 16.7 0.181 1.01 0.81 
23.229.2-14 0.78 16.0 0.082 0.36 0.91 
23.229.4-1 0.21 20.8 0.182 1.01 0.49 
23.229.4-6 0.61 12.1 0.090 0.61 0.69 
23.229.4-7 1.73 12.0 0.230 1.09 0.59 
23.229.4-10 0.68 12.0 0.052 1.26 0.41 
23.229.5-2 5.66 4.5 0.186 1.10 0.83 
23.229.5-5 19.40 2.4 0.042 0.44 1.19 
23.229.5-6 1.95 16.6 0.082 0.74 0.58 
23.229.5-7 2.02 18.1 0.220 1.93 0.48 
23.229.5-8 3.96 10.6 0.184 1.77 0.52 
23.229.5-9 0.88 11.7 0.036 0.74 0.63 
23.229.5-10 13.20 2.4 0.241 0.65 0.72 
30.73.210 2.83 11.4 0.123 0.37 0.82 
30.73.211 15.00 4.8 0.046 0.51 1.00 
30.73.212 3.04 12.6 0.179 1.25 0.46 
30.73.214 1.25 12.7 0.167 0.97 0.54 
30.73.216 0.63 10.7 0.060 0.40 1.09 
30.73.217 2.44 11.0 0.124 0.65 0.84 
30.73.218 1.15 12.7 0.190 1.13 0.69 

a See Figure 10. 
6 N D — N o t determined. 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 109 

D e a n has p u b l i s h e d photographs of this pane l ( 1 0 ) , a n d it has also been 
discussed b y P a u l F r a n k l ( I I ) . Its specific o r ig in has not been firmly 
established, but a l l w h o s tudied it regard i t as an excellent example of 
thirteenth-century grisai l le glass. 

T h e final group consists of 32 pieces of m e d i e v a l glass f r o m various 
sources w h i c h were part of the co l lect ion of T h e Cloisters M u s e u m a n d 
were donated to the C o r n i n g M u s e u m of Glass . Since the provenances 
of these specimens are not w e l l establ ished, the data for them cannot be 
used to characterize part i cu lar structures or glass workshops. These 
samples show the extensive var ia t ion i n composi t ion w h i c h does exist i n 
m e d i e v a l stained glass f rom different sources. Some, however , can be 
grouped u p o n the basis of s imi lar composit ion. 

Sampling during Restoration 

T h e panels were a l l re leaded a n d restored b y D ie te r G o l d k u h l e of 
Reston, V a . W h e n the i n d i v i d u a l panes were separated, corners of those 
selected for analysis were c leaned w i t h a tungsten carbide b u r r g r i n d i n g 

Non-Matching Group of Grisaille Fragments 
Numbers of The Cloisters Museum α 

Parts per Million 

Rb20 Cs20 Sci03 CeOi Eu203 HfOt Th02 C r 2 0 3 CoO Sb203 

140 0.58 1.81 76 0.93 3.65 3.60 0.43 19.0 17.3 7.02 
460 2.45 1.22 16 0.24 1.87 1.81 0.29 8.9 13.4 - 1.87 
250 0.17 3.34 64 0.55 5.52 3.35 0.44 27.0 14.9 2.15 
110 0.48 1.55 41 0.26 2.73 1.85 0.30 25.2 6.4 14.50 
530 3.40 1.66 13 0.23 1.98 1.96 0.24 9.1 23.2 4.10 
100 0.69 2.89 55 0.28 4.16 3.09 0.57 31.2 12.7 2.08 
360 0.97 1.69 59 0.57 2.88 2.93 0.39 16.1 17.7 4.32 
200 1.09 0.92 27 0.47 1.41 0.93 0.25 15.7 37.7 3.59 

40 0.45 2.72 27 0.17 2.59 2.74 0.46 20.3 9.3 1.30 
12 0.10 4.22 29 0.38 3.28 4.01 0.53 23.1 10.2 3.80 

360 1.41 1.50 54 0.15 1.36 1.53 0.16 12.6 11.7 1.14 
210 2.24 1.09 61 0.31 1.08 1.08 N D * 9.9 93.1 0.99 
290 2.34 1.63 50 0.24 2.88 2.01 0.29 15.0 41.8 1.82 

81 0.34 1.44 22 0.16 1.19 1.01 0.15 12.0 5.8 3.07 
39 0.17 1.09 14 0.19 0.97 1.06 N D 6 649.0 166.0 20.80 

187 1.10 3.11 61 0.62 4.69 3.89 0.52 34.6 64.8 3.49 
42 0.39 3.89 47 0.45 4.07 4.22 0.47 25.7 8.8 1.24 

450 2.35 1.34 85 0.44 2.38 2.11 0.52 16.6 69.5 5.56 
320 1.73 2.14 63 0.41 3.78 3.62 0.49 24.1 53.4 3.11 
182 1.30 3.65 27 0.40 3.18 3.54 0.50 30.4 34.1 1.73 
187 1.20 3.28 62 0.57 4.71 3.49 0.55 35.1 53.3 4.70 
158 0.49 2.18 72 0.47 3.14 2.86 0.46 22.5 60.3 4.14 
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110 A R C H A E O L O G I C A L C H E M I S T R Y 

Figure 10. Pieces of grisaille glass from The Cloisters Museum. Analytical data 
are given in Table I. 

Top: Accession numbers and attributions are 30.73.218: English, ca. 1290; 30.73.212: 
French or English, end XIII; 30.73.211: French or English, ca. 1300; 30.73.210: 
French or English, early XIV; 30.73.217: French or English, XIII-XIV; 30.73.216: 
French or English, ca. 1300; 30.73.214: French or English, end XIH-beginning XIV. 
Middle: Accession numbers and attributions are 23.229.5-2: French, XII; 23.229.5-5: 
Paris, XIII; 23.229.5-6: Bourges, XIII; 23.229.5-8: Rheims, XIV; 23.229.5-7: Paris, 

XIV; 23.229.5-9: Evereux, XIV; 23.229.5-10: Bourges, XIII. 
Bottom: Accession numbers and attributions are 23.229.2-2: striated red ghss— 
Chartres, XII or XIII; 23.229.2-14: green glass—Paris, XIII; 23.229.4-7: Bourges, 
XIII; 23.229.2-3: glashed red glass—Paris, XIII; 23.229.4-1: Rheims, XIV; 23.229.2-10: 

Angers, XIII; 23.229.4-6: Bourges, XIII; 23.229.4-4: Bourges, XIII. 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 111 

tool to r emove the surface h y d r o l y z e d layer . T h e corners w e r e scratched 
w i t h a c a r b i d - t i p p e d stylus, a n d samples of about 100 m g each were 
b roken off. T h i s amount can be taken, a n d the fragment can be p l a c e d 
into the n e w l ead ing w i t h o u t not iceable change to the pane l . T h i s oppor 
tuni ty to sample panels d u r i n g restoration should not be over looked 
because of the s i m p l i c i t y of the procedure at that t ime. Glass samples 
f r om the a lready separate glass pieces of the t h i r d group of specimens 
were r e m o v e d i n a s imi lar manner. 

Analytical Results 

M e d i e v a l stained glass is general ly understood to have been made 
w i t h sand, w o o d ash, a n d perhaps l ime . Because the w o o d ash concen
trat ion of potassium is h i g h relat ive to that of s od ium, one expects a 
h i g h concentration of potassium oxide. A l l b u t four of the specimens 
ana lyzed conf irmed this expectation, w i t h potass ium ox ide concentrations 
between 11 a n d 3 2 % . T h e except ional four specimens h a d potassium 
oxide concentrations of 2 - 5 % a n d sod ium oxide concentrations of 
5 - 2 0 % a n d c lear ly were f o rmulated w i t h a different a l k a l i . I n fact, 
great var ia t ion was general ly observed i n the re lat ive concentrations of 
alkalies i n m e d i e v a l glass, a s i tuat ion that contrasts w i t h the re lat ive ly 
few formulat ions encountered i n ancient glass ( 7 ) . 

T a b l e I lists ana ly t i ca l data on specimens of our set of r a n d o m 
samples ( F i g u r e 10) w h i c h were selected to show the range of compos i 
tions w h i c h can characterize m e d i e v a l w i n d o w glass. Because of the 
m a r k e d differences i n the concentrations of the constituents shown i n this 
table , i t is not l i k e l y that m e d i e v a l glass of unre lated origins w o u l d be 
closely s imi lar i n composit ion. 

I n contrast to the d ivers i ty i n compositions encountered i n the unre 
lated specimens above, a l l 45 samples of unco lored or amber glass w i t h 
gr isai l le p a i n t i n g f r o m the C h a t e a u of R o u e n were bas i ca l ly s imi lar i n 
composi t ion . T h i s glass contains about 1 5 % potassium oxide a n d on ly 
about 3 .5% sod ium oxide (see T a b l e I I ) . Because these s imi lar spec i 
mens came f rom the same b u i l d i n g , a c o m m o n source of manufacture 
seems l ike ly . These data therefore support our bel ie f that i n d i v i d u a l 
sources of glass p r o d u c e d compos i t ional ly consistent products . 

C o n s i d e r the data on the colorless glass f rom the seven R o u e n 
C h a t e a u panels, pane l b y pane l , as shown i n T a b l e I I . W i t h i n the spec i 
mens taken f r om i n d i v i d u a l panels there are groups of fragments w i t h 
except ional ly s imi lar compositions. T h i s is not surpr is ing since a n u m b e r 
of fragments p robab ly were p r o d u c e d f r om a single manufac tur ing batch , 
a n d the fragments f rom the same batch w o u l d p r o b a b l y be used i n the 
same panel . T h i s seems to be the most l og i ca l explanat ion of this excep-
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112 A R C H A E O L O G I C A L C H E M I S T R Y 

t i ona l u n i f o r m i t y among specimens. I n T a b l e I I , very closely matched 
specimens are grouped a n d p r i n t e d i n r o m a n type. I n one panel , 69.236.4, 
w e encountered only specimens w i t h very s imi lar composit ions. It w o u l d 
be interest ing to analyze a l l the fragments of this pane l to determine 

Colorless 

Colorless 

Specimen 
No. 

Table II. Concentration of Oxides in 
Percent 

Na20 K20 
Ivy Panel 69.286.2 

BaO 

Ivy Panel 69.236.8 

Ivy Panel 69.236.6 

MnO Fe203 

Colorless R013\ 4.0 13.0 0.122 1.12 0.59 
R 0 1 4 / 3.9 13.8 0.128 1.12 0.61 
R011 3.6 16.1 0.115 1.10 0.49 
R012 2.3 15.7 0.128 1.24 0.49 

A m b e r R017 3.9 15.1 0.116 1.01 0.49 
B l u e ROW 4.5 12.5 0.083 0.97 0.98 

ROW 2.3 16.5 0.132 1.01 1.66 

R0191 I 3.2 14.9 0.116 1.05 0.49 
R 0 2 3 > 3.5 15.5 0.103 1.13 0.49 
R020 ' 4.1 16.1 0.126 1.07 0.58 
R 0 2 2 4.1 16.0 0.136 1.05 0.57 
R 0 1 8 4.1 14.6 0.125 1.16 0.57 
R021 4.0 12.6 0.118 1.02 0.57 
R024 4.4 14.5 0.114 1.20 0.56 

Ivy Panel 69.236.4 
R0281 4.2 15.8 0.124 1.17 0.56 
R029I 4.1 15.2 0.110 1.09 0.55 
R 0 3 0 4.0 17.7 0.115 1.07 0.55 
R031 3.9 13.9 0.117 1.08 0.55 

Colorless R011 4.1 13.4 0.122 1.12 0.59 
R 0 2 4.3 14.1 0.119 1.24 0.61 
R03J 4.5 14.3 0.118 1.14 0.61 
R04 2.5 164 0.137 1.00 0.73 
R05 3.6 20.6 O.I4O 1.03 0.73 
R06 5.0 18.0 0.121 1.26 0.58 

A m b e r R09 44 13.8 0.133 1.09 0.56 
ROW 2.8 17.0 0.131 1.02 0.65 

B l u e R07 2.2 16.9 0.147 1.16 1.66 
R08 2.5 18.3 0.106 1.12 I43 

Ivy Panel 69.236.7 
Colorless R0341 3.2 13.5 0.113 1.06 0.49 

R 0 3 7 / 3.5 12.6 0.107 1.11 0.49 
R032 2.2 16.3 0.126 1.14 048 
R033 4.2 14.6 0.123 1.15 0.57 
R035 2.4 15.2 0.133 1.06 0.55 
R036 4.0 15.3 0.142 1.19 0.67 
R038 2.6 14.8 0.126 1.34 Ο45 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 113 

whether they were f o rmed f rom a single ba t ch of glass. I n general , h o w 
ever, w e have encountered either more than one except ional ly closely 
matched group or other specimens w h i c h show a higher order of differ
ence i n composit ion. 

Glass from the Rouen Chateau Panels 
Parts per Million 

Rb20 Cs20 Sc2Oz Ce02 Eu2Oz Hf02 Th02 Cr20, CoO Sb20* 

Ivy Panel 69.236.2 
322 1.64 2.08 51 0.55 2.38 1.90 20.0 28.3 4.2 
344 1.36 2.22 61 0.50 2.70 2.05 18.0 30.0 4.2 
288 1.37 1.74 54 Ο.48 2.77 1.89 15.6 20.0 3.5 
225 0.56 1.73 44 Ο.47 3.60 2.13 16.6 20.2 4^0 
252 0.89 1.81 83 0.38 1.86 144 16.8 17.0 0.4 
255 1.05 1.86 41 0.48 1.88 3.96 27.0 870.0 39.4 
141 0.92 2.10 78 O.4I 2.79 5.65 30.5 1390.0 237.0 

Ivy Panel 69.236.3 
331 1.03 1.74 54 0.41 2.31 2.06 13.4 17.3 2.9 
336 1.15 1.70 55 0.35 2.33 1.67 15.3 20.9 2.3 
388 1.16 2.25 63 0.62 2.55 2.13 17.9 25.2 3.3 
383 1.18 2.12 60 0.59 2.45 2.16 19.2 24.0 3.1 
370 1.28 2.12 61 0.58 2.76 2.07 18.2 26.0 4.2 
384 1.17 2.20 61 0.52 2.45 1.92 17.1 24.4 2.9 
341 0.82 2.10 55 0.59 2.73 1.91 15.3 25.8 4.3 

Ivy Panel 69.23 '6.4 
365 1.24 2.10 58 0.50 2.69 2.32 13.3 28.3 4.0 
345 1.01 2.02 52 0.49 2.40 1.94 15.5 26.6 3.9 
353 1.06 2.09 57 0.51 2.69 1.98 15.4 27.8 3.7 
345 1.29 2.13 55 0.56 2.65 2.10 20.3 25.6 4.0 

Ivy Panel 69.236.6 
322 1.20 2.12 56 0.58 2.84 1.83 18.6 26.2 4.2 
329 1.75 2.75 53 0.56 2.76 2.06 19.2 29.3 4.5 
340 1.28 2.26 59 0.61 2.45 1.91 18.3 24.7 3.5 
198 0.75 2.31 87 0.62 3.49 2.64 20.0 25.7 3.7 
181 0.52 2.15 79 0.58 3.53 2.53 18.9 45.9 15.5 
348 1.67 2.11 58 Ο.48 2.58 1.75 15.1 28.6 3.5 
210 0.68 1.96 73 0.48 2.84 1.95 14.9 24-1 3.2 
173 0.62 1.90 77 0.48 3.15 2.07 15.7 16.8 2.4 
175 Ο.48 2.25 84 0.65 3.43 5.59 22.5 1220.0 177.0 

75 — 1.09 49 0.51 1.94 4.13 16.1 890.0 132.0 

Ivy Panel 69.236.7 
346 1.26 1.69 34 0.49 2.05 1.57 13.3 16.6 3.1 
333 1.12 1.69 45 0.48 1.95 1.67 16.0 18.9 4.6 
228 0.55 1.62 35 0.34 3.68 1.96 14.8 19.5 2.9 
359 1.08 2.16 45 0.61 2.55 1.77 17.6 25.5 4.5 
221 0.55 1.97 53 0.46 2.4Ο 2.28 14.2 25.5 0.3 
207 0.75 2.04 84 0.58 3.17 2.22 16.7 21.3 14 
243 0.53 1.64 40 0.39 1.86 2.75 12.6 19.1 5.8 
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114 A R C H A E O L O G I C A L C H E M I S T R Y 

Table II. 

Percent 
seamen 
No. NatO K20 BaO MnO Fe203 

Ivy Panel 69.236.8 
Colorless R039^ ( 2.5 17.1 0.120 1.27 0.46 

R043I f 2.5 15.0 0.124 1.25 0.45 
R0411 1 3.1 14.1 0.101 1.06 0.51 
R045J [ 3.3 15.8 0.111 1.10 0.48 
R040 2.2 17.2 0.129 1.15 0.57 
R042 3.9 13.7 0.121 1.09 0.55 
ROU 3.1 14-9 0.094 1.07 Ο.45 

B l u e ROlfi 2.1 16.9 0.145 1.08 1.71 

Acanthus Panel 69.236.10 
Colorless R049] 2.7 15.2 0.144 1.31 0.58 

R 0 5 0 2.7 16.1 0.147 1.36 0.49 
R051 2.6 16.7 0.142 1.32 0.49 
R 0 5 5 2.7 14.8 0.142 1.30 0.58 
R 0 5 6 2.7 16.3 0.149 1.36 0.53 

R e d flashed R048 2.5 16.2 0.118 0.98 0.48 
A m b e r R052 2.4 15.8 0.107 0.84 O.4I 
Green R053 3.0 15.8 0.122 1.00 0.60 
B l u e R054 1.9 10.7 0.117 0.85 0.96 

~1 I 1 1 1 
MEAN ± STANDARD DEVIATION 
• 41 CLEAR GLASS SAMPLES 
* 4 AMBER GLASS SAMPLES 
• 6 BLUE GLASS SAMPLES 

100 

5 0 

H i 

Figure 11. Comparison of mean concentrations 
of major and minor components in colorless, amber, 
and blue glass in the grisaille panels from the 

Chateau of Rouen 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 115 

Continued 

Parts per Million 

Rb20 Cs20 Sc2Oz Ce02 Eu2Oz Hf02 Th02 Cr2Oz CoO Sb2Oz 

Ivy Panel 69.236.8 
240 0.59 1.67 43 0.34 3.39 1.70 14.7 19.4 6.3 
241 0.59 1.61 39 0.45 3.18 1.73 13.1 18.7 4.4 
329 1.43 1.67 48 0.58 1.86 1.41 18.0 17.6 5.9 
330 1.22 1.64 42 0.41 2.02 1.63 16.8 16.9 2.3 
252 0.82 1.99 65 0.39 3.15 2.48 19.8 20.9 14 
300 1.60 1.97 49 0.49 2.35 1.75 14.3 26.4 3.0 
316 1.21 1.56 33 0.46 1.85 1,44 12.3 14.5 1.6 
227 0.48 2.12 96 0.76 3.39 4.02 20.4 1170.0 130.0 

Acanthus Panel 69.236.10 
275 0.92 1.81 92 0.51 2.69 2.15 14.0 42.0 1.2 
284 0.70 1.75 91 0.50 2.46 2.14 10.0 42.1 1.7 
292 1.03 1.81 96 0.60 2.39 2.19 14.3 39.8 0.8 
359 0.87 1.94 103 0.56 2.66 2.14 15.2 45.5 1.8 
326 1.03 1.66 96 0.40 2.38 2.15 15.2 40.4 1.9 
232 0.75 1.54 84 0.43 2.38 2.03 20.9 23.0 44 
266 0.83 I.49 75 0.37 2.61 2.11 14.7 14.0 0.3 
279 1.14 1.98 80 0.38 3.4I 2.54 11.5 59.4 113.0 
264 0.47 1.77 92 0.50 1.59 4.76 19.4 1300.0 43.7 

5000 
ζ 
ο 

É 1000 

£ 100 

I ιο 

ο 
en 5 
1 
I '·° 
ΰ 0.5 

Ε—ι—ι—ι—ι—ι—ι—ι—ι—ι ι ι ι ι ι ι ι ι Γ 
MEAN*ONE STANDARD DEVIATION 
• 41 CLEAR GLASS SAMPLES 
* 4 AMBER GLASS SAMPLES 
• 6 BLUE GLASS SAMPLES k 

• 2 
Ht 

I ι ι ι ι ι ι ι 1 ι ι ι ι ι I I I I 1 Rb20 Cs20 Sc203 Ce02 Eu^ Hf02 Th02 Cr203 CoO 0 

Figure 12. Comparison of mean concentrations of trace 
components in colorless, amber, and blue glass in the 

grisaille panels from the Chateau of Rouen 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

07



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

Figure 13. Pieces of grisaille glass from The Chisters Mu
seum. Accession numbers and attributions are 23.229.4-8: 
Paris, XIV; 23.229.4-9: Chartres ?; 23.229.4-11: Chartres, 
? XIV; 30.73.208: French, ? XIII-XIV. Analytical data in 

Table III. 

I n c ompar ing glass f r om different panels one observed i n general 
on ly about the same order of difference that exists between different 
fragments i n the same pane l w h i c h do not correlate very closely. M o s t 
of those differences p r o b a b l y represent the n o r m a l var iat ion between 
batches of glass f rom the same workshop . 

A compar ison among the average composi t ion of the colorless, the 
amber , a n d some of the b lue glasses f rom the R o u e n C h a t e a u is shown 
i n F igures 11 a n d 12. F o r most elements the s tandard dev iat ion ranges 
of concentrations encountered i n a l l three colors over lap, a n d hence the 
average concentrations i n each of the colors were not s ignif icantly d i f -

Table III. First Matching Group of Grisaille Fragments Identified 

Percent 

Accession No. Na20 K20 BaO MnO Fe2Oz 

23.229.4-8 0.33 18.2 2.54 1.21 0.44 
23.229.4-9 0.30 18.2 2.19 1.16 0.31 
23.229.4-11 0.30 19.4 1.42 1.22 0.41 
30.73.208 0.30 17.9 2.69 1.32 0.43 
M e a n 0.31 18.4 2.15 1.23 0.39 
G r o u p std dev. , % 4.9 3.6 33.5 5.5 17.6 
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7. OLIN A N D SAYRE Neutron Activation of Medieval Glass 117 

ferent f r o m each other. H o w e v e r , i n the b lue glasses the cobalt , i r on , 
thor ium, a n d c h r o m i u m concentrations were a l l h igher , but this c o u l d be 
a result of a cobal t - containing mater ia l a d d e d as a colorant. I n a l l the 
co lored glasses, a n d i n the green a n d flashed r e d glasses ana lyzed , the 
same basic glass seems to have been used. Therefore , a l l of the above 
glass was probab ly p r o d u c e d b y a single workshop . 

T h r e e add i t i o na l pieces of b lue glass were identi f ied as restoration 
glass on the basis of their p h y s i c a l appearance before sampl ing . Samples 
R025, R026, a n d R027 were taken f rom these pieces w h i c h were a l l i n 
pane l 69.236.4 shown i n F i g u r e 4. Samples R025 a n d R026 are not shown 
because the entire top area of that pane l was rep laced d u r i n g recent 
restoration. F i g u r e 4 shows the recently restored panel . T h e concentra-

Figure 14. GHsaille glass from The Cloisters Museum. The accession numbers 
and attributions are 23.229.5-4: Chartres, XIV; 30.73.206: French or English, 
late XIII; 30.73.207: French or English, early XIV; 30.73.209: French or Eng
lish, beginning XIV; 30.73.213: French, ? XUI-XTV; 30.73.215: French or 

English, XIV. Analytical data in Table IV. 

Using Accession Numbers of The Cloisters Museum (See Figure 1) 

Parts per Million 

Rb20 Cs20 Sc203 Ce02 Eu203 HfOt Th02 Ta20& Cr2Oz CoO Sb20: 

250 2.0 2.29 37 0.179 2.8 3.4 0.36 16.5 9.5 1.4 
260 2.2 1.73 26 0.214 2.3 3.4 0.36 13.5 5.7 1.6 
260 2.6 2.13 37 0.207 2.7 4.2 0.38 16.7 8.7 1.7 
290 2.4 2.28 33 0.450 2.9 3.7 0.38 22.7 11.0 0.9 
265 2.3 2.09 33 0.244 2.7 3.7 0.37 17.1 8.5 1.3 

6.6 12.0 14.1 18.1 51.3 10.8 10.5 3.2 23.9 33.0 29.3 
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118 A R C H A E O L O G I C A L C H E M I S T R Y 

Table IV. Second Matching Group of Grisaille Fragments Identified 

Percent 

Accession No. Nc^O KîO BaO MnO F e 2 0 3 

23.229.5-4 2.5 14.1 0.135 1.01 0.51 
30.73.206 2.7 14.5 0.147 1.23 0.52 
30.73.207 3.1 14.9 0.127 1.08 0.51 
30.73.209 2.6 15.3 0.141 1.05 0.51 
30.73.213 2.6 13.6 0.146 1.03 0.50 
30.73.215 4.0 12.5 0.138 1.00 0.53 
M e a n 2.9 14.1 0.139 1.06 0.51 
G r o u p std dev. , % 19.5 7.5 5.6 7.9 2.0 

t i on of sod ium oxide ranged f rom 0.5 to 3 . 2 1 % , a n d the concentrat ion of 
potass ium oxide ranged f rom 5.27 to 8 .55%. T h e m a r k e d difference for 
these two oxides between this glass a n d the remainder of the R o u e n 
glass sampled ( T a b l e I I ) is evident. 

F r o m the r a n d o m samples, two sets of composi t ional ly re lated glass 
emerged. O n e set ( F i g u r e 13) is c lear ly styl ist ical ly re lated. T h e data 
for these four pieces of glass are g iven i n T a b l e I I I . T h e second set, 
composed of six composi t ional ly m a t c h i n g pieces ( F i g u r e 14 a n d T a b l e 
I V ) , are d is t inct ly different i n composi t ion f r om the group of four. 
F igures 15 a n d 16 compare the average oxide concentrat ion a n d standard 
dev iat ion ranges of their variations for these two sets of glass. T h e y 
show that the oxides of sod ium, b a r i u m , ces ium, c e r ium, e u r o p i u m , 
t h o r i u m , a n d cobalt are a l l s ignif icantly different i n these two groups. 

(J 

100 p-

5 0 -

10 

I 

0.5 

0.1 

1 1 1 

MEAN ± ONE STANDARD DEVIATION . 
. 6 SAMPLES 
* 4 SAMPLES 

BaO MnO 

Figure 15. Comparison of mean concentrations of major and 
minor components in two sets of compositionally related pieces 
of glass from The Cloisters Museum. Specimens shown in Figures 

13 and 14. 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Glass 119 

Using Accession Numbers of The Cloisters Museum (See Figure 2) 

Parts per Million 

Rb20 CsiO Ce02 Eu203 Hf02 Th02 TaiOi Cr203 CoO Sb20; 

220 0.62 1.74 61 0.76 3.2 2.1 0.31 14.5 61 5.7 
240 0.68 1.70 82 0.45 2.8 2.0 0.30 16.4 8 2.1 
230 0.95 1.75 79 0.51 3.1 2.2 0.31 16.8 33 1.1 
240 0.90 1.62 71 0.44 2.7 2.4 0.31 13.5 48 3.1 
250 0.86 1.67 66 0.40 2.7 2.3 0.25 16.4 48 3.3 
250 0.77 2.00 58 0.52 2.3 2.2 0.33 18.5 40 4.8 
238 0.79 1.74 69 0.50 2.8 2.2 0.30 15.9 42 2.9 

5.1 18.2 7.6 14.9 25.3 12.5 6.7 10.0 11.9 32.7 83.1 

o 500F 

cr lOOk 
50F 

Ί 1 1 1 1 1 1 

MEAN ± ONE STANDARD DEVIATION 
• 6 SAMPLES 
* 4 SAMPLES 

cr 
Ι 0 Ξ 

5Z-
o 
I-< cr I Ξ 

0.5 Ξ 

0.1 
ο 

Figure 16. Comparison of mean concentrations of trace com
ponents in two sets of compositionally related pieces of glass from 
The Cloisters Museum. Specimens shown in Figures 13 and 14. 

T h e match ing set of six i n d i v i d u a l glass pieces is closely re lated 
composit ionalh to the glass of the R o u e n C h a t e a u panels. F igures 17 
a n d 18 compare the compositions of these glasses. O b v i o u s l y they cannot 
be d is t inguished on the basis of the elements determined . T h u s , these 
six pieces of glass were probab ly p r o d u c e d b y the same manufacturer as 
the R o u e n C h a t e a u glass. 

T h e set of samples f rom a p a n e l at the M u s e u m of A r t , Pr ince ton 
U n i v e r s i t y ( F i g u r e 9 ) have in terna l compos i t ional consistencies w h i c h 
a l l ow conclusions s imi lar to those for R o u e n panels. E l e v e n fragments 
f rom this pane l were sampled a n d ana lyzed ( T a b l e V ) . Potass ium oxide 
concentrat ion was about 2 6 % , a n d sod ium oxide concentrat ion was 
about 0 . 5 % . T h i s glass is complete ly different i n composi t ion f r o m that 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

07



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

100 r 

50 : 41 ROUEN S A M P L E S 
6 GRISAILLE FRAGMENTS 

10 

1.0 

0.5 4 * 

0.05 

0.01 

< 
2 

Ν α 2 0 K 2 0 BaO MnO F e 2 0 3 

Figure 17. Comparison of mean concentra
tions of major and minor components in sam
ples from the set of six matching pieces of glass 
shown in Figure 14 and the samples from the 

Rouen glass shown in Figures 2-8 

Table V . Grisaille Panel—Collection of the Princeton 

Percent 

Fragment No. Na20 K20 BaO MnO Fe20 

1 0.57 31 0.42 1.30 0.42 
3 0.51 25 0.45 1.27 0.45 
4 0.55 29 0.46 1.23 0.45 
5 0.56 28 0.47 1.43 0.44 
6 0.53 28 0.41 1.25 0.40 
7 0.54 28 0.44 1.23 0.42 
9 0.49 27 0.42 1.37 0.42 

10 0.54 29 0.45 1.38 0.43 
M e a n 0.54 28 0.44 1.31 0.43 
G r o u p std dev., % 5.1 6.4 5.0 6.0 4.1 

2 0.61 21 0.36 0.94 0.58 
8 0.62 22 0.33 0.86 0.53 

11 0.61 21 0.36 0.93 0.52 
M e a n 0.61 21 0.35 0.91 0.54 
G r o u p std dev. , % 0.9 2.9 2.2 5.0 6.0 
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7. O L i N A N D S A Y R E Neutron Activation of Medieval Ghss 121 

of the C h a t e a u of R o u e n a n d a l l of the single pieces of glass analyzed . 
T h i s lack of corre lat ion demonstrates c lear ly the dist inct differences i n 
composit ions observed for glasses f rom different sources. 

T h i s p a n e l aga in shows that the composi t ion for glass f rom a single 
source can be consistent. A l l specimens were so close i n composi t ion that 

5 0 0 

100 

50 

10 

S LOI 
U J 0.5 

0.1 

41 ROUEN SAMPLES 
6 GRISAILLE FRAGMENTS 

14 \ 

. Q_ Τ ι * Τ * Ο t ι ι (Τ τ τ 

9 =) 2 5 ζ cr ο < 
m ^ < ce L L - O C T C D 
=) LU O LxJ < Χ Χ Ο 

ο: ο en ο χ ι— ο ο 
Rb 2 0 Cs 2 0 Sc203 Ce0 2 Eu 2 0 3 H f 0 2 T h 0 2 C r 2 0 3 CoO 

Figure 18. Comparison of trace components in 
samples from the set of six matching pieces of 
glass shown in Figure 14 and the samples from 

the Rouen glass shown in Figures 2-8 

University Museum of A r t , Accession No. 43-65 

Parts per Million 

Rb20 Cs20 Sc20s Ce02 Eu203 Hf02 Th02 C r 2 0 3 CoO Sb2Os 

590 10.0 1.38 15.2 0.28 2.2 2.7 9.6 35 1.27 
580 9.8 1.38 16.4 0.28 2.1 2.0 13.8 40 1.23 
630 10.2 1.50 18.3 0.30 2.1 2.2 10.3 37 1.29 
640 11.2 1.48 18.7 0.22 2.2 2.3 11.4 41 1.26 
610 10.6 1.33 17.9 0.20 2.3 2.0 17.6 36 0.90 
600 10.0 1.41 22.4 0.25 2.4 2.2 8.7 23 1.06 
620 10.2 1.37 16.7 0.23 2.2 2.0 9.1 27 1.23 
600 9.8 1.39 18.5 0.25 2.4 2.1 10.3 38 1.31 
608 10.2 1.40 17.9 0.25 2.2 2.2 11.1 34 1.19 

3.5 4.7 4.1 12.2 14.7 5.4 10.7 26.6 24.2 13.8 
834 23.2 1.60 30.3 0.28 1.9 3.4 — 22 1.97 
829 26.2 1.70 27.7 0.30 3.6 2.6 12.2 19 1.20 
801 27.0 1.68 17.2 0.28 2.9 2.6 13.3 21 1.51 
821 25.4 1.66 24.3 0.29 2.7 2.9 12.7 20 1.53 

2.2 8.4 3.3 35.6 4.1 39.8 17.2 6.3 7.2 28.2 
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122 A R C H A E O L O G I C A L C H E M I S T R Y 

they ind i ca ted a c o m m o n or ig in . H o w e v e r , as w i t h the R o u e n glass, they 
s u b d i v i d e d into groups so s imi lar i n composi t ion that i t seems they were 
f r o m i n d i v i d u a l batches of glass preparat ion . T h e data i n T a b l e V are 
d i v i d e d into two such closely re lated subgroups. 

A l l of the data i n this study indicate that the compositions of w h a t 
are p robab ly glasses f rom different workshops t end to be dist inct f rom 
one another a n d consistent w i t h i n themselves. A l s o , there is often enough 
or ig ina l glass i n m e d i e v a l panels to establish the characterist ic composi t ion 
of the glass. W h e n data have been co l lected on m a n y samples of m e d i e v a l 
glass, i t shou ld be possible to d r a w conclusions about the tradit ions a n d 
methods of the workshops a n d the extent to w h i c h the products were 
dispersed. 
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gr isai l le p a n e l f rom their co l lect ion; a n d T h e Cloisters M u s e u m a n d 
C o r n i n g M u s e u m of Glass for add i t i ona l samples of m e d i e v a l glass. 
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8 

Neutron Activation Analysis of Gold 
Impurity Levels in Silver Coins and Art 
Objects 

ADON A. GORDUS and JEANNE P. GORDUS 

The University of Michigan, Ann Arbor, Mich. 48104 

The levels of gold impurity in most silver coins minted more 
than 100-200 years ago appear to be an indication of the 
levels occurring in the original silver sources. Thus, it is 
often possible to group coins according to their gold:silver 
content ratios and to suggest possible geographic origins of 
the silver. During the past six years over 8000 coins and 
metallic art objects were analyzed using samples in the form 
of metal streaks on etched quartz tubing. Summarized here 
are analytical data for Sasanian (Persia: 224-650 A.D.) coins 
and silver art objects as well as Umayyad (Persia: 661-750 
A.D.) and Byzantine coins. Data are also presented on the 
identification of modern forgeries of ancient and medieval 
coins and Sasanian art objects, the use of Mexican and South 
American (Potosí) silver in Spanish and other European 
coinage and its relationship to the price revolution of six
teenth-century Europe, and the questionable honesty in 
the minting of Zapatista Revolutionary Mexican coinage of 
1914-1915. 

' t r a d i t i o n a l l y , archaeological chemistry has been restricted almost en-
t i re ly to the study of problems for w h i c h the on ly r e m a i n i n g evidence 

was the mater ia l to be analyzed . F o r example, earl ier studies i n our 
laboratory w h i c h p r o v i d e d results that a l l owed identi f icat ion of the geo
log i ca l sources of H o p e w e l l obs id ian artifacts ( I ) are what c o u l d be 
ca l l ed c lassical archaeological chemistry. M u s t we , however , restrict 
archaeological chemistry to periods a n d areas where artifacts are the chief 
sources of in format ion a n d avo id problems of importance i n more recent 
times s i m p l y because w r i t t e n records exist? C l e a r l y , the significance of 
the p r o b l e m to be s tudied should be the cr i ter ion , a n d two of the three 
studies reported here indicate a close a n d product ive interact ion between 

124 
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8. G O R D U S A N D G O R D U S Gold Impurity in Silver 125 

analyt i ca l results a n d convent ional w r i t t e n h is tor i ca l sources. I n the early 
days of the al l iance between chemistry a n d studies of the past it was 
natura l for archaeological chemists to select problems for w h i c h the 
product i on of any n e w evidence was important . H o w e v e r , now, as the 
scientific techniques be ing used have become more precise, refined, a n d 
sophisticated, the attention of the investigator should t u r n t o w a r d prob 
lems w h i c h are subtle, m u c h debated, a n d sufficiently significant to 
justify the intr icate w o r k invo lved . 

L e t us consider coins as our sources i n the same w a y that historians 
approach their sources. C o i n s are of l i t t l e use unless they are correct ly 
cataloged. A great catalog, such as some of the B r i t i s h M u s e u m catalogs, 
is, i n the historian's v i ew , equivalent to a w e l l ed i ted text. A poor catalog, 
l ike a poor ly ed i ted text, is often useless. Archaeo l og i ca l chemists can 
p r o v i d e analyses w h i c h a i d i n cataloging coins, thus m a k i n g these mate 
rials v iab le sources of in format ion . 

V e r y often, results of co in analysis correct false impressions easi ly 
obta ined f r om h is tor i ca l a n d economic documents. E v e n a l l o w i n g for 
wear, coins seldom meet the legal s tandard of we ight a n d si lver content 
r equ i red b y the l a w at the t ime they were minted . Nevertheless , i t is 
s t i l l surpr is ing to find that coins f rom two different cities ( L u c c a a n d Pisa 
i n the eleventh a n d twel f th centuries) differ considerably i n we ight and 
si lver content i n a per i od w h e n bankers h a d access to assaying techniques. 
It is even more surpr is ing to note the difference between their rea l value , 
as revealed b y analysis, a n d their perce ived value as revealed b y docu 
ments of the per iod . A l so , as our report on the Potos i si lver w i l l show, 
a great economic theorist of s ixteenth-century F r a n c e , whose hypotheses 
are inf luent ia l even today i n some economic circles, based his theories on 
w h a t he perce ived to be the case—and what we find to be, at best, a h i g h l y 
questionable foundat ion f rom w h i c h to proceed. It m a y seem that the re la 
t ionship between a l i t h i u m - d r i f t e d g e r m a n i u m gamma-ray detector a n d 
societal attitudes t o w a r d money a n d re l ig ion i n sixteenth-century Spa in 
is h a r d to establish, but the strength of archaeological chemistry has 
always been the product ive c oup l ing of incongruous techniques a n d 
concepts. 

Experimental 
Because of the nature of the samples i n v o l v e d i n this study, special , 

pre ferably nondestruct ive ana ly t i ca l procedures must be used. I n a d d i 
t ion most museums w i l l not permit , or at least find i t difficult to arrange 
for, the transfer of a c o in or art object to an outside laboratory. F u r t h e r , 
the types of data to be a cqu i red w i l l general ly be significant only i f a 
statist ical ly large n u m b e r of samples is ana lyzed . These problems are 
a l l qui te different f r o m those normal ly encountered i n ana ly t i ca l c h e m 
istry a n d thus restrict i n some cases the accuracy a n d prec is ion of the data. 
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126 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 methods used must, idea l ly , permi t sampl ing i n a museum, 
pre ferably w i t h o u t m o v i n g the objects f r o m the d isp lay area. T h e ana
l y t i c a l methods should not be par t i cu lar ly t ime-consuming or expensive 
because of the v o l u m e of data general ly r e q u i r e d for v a l i d conclusions. 
These fa i r l y stringent requirements cannot be met i n a l l cases, yet w e 
have at tempted to use t h e m as a guide i n our studies. 

Analysis Methods. U n t i l a f ew years ago p r o b a b l y no more than 
2000 analyses of ancient a n d m e d i e v a l coins h a d ever been p e r f o r m e d — 
a n d then only on more c o m m o n coins. T h e reason was s i m p l y that 
analysis of these artifacts r e q u i r e d c h e m i c a l methods w h i c h destroyed at 
least a por t ion of the co in . E v e n the less h a r m f u l method , spark spec
troscopy, is not permi t ted b y the major museums since i t leaves a v i s ib le 
b u r n m a r k on the edge of the co in a n d requires temporary transfer of 
the co in f r om the m u s e u m to a laboratory. 

Figure 1. A small amount of non-corroded metal 
alloy from the edge of the coin is obtained as 
metal streaks on the roughened quartz tubing 

Specific gravi ty can be used to approximate the content of go ld coins 
but on ly i f a b inary mixture is assumed (usua l ly A u + A g ) . D e n s i t y 
methods for s i lver objects are not very re l iable , not on ly because of the 
necessity for assuming a b i n a r y mixture , but because the density of 
copper (8.94 g / m l ) is re lat ive ly close to that of s i lver (10.5 g / m l ) . 
Possible a ir bubbles i n the alloys ( bo th g o l d and s i lver objects) further 
l i m i t the re l iab i l i ty . F i n a l l y , the density method provides no in format ion 
on m i n o r or trace- level constituents. 

I n those f ew cases where a co in or art object can be brought to a 
laboratory , certain nondestruct ive ana ly t i ca l methods can be used. S u c h 
methods i n c l u d e x-ray fluorescence spectrometry a n d whole-object n e u 
tron act ivat ion analysis. W h o l e - c o i n neutron act ivat ion i r rad iat ion i n a 
reactor is not feasible for large-scale studies even though a f ew E u r o p e a n 
workers have used this method to analyze about 1000 coins. T h e p r o b l e m 
arises f rom the produc t i on of detectable amounts of a 255-day ha l f - l i f e 
isotope of s i lver ( 1 1 0 m A g ) . A l t h o u g h a s ingle co in i r rad ia ted i n this w a y 
w o u l d possess only a smal l amount of res idua l radioact iv i ty , a m u s e u m 
h a v i n g more than 1000 i r rad ia ted si lver coins w o u l d , legal ly , be r e q u i r e d 
to obta in an A t o m i c E n e r g y C o m m i s s i o n radioisotope-storage license. 
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8. G O R D U S A N D G O R D U S Gold Impurity in Silver 127 

I r rad ia t i on w i t h charged partic les accelerated i n a cyc lotron, w h i l e e l i m i 
nat ing the p r o b l e m of l ong - l ived s i lver isotopes caused b y the different 
nuc lear reactions invo lved , is not feasible for any large-scale study be 
cause of the cost invo lved . U n l i k e a nuc lear reactor, where numerous 
different samples can be i r rad ia ted s imultaneously , only a single sample 
can be i r rad ia ted us ing a cyc lo tron beam. 

Neutron Howitzer Irradiation. W h o l e - c o i n i r rad ia t i on , however , 
has the advantage that the in terna l portions of the co in are i r rad ia ted 
a n d act ivated, thus p e r m i t t i n g nondestruct ive analysis of the entire co in . 
O n e method w e have devised is based on such i r rad ia t i on but i n a neutron 
b e a m that is about 100,000,000th as intense as that i n a reactor. O n l y 
the s i lver i n the co in is act ivated sufficiently for detection. N o n e of the 
255-day hal f - l i fe isotope is detected, a n d the analysis is based on si lver 
isotopes w i t h hal f - l ives of 24 sec ( 1 1 0 A g ) a n d 2.4 m i n ( 1 0 8 A g ) . T h i s s i lver 
act iv i ty dissipates i n 10-15 m i n , a n d the co in is unharmed . W e have 
ana lyzed over 4000 coins b y this method w h i c h is descr ibed i n Refs. 
2 , 3 , 4. 

Streak Method of Analysis. O t h e r methods of analysis, besides de
struct ive chemica l analysis, require sampl ing beneath the corrosion leve l 
to obta in a sample representative of the o r ig ina l co in. W e have used a 
streak method of sampl ing ( F i g u r e 1 ) based on a procedure devised b y 
Ε. V . Sayre of B r o o k h a v e n N a t i o n a l Labora tory . A t iny area (about 3-4 
m m 2 ) on the edge of a co in or meta l l i c art object is first stroked about 
five or six times w i t h fine-grain emery paper to remove about 0.03 c m of 
surface layer. T h i s br ightened area is r u b b e d w i t h a smal l p iece of 
roughened h i g h - p u r i t y quartz t u b i n g to produce a meta l streak on the 
quartz . These streaks w e i g h less than 0.0001 m g . A second a n d occa
s ional ly a t h i r d streak is taken at the same posit ion. 

T h i s method of sample tak ing occasional ly causes consternation 
among metallurgists who , through experience, are fami l i a r w i t h the 
inhomogenieties w h i c h exist i n meta l alloys. W e do not deny the existence 
of such inhomogenieties but s imp ly note that the areas over w h i c h w e 
r u b the quartz t u b i n g apparent ly are large enough to give consistent 
sets of data. These data are also consistent w i t h s imi lar streaks taken i n 
the same w a y f r om other regions on the edge of the co in , ind i ca t ing that 
there are no gross inhomogenieties i n ancient a n d m e d i e v a l co in alloys. 

T h e streaks are brought to A n n A r b o r a n d together w i t h streaks 
f rom alloys of k n o w n composit ion are i r rad ia ted for 2 hr i n the U n i v e r s i t y 
of M i c h i g a n nuc lear reactor, at 3 X 1 0 1 3 n e u t r o n s / c m 2 / s e c , resul t ing i n 
detectable amounts of radioact ive si lver, copper, go ld , arsenic, ant imony, 
a n d z inc . T h e ac t iv i ty is measured us ing a pulse-height m u l t i c h a n n e l 
gamma-ray analyzer as descr ibed be low. 

A more serious concern is that of corrosive deplet ion of the more 
react ive metals near the surface. Ideal ly , an interna l d r i l l i n g sample 
should be taken for analysis. W h i l e this is preferable to a streak sample, 
p rac t i ca l l imitat ions are imposed b y the types of objects w i t h w h i c h w e 
are w o r k i n g . W e doubt i f any owner or m u s e u m curator w o u l d a l l o w 
us to d r i l l into a co in. H o w e v e r , some museums w i l l occasional ly p e r m i t 
dr i l l ings to be taken f rom meta l l i c art objects, a n d d u r i n g the past year 
a group f rom Bro o khav e n N a t i o n a l L a b o r a t o r y ( i n c l u d i n g P . Meyers a n d 
Ε. V . Sayre ) has obta ined d r i l l i n g samples f r om silver art objects w h i c h w e 
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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 

h a d prev ious ly ana lyzed b y us ing streak samples. T h e Brookhaven group 
f o u n d an average of 2 0 % more copper i n the dr i l l ings . T h i s is under 
standable since the react iv i ty of copper can result i n pronounced surface 
deplet ion of that element. H o w e v e r , for most of our studies, this differ
ence i n copper leve l between streak a n d d r i l l i n g samples is of minor 
concern, especial ly for objects w i t h more than about 9 0 % silver. I n these 
cases, a streak si lver content might indicate 9 4 . 0 % , for example, whereas 
a d r i l l i n g sample w o u l d show 9 2 . 9 % . Since the exper imental uncerta in 
ties i n the ca lculated si lver contents are typ i ca l l y about ± 1 - 2 % , this 
difference between streak a n d d r i l l i n g data w o u l d appear minor . H o w 
ever, i n cases where it m a y be important to approximate the si lver content 
more accurately , this general difference can always be taken into account 
i n the interpretat ion of the data. 

O n the other h a n d , the Brookhaven group f ound about 1 0 % less 
go ld i n the d r i l l i n g samples vs. our streak samples. A s noted be low, it is 
the go ld : s i lver ratios that are especial ly important , a n d the Brookhaven 

Table I. Analysis Data for Edge vs. Inner Sample Streaks" 

Sample Identification Ag, % Cu, % Au, % 

lb R o m a n , Vespasian, 
75 A . D . 

2 6 R o m a n , E a r l y Repub l i c 
205-195 B . C . 

3 & R o m a n , R e p u b l i c , 
C l a u d i a ca. 41 B . C . 

4 6 R o m a n , T i t u s , 80 A . D . 

5 6 R o m a n , Severius 
A lexander 222-235 A . D , 

6 Sasanian, Shapur I , ca. 
250 A . D . , highly cor
roded 

7 Sasanian, Shapur I 
ca. 250 A . D . 

8 Sasanian, Yezdeg i rd I 
ca. 400 A . D . 

9 Sasanian, K h u s r a u I 
ca. 575 A . D . 

10 Sasanian, K h u s r a u I I 
ca. 598 A . D . 

11 Sasanian, K h u s r a u I I 
620 A . D . 

12 F o o t of a sma l l Is lamic 
si lver b o w l 

edge 
inner 
edge 

inner 
edge 

inner 
edge 

inner 
edge 

inner 
edge 

inner 

edge 
inner 
edge 

inner 
edge 

inner 
edge 

inner 
edge 

inner 
edge 

inner 

75.8 
76.6 
85.7 
83.4 
97.4 
97.4 
94.6 
92.8 
44.0 
43.9 
15.2 
12.6 

91.8 
86.4 
96.2 
95.9 
94.6 
96.9 
97.6 
97.5 
96.5 
96.3 
74.9 
75.8 

23.9 
23.1 
13.8 
16.1 

2.1 
2.1 
4.6 
6.5 

55.4 
55.6 
84.2 
86.9 

7.7 
13.1 

3.2 
3.5 
5.4 
3.1 
1.8 
1.9 
3.4 
3.6 

22.7 
22.1 

0.34 
0.34 
0.45 
0.43 
0.47 
0.46 
0.73 
0.68 
0.20 
0.20 
0.065 
0.057 

0.50 
0.46 
0.63 
0.63 
0.016 
0.015 
0.57 
0.57 
0.018 
0.019 
2.4 
2.4 

%Au/ 
%Cu/ %Ag 
% Ag ( X 100) 

0.315 
0.302 
0.161 
0.193 
0.022 
0.022 
0.049 
0.070 
1.26 
1.27 
5.54 
6.90 

0.084 
0.152 
0.033 
0.036 
0.057 
0.032 
0.018 
0.019 
0.035 
0.037 
0.303 
0.292 

0.44 
0.44 
0.52 
0.52 
0.48 
0.47 
0.77 
0.73 
0.45 
0.45 
0.43 
0.48 

0.55 
0.53 
0.66 
0.66 
0.017 
0.015 
0.58 
0.58 
0.019 
0.020 
3.2 
3.1 

a Negligible zinc, arsenic, and antimony were detected. 
6 Roman coins were borrowed from G. Carter who had filed down one side of the coin 

for x-ray fluorescence analysis. The inner samples were taken from this filed-down 
side of the coin. The x-ray analysis data of Carter for each of these five coins were 
within dbl.5% silver of that found by the streak method. 
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8. G O R D U S A N D G O R D U S Gold Impurity in Silver 129 

d r i l l i n g samples f rom some of our coins l is ted i n T a b l e I show only a 
6 .3% lower value vs. our edge A u : A g values. H o w e v e r , these same 
Brookhaven data are also 4 . 2 % lower w h e n compared w i t h our inner 
A u : A g ratios, whereas we should be in agreement for this set of data 
since sampl ing is f rom the same region. T h i s d iscrepancy is apparent ly 
caused b y differences i n standards w h i c h w e recently compared and 
f ound to differ i n A u : A g ratios b y 4.0 ± 1.4%. T h i s difference error 
must be associated p r i m a r i l y w i t h our o w n g o l d - s i l v e r standards w h i c h 
are s imple jewelers ' al loys; the Brookhaven standards were prepared 
under more exacting requirements. Hence , a l l of our pub l i shed A u : A g 
data, i n c l u d i n g those here, should be m u l t i p l i e d b y 0.960. T h e actual 
difference between edge A u : A g ratios a n d d r i l l i n g A u : A g ratios, there
fore, is p robab ly only on the order of 6.3 — 4.2 ~ 2 % . ( T h e data of 
T a b l e I , for example , show that the A u : A g ratios f rom the inner samples 
are, on the average, only 0 .7% less than the ' edge A u : A g ratios.) 

Streak Data Calculation. I r rad iated streak samples are mounted on 
2 " X 2 " cards a n d p laced next to the face of a high-resolut ion ( F W H M = 
2.2 k e V at 1332 k e V ) G e ( L i ) detector. A l u m i n u m shields, 1 / 1 6 " thick , 
are p laced on each side of the sample to prov ide sufficient mass to a l l ow 
for reproduc ib le 6 4 C u positron annih i la t ion . T h e gamma-ray spectral data 
( rad ioact iv i ty counts ) are determined us ing the f o l l ow ing spectral peaks : 
1 9 8 A u (2.70 day, 411.8 k e V ) , 6 9 m Z n (13.8 hr , 438.7 k e V ) , 6 4 C u (12.8 hr , 
511.0 k e V ) , 7 6 A s (26.3 hr , 559.2 k e V ) , 1 2 2 S b (2.75 day, 564.0 k e V ) , 1 1 0 m A g 
(255 day, 657.8 k e V ) , and 2 4 N a (15.0 hr , 1368.4 k e V ) . T h e 2 4 N a act iv i ty 
arises p r i m a r i l y f rom smal l impur i t ies i n the h i g h - p u r i t y (Spectros i l ) 
s i l i ca . H o w e v e r , since 2 4 N a also results i n a detectable 511.0 k e V peak 
w h e n G e ( L i ) detectors are used, the 6 4 C u peak is corrected for the 2 4 N a , 
511 k e V contr ibut ion. Th i s correct ion i n our detect ion system is about 
5 % of the 1368 k e V 2 4 N a peak and usual ly affects the copper data b y 
less than 1 % . I n add i t i on , 7 6 A s emits another gamma-ray of lesser in ten 
sity at 657.0 k e V , thus inter fer ing w i t h the 1 1 0 m A g peak. T h i s 7 6 A s correc
t ion of the si lver peak i n our detect ion system is about 7 % of the 559 k e V 
7 6 A s peak but almost always has negl ig ib le effect on the ca lculated si lver 
data because of the l o w arsenic contents. O n l y i n h i g h l y debased coins, 
w h i c h possess h igher arsenic ( a n d lower s i lver ) contents, does this arsenic 
correct ion of the si lver data represent more than 1% of the si lver act iv i ty . 

Since we do not w e i g h these streaks, we assumed that the A g + 
C u + Z n + As + Sb + A u = 1 0 0 % . B y compar ing the rad ioact iv i ty 
levels i n the streaks w i t h those i n the standard al loy streaks (each cor
rected for decay to a c ommon reference t ime) we can then calculate 
the percent ratios : C u / A g , A u / A g , Z n / A g , S b / A g , and A s / A g . T h e c om
b inat ion of these ratio data a n d the above equat ion al lows us to calculate 
the i n d i v i d u a l percent values. Var i ous c h e m i c a l analyses reported i n the 
l i terature for si lver coins a n d art objects indicate that other elements 
such as l ead a n d t in ( w h i c h we do not detect) are usual ly present at 
less than 2 % . T h e r e are notable exceptions however . Some types of 
coins f rom certain periods contain up to 10 -15% P b + B i . A s a result, 
we have always per formed direct neutron H o w i t z e r si lver analysis on at 
least a f ew coins of each general type that are analyzed b y streak analysis. 
T h e si lver data for the H o w i t z e r analysis are i n v a r i a b l y l ower than those 
for the streak analysis, but this is to be expected for two reasons: the 
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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 

copper surface corrosion effect a n d the assumption i n the streak analysis 
that P b , B i , F e , a n d other m i n o r elements are absent. I n some cases we 
have s imp ly constructed e m p i r i c a l correct ion curves (based on data for 
coins subjected to bo th H o w i t z e r a n d streak analysis ) to adjust the streak 
data for other coins of the same type. ( A flameless atomic absorpt ion 
spectrometric method w h i c h we p l a n to use w i l l a l l ow us to analyze 
the streak samples for P b , B i , F e , a n d other, presently undetected ele
ments. ) T h i s streak method has been descr ibed i n Refs. 3 and 4. 

Gold:Silver Ratios 

E x a m i n a t i o n of the go ld : s i lver ratios f rom over 9000 such meta l 
streaks shows clusterings i n values that usual ly correlate w i t h the mints 
a n d dates of the coins. T h i s impl ies that each si lver source used d u r i n g 
each per i od tends to have a characteristic g o l d / s i l v e r level . Some geolo
gists might object to this statement since some si lver m i n e analysis 
records f rom the 1800's show a certain var iab i l i t y i n the go ld l eve l of a 
single si lver mine . H o w e v e r , the m i n e analyses were per formed on the 
total si lver - f go ld extracted f rom the ore rocks. T h e ancient a n d medie 
va l metal lurgists , on the other h a n d , were able to extract only certain 
fractions of the si lver i n the ore. 

S ince these go ld i m p u r i t y levels were almost a lways less than 1 % , 
their presence d i d not color the si lver v i s ib ly a n d therefore went unde
tected. F u r t h e r , the chemica l s imi lar i ty of go ld a n d silver resulted in the 
go ld be ing carr ied a long i n the ref ining process, a postulate of ours that 
has recently been conf irmed b y M c K e r r e l l and Stevenson (5) w h o sub
jected silver ores to a lead extract ion-puri f icat ion process s imilar to that 
used i n ancient times. T h e go ld i m p u r i t y level i n a co in , therefore, can be 
a d irect reflection of the leve l i n the si lver i n the or ig ina l ore, a n d coins can 
be grouped accord ing to these go ld levels. T h e interpretat ion of such go ld -
leve l data is a l i t t le more compl i cated since coins a n d art objects were 
made not only of new si lver but sometimes of v a r y i n g amounts of si lver 
obta ined f rom me l t ing older coins or art objects. 

It has been i m p l i e d (6 ) that the only si lver avai lable w i t h i n the 
Pers ian E m p i r e was that present as an i m p u r i t y i n lead ores. T h e extrac
t i on of si lver f rom lead ores was certainly pract i ced b y the Romans , 
especial ly w h e n high-grade si lver sources became depleted. H o w e v e r , 
the fact that such extraction technology was k n o w n does not mean that 
the Persians, for example, necessarily used this method , especially i f h i g h -
grade si lver ores or meta l l i c s i lver sources were s t i l l avai lable . I n fact, 
A r a b chronicles , even those of the tenth through thirteenth centuries, 
c lear ly d ist inguished lead sources, s i lver sources, a n d sources f rom w h i c h 
bo th lead a n d si lver were der ived (7, 8). T h e phrase "s i lver source" as 
used i n this art ic le is meant to i m p l y a geological formation that was 
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8. G O R D U S A N D G O R D U S Gold Impurity in Silver 131 

v i e w e d b y the people of the per i od p r i m a r i l y as a source of si lver, as c om
pared w i t h a format ion used, for example, p r i m a r i l y as a source of lead. 
T h i s def init ion, therefore, includes meta l l i c si lver sources, argentite 
( A g 2 S ) , cerargyrite ( A g C l ) , a n d other m i n e r a l formations conta in ing 
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Figure 2. Gold impurity levels in Umayyad silver 
dirhems for 25 mints issuing coins during the penod 

A.H. 90-98/708-717 A.D. 

significant amounts of silver. I n c l u d e d w o u l d be those galena ores h a v i n g 
h i g h si lver (argentite) contents, but typ i ca l galena ores h a v i n g s i lver : l ead 
ratios less than perhaps 1:10 (most contain m u c h less s i lver ) w o u l d be 
classed as lead ores. 

Umayyad Coinage 

D u r i n g the nine-year p e r i o d 708-717 A . D . ( w h i c h corresponds to 
the Is lamic dates 90-98 A . H . ) , coins were issued b y m a n y U m a y y a d 
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132 A R C H A E O L O G I C A L C H E M I S T R Y 

mints . F i g u r e 2 shows g o l d i m p u r i t y leve l data for 378 U m a y y a d coins 
issued at 25 mints d u r i n g this per iod . These data are arranged geo
graph i ca l l y ( F i g u r e 3 ) beg inn ing at Damascus , go ing northeast to A r 
menia , southeast to A l - R a y y , a n d then south a n d c u r v i n g back north 
to M e r v . Several data clusters are apparent i n F i g u r e 2. T h e mints of 
H a m a d h a n , M a h i , a n d A l - T a i m a r a apparent ly re l i ed almost entirely on 
a si lver source (or sources) h a v i n g very l o w go ld levels. Junday-Sabur , 
S u r r a q , Suk A l - A h w a z , M a n a d h i r , a n d N a h r T i r a appear to have used a 
si lver source h a v i n g about 0 .75% go ld i m p u r i t y whereas W a s i t , A r d a s h i r -
K h u r r a , Sabur , a n d D a r a b j i r d re l ied m a i n l y on a source w i t h a go ld - in -
silver leve l of about 0 .70%. T h e Istakhar data exhib i t a range of values 
suggesting the use of mixtures of si lver i n c l u d i n g at least one w h i c h 
h a d l o w gold . T h i s l ow-go ld source cannot be the same one used by 
H a m a d h a n , M a h i , a n d A I - T a i m a r a since the use of s i lver w i t h l o w go ld 
is not apparent i n the coinage of geographical ly intermediate cities such 
as Sabur a n d A r d a s h i r - K h u r r a . Si j istan a n d to some extent K i r m a n used 

Figure 3. Locations of Umayyad mint-cities for which data are given in 
Figure 2 

si lver h a v i n g about 0 .80% gold , a n d the northern mints of H a r a t , 
Abrashar , Sarakhs, a n d M e r v apparent ly u t i l i z e d si lver f rom various 
sources, most of w h i c h tended to have more than 1.00% go ld impur i ty . 

E q u a l l y interest ing are the important cities of R a y y and Jayy , both 
of w h i c h were o n p r i n c i p a l trade routes. It is not unreasonable, there
fore, to find that the range of data includes go ld levels associated w i t h 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

08



8. G O R D U S A N D G O R D U S Gold Impurity in Silver 133 

cities to each side of R a y y a n d Jayy. S i m i l a r l y , coinage f rom the c i ty of 
Was i t , as w e l l as a few others such as D a r a b j i r d a n d Istakhr, show 
use of m u l t i p l e si lver sources. It thus appears that at least six si lver 
sources ( two w i t h l o w gold , one each w i t h 0.70, 0.75, 0.80, a n d > 1 . 0 0 % 
gold) were explo i ted b y the U m a y y a d s . O n e must have been very close 
to the H a m a d h a n , M a h i , A l - T a i m a r a region. S i m i l a r l y , the locat ion of 
some of the remain ing sources can be approximated . T h e 0 .75% go ld -
in-s i lver source must have been very near the four cities of Surraq , 
Suk A l - A h w a z , M a n a d h i r , a n d N a h r T i r a . T h e Southern mints of D a 
rab j i rd , Sabur, a n d A r d a s h i r - K h u r r a must have been near the 0 .70% 
go ld i m p u r i t y source whereas Sij istan and K i r m a n shared a source h a v i n g 
si lver w i t h about 0 .80% gold. T h e data for each of the four mints in 
the Northeast exhibit too large a range of values to permit suggesting 
the general location of their si lver sources, a n d the spread of these data 
suggests the usage of more than one silver source. Because of the large 
distance between Damascus a n d A r m e n i a a n d the other U m a y y a d m i n t 
cities, i t is difficult to d r a w conclusions f rom the data for the coinage 
of these two W e s t e r n mints . 

D a t a such as these can he lp answer certain h istor ica l questions. F o r 
instance, the mint c i ty wr i t t en on U m a y y a d coins ca l led M a h i must be 
the one noted here a n d not a s imi lar ly named c i ty near M e r v , w h i c h 
h a d been suggested as an alternative choice ( 9 ) , since the go ld i m p u r i t y 
data obta ined from coins m i n t e d at M a h i agree w i t h the data for H a m a d -
h a m a n d A l - T a i m a r a but do not agree w i t h the data for M e r v . B y de
termin ing the types a n d amounts of si lver used i n each c i ty , i t m a y be 
possible to assess the movement of silver throughout the E m p i r e . F u r 
thermore, possible locations can be suggested for ancient si lver sources. 
Th i s c ou ld have important geological impl icat ions . F o r example, the 
Geo log i ca l Survey of I ran does not list a single si lver source i n a l l of 
Iran, and it is usual ly stated that there never were any silver sources 
in I ran . ( T h e only silver f ound today i n Iran originates as a trace-
level i m p u r i t y i n lead ores; we have determined that the gold-s i lver 
ratio data for these ores is m u c h less than that f ound for any of these 
coins.) T h e data of F igures 2 a n d 3, however , suggest that d u r i n g the 
U m a y y a d per iod there p robab ly was a si lver source i n the H a m a d h a n , 
M a h i , A l - T a i m a r a region. T h i s region, therefore, c ou ld be appropriate 
for present-day geological exploration. Poss ib ly even the si lver mine used 
dur ing . the U m a y y a d per i od c o u l d be w o r k e d today us ing modern extrac
t ion methods. 

Sasanian Coinage 
Silver Fineness. F i g u r e 4 contains data for the si lver fineness of 

about 400 Sasanian coins as determined b y the direct (neutron H o w i t -
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Reigns of Sasanian Kings 

A . 

o I 1 1 1 I I I I I 1 
200 250 300 350 400 450 500 550 600 650 700 

Date - A.D. 

Figure 4. Silver fineness as determined by neutron Howitzer analysis for about 
400 Sasanian drachms. Alternating open and closed circles are used to assist 
visually in associating data points with ruling monarchs listed at top of graph. 

zer) co in i r rad ia t i on method. A l t e r n a t i n g open a n d closed circles were 
used to help v i sual ly ident i fy data points accord ing to the r u l i n g monarch . 
T h i s graph is an updated , expanded version of the one recently pub l i shed 
together w i t h a pre l iminary discussion of the data (10 ) . Recent emphasis 
has been p laced on the analysis of the coins of low-s i lver fineness, par 
t i cu lar ly d u r i n g the re ign of Shapur I. Since these debased coins are 
seldom found i n extremely fine condi t ion , they are underrepresented i n 
museum collections. A s a result, a number of Sasanian coins that looked 
debased were bought f rom dealers i n France , E n g l a n d , a n d the N e a r East 
a n d subjected to both H o w i t z e r and streak analysis. These various data, 
a n d especial ly those for the early coinage ( A r d a s h i r I - S h a p u r I I : 224-379 
A . D . ) are discussed i n deta i l i n a separate article ( I I ) . 

Gold Impurity Levels. S h o w n i n F i g u r e 5 are go ld i m p u r i t y data 
for approximate ly 1300 Sasanian coins w i t h almost hal f of these data 
points representing analyses of K h u s r a u I I coinage. U n l i k e F i g u r e 2, 
these go ld leve l data are p lot ted on a logar i thmic scale to show subtle 
differences i n the l ow-go ld data points. O n l y d u r i n g the later Sasanian 
per i od do the coins bear m i n t monograms a n d dates g iven i n terms of the 
regnal year. Identif ications, where necessary, were based on G o b i (12 ) . 
These data suggest that various si lver sources were exploited, a n d most 
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8. G O R D U S A N D G O R D U S Gold Impurity in Silver 135 

of these sources h a d more than about 0 . 4 - 0 . 5 % go ld i m p u r i t y except 
d u r i n g the later reigns w h e n si lver of l ow go ld levels was occasional ly 
used. 

P r e l i m i n a r y examinations of the go ld levels i n K h u s r a u I I coinage 
grouped accord ing to m i n t monograms ind i cated that the P a h l e v i mint s ig 
natures usual ly identi f ied as Z D a n d R D , frequently considered variants 
both representing R a y y , were actual ly associated w i t h two separate mint 
cities (4). It was also f ound that M R a n d M B monograms represented 
two separate mint cities and were not s imply variants of a M e r v signature 
( 4 ). W o r k of this type is c ont inu ing a n d is be ing extended to the reigns 
of H o r m i z d I V a n d K h u s r a u I. 

T h e data represented b y the open squares i n F i g u r e 5 were obta ined 
f rom streaks of modern fake Sasanian coins (4). N o t e that the go ld levels 
for these fake coins are usual ly apprec iab ly less than those for authentic 
coins. T h i s is because si lver used i n the last 100 years almost a lways 

2 0 • ι ι • • ι ι ι 

o \ o o o . 2 - ° o . · - . · · -

0011 1 1 , , ι , I • , 
2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 

D A T E A . D 

Figure 5. Gold impurity levels in over 1300 Sasanian 
drachms. Open squares are gold levels in modern fake 

Sassanian coins. 

h a d less than about 0 . 1 % go ld ; present-day si lver usual ly has less than 
0 .01% go ld since modern refining methods a l l ow economical remova l of 
most trace- level go ld . 

Sasanian Metallic Art 
A number of si lver plates, bowls , a n d pitchers have been identi f ied 

as be ing made i n the Pers ian E m p i r e d u r i n g the Sasanian per i od ( 13, 14, 
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15 ) . Recent ly , some art historians have reassigned the manufacture of a 
f ew of these objects to s l ight ly later periods or adjacent geographical 
regions. Some of the objects, par t i cu lar ly those i n the shape of plates, 
show a k i n g ( f requent ly on horseback) hunt ing w i l d game. A lmos t a l l 
art historians st i l l attr ibute these part i cu lar motifs to the Sasanian per iod 
a n d region. 

These objets d'art are rare and c o m m a n d a h i g h price . T h e increased 
d e m a n d b y museums a n d pr ivate collectors for metal l i c art of this per i od 
has been accompanied b y an increase i n the supply of these ob jects—and 
b y an increasing suspic ion on the part of art historians, museum curators, 
pr ivate collectors, a n d reputable dealers that some ( a n d perhaps m a n y ) 
of these si lver Sasanian art objects are modern forgeries. V i r t u a l l y a l l art 
historians a*gree that the Sasanian objects i n the State H e r m i t a g e M u s e u m 
( L e n i n g r a d ) are authentic , w i t h one except ion—a late nineteenth cen
tury copy of a plate i n the B r i t i s h M u s e u m . Th is agreement is based to 
some extent on the fact that the L e n i n g r a d col lect ion has a suitable 
"pedigree . " It includes objects that either were f ound i n contro l led 
archaeological excavations or were i n Russ ian collections as early as the 
mid-1800's. 

T h e present-day art market is such that a pedigree is rare. If a p u r 
por ted Sasanian si lver art object is put u p for sale, the circumstances 
surround ing its o r ig in are usual ly vague. If it is a fake, the vagueness is 
understandable , but a vague or ig in w o u l d also be ascr ibed to an authentic 
piece since it is i l l ega l to export such objects f rom Iran , where they are 
general ly c l a i m e d to be f ound near the C a s p i a n Sea b y "peasants d igg ing 
i n the h i l l s . " 

T h r o u g h the k i n d a n d w i l l i n g cooperation of museum directors, p r i 
vate collectors, a n d dealers both in the U . S . a n d abroad it was possible 
to take streaks of hundreds of such si lver Sasanian a n d Sasanian-styled 
art objects. I n c l u d e d were the entire L e n i n g r a d co l lect ion a n d also n u 
merous pr ivate ly o w n e d "Sasanian" plates that v i r t u a l l y every art histor ian 
of this per i od has descr ibed as either dec ided ly suspicious or probab ly 
fake. T h e streak analysis data for those plates i n v o l v i n g a Sasanian 
k i n g - h u n t i n g scene are g iven i n F i g u r e 6. 

These data are identi f ied accord ing to the general consensus of art 
historians a n d curators regard ing the authent ic i ty of each plate. A s seen 
i n F i g u r e 6, a l l plates for w h i c h there is unanimous or near-unanimous 
agreement about their authent ic i ty have % A u / % A g ( X l O O ) values in 
excess of 0.60, except two. T h e first is a plate i n the H e r m i t a g e museum 
( A u i n A g = 0.18) showing Shapur II on horseback (16); the style in 
w h i c h the figure, horse, a n d lions are depic ted differs f rom that on other 
plates i n the L e n i n g r a d col lect ion. It is possible that this object has been 
either misat tr ibuted tempora l ly or geographical ly . T h e second is a plate 
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Figure 6. Streak-analysis data for 
Sasanian-style silver plates with a 
design depicting a king (frequently 
on horseback) hunting wild game. 
Art historian and museum curator 
general consensus: Ο = authentic; 
• = authentic, but possibly misat-
tributed; φ = some question re
garding authenticity; # = fake copy 
of a museum plate; • = fake solid 
plate; A = fake double-walled 

plate. 

(17) i n the T e h r a n Archaeo log i ca l M u s e u m for w h i c h a set of streaks 
taken f rom the edge contained A u in A g = 0.14. 

F i g u r e 6 also shows that a l l except one of the plates that are agreed 
to be authentic have A g -f- A u streak values greater than 9 4 % . T h e 
exception is a cast plate at the Bibliothèque Nat iona le (18) w i t h 9 3 . 2 % 
A g + A u . I n add i t i on , none of the agreed authentic plates are double -
w a l l e d . A l t h o u g h m a n y have high-re l ie f figures, these features are gen
eral ly created b y the add i t i on of (cast) portions of the figures. 
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O n the other h a n d , m a n y of those plates general ly considered m o d e r n 
fakes were made b y a repousée technique a n d i n v o l v e d an outer, p l a i n -
c u r v e d back that was f o lded over at the r i m to f o rm a doub le -wa l l ed 
h o l l o w plate. Occas ional ly a separate ( cast ) piece, usual ly a raised front 
leg of the horse, was attached, p robab ly b y soldering. These fakes and 
copies of existing museum plates a l l have less than 0 .6% A u i n A g ( i n 
agreement w i t h the fake Sasanian coins, F i g u r e 5) a n d 14 of the 18 fakes 
i n F i g u r e 6 have less than 9 4 % A g + A u . 

S imi lar comparisons regarding streak % A g + A u , streak % A u i n 
A g , a n d the lack of a doub le -wa l l ed construct ion technique a p p l y to a l l 
other objects that are agreed to be authentic a n d of Sasanian or ig in . These 
i n c l u d e plates w i t h other designs such as d a n c i n g gir ls , certain b irds , or 
animals . 

These observations taken together can suggest cr i ter ia to use i n judg 
ing the possible authent ic i ty of a Sasanian silver art object: (a ) T h e streak 
A u i n A g value should be greater than about 0 . 4 - 0 . 6 % . ( b ) T h e streak 
A g + A u value shou ld be greater than about 9 4 % . ( c ) T h e plate or 
b o w l should not be doub le -wal l ed . If none of these cr i ter ia is met, there 
is a strong poss ib i l i ty that the object is a fake. It should be stressed that 
these three cr i ter ia are based on the compar ison between sets of data 
such as those shown i n F i g u r e 6. T h e cr i ter ia are not absolute i n the w a y 
that 1 4 C or thermoluminescent dat ing can prov ide direct evidence of age, 
a n d some exceptions m a y exist. H o w e v e r , since today's cost of such 
objets d'art can f requent ly exceed $100,000, m u s e u m curators must exer
cise caut ion i n m a k i n g purchases, especial ly since ( i n the U n i t e d States ) 
the funds for such purchases invar iab ly are der ived f rom income tax-
exempt donations. T h e same caut ion must be exercised b y a m u s e u m i n 
accept ing a gift of such an object since again a tax deduct ion is invo lved . 

Byzantine Miliaresia 

I n a joint project w i t h D . M i c h a e l M e t c a l f of the A s h m o l e a n M u s e u m , 
O x f o r d , a series of streaks f rom e ighth-century B y z a n t i n e mi l iares ia were 
ana lyzed to determine the levels of go ld i m p u r i t y i n silver. A few of 
these coins were overstruck on Is lamic dirhems as seen b y the presence 
of fa int r e m a i n i n g traces of A r a b i c inscr ipt ion . These mi l iares ia general ly 
h a d m u c h lower go ld i m p u r i t y levels, i n accord w i t h the late U m a y y a d 
a n d early A b b a s i d coinage. F r o m these analyses i t has been possible to 
suggest w h i c h of the other mi l iares ia m a y also have invo lved overstrikes 
a n d thus estimate the fract ion of s i lver i n B y z a n t i n e coinage that was 
obta ined f r om A r a b i c sources. T h i s s tudy w i l l be descr ibed i n de ta i l i n 
a separate art ic le (19). 
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Hispanic-American Silver and the "Price Revolution" 
of the Sixteenth Century 

Soon after C e r r o R i c o , the si lver m o u n t a i n d iscovered b y the S p a n 
iards i n 1545 at w h a t is n o w Potos i , B o l i v i a (20), began to produce 
massive amounts of the whi te meta l a n d as the Spanish ships a r r ived 
to deposit the treasure i n the C a s a de la Contra tac i on i n Sevi l le , 
A z p i l c e u t a a n d other D o m i n i c a n s of the Schoo l of Salamanca w a r n e d 
of the potent ia l inf lat ionary effect of this si lver o n the Spanish economy 
(21). Jean B o d i n , w h o m i g h t w e l l be ca l l ed the first impor tant exponent 
of the quant i ty theory of money, h e l d , further, that a l l E u r o p e was affected 
adversely b y the treasure of the Indies, w h i c h , he ma in ta ined , was the 
cause of " l a v ie chère" (22). M o r e recently, E a r l J . H a m i l t o n , i n a m o n u 
menta l study corre lat ing the a r r i v a l of the si lver a n d the rise of prices 
i n A n d a l u s i a a n d other Spanish provinces, c onc luded b y assigning to the 
Span i sh -Amer i can si lver a massive role i n the pr ice revo lut ion of the 
sixteenth century (23). 

A l t h o u g h the H a m i l t o n thesis has been effectively chal lenged on a 
n u m b e r of fronts (24), the precise role of this A m e r i c a n si lver i n the 
E u r o p e a n economy has not been firmly established. I n the absence of 
evidence to the contrary, i t has often been assumed that Potos i s i lver 
inf i l trated v i r t u a l l y every currency i n E u r o p e a n d points Eas t w i t h d r a 
mat i c effects (25). E m p h a s i s has been p laced on the inf lat ionary phe 
nomenon itself, considered to be a result of the si lver impor t (23). S ince 
(a ) i t is very diff icult to assess the amount of non-Potos i , (i.e., E u r o p e a n 
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Figure 7. Gold impurity levels in Mexican, South American (Potosi), 
and European coinage 
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a n d M e x i c a n ) s i lver avai lable for co in ing d u r i n g the per iod , ( b ) a d d i 
t i ona l compl icat ions arise because the abundant a r c h i v a l evidence for 
the si lver mine produc t i on at Potos i has not yet been explored, a n d ( c ) 
there is evidence that " leakage" occurred (26) d i v e r t i n g some A m e r i c a n 
si lver f rom its Sevi l le dest ination, it has usual ly been assumed that 
Potos i s i lver inf i l trated the currencies of E u r o p e . It is this basic assump
t i on to w h i c h the p r e l imin ar y study was addressed. 

For tunate ly , for our purposes, the si lver f rom Potosi has a charac
ter ist ical ly l ow leve l of go ld i m p u r i t y w h i c h al lows i t to be dif ferentiated 
c learly f rom the M e x i c a n - E u r o p e a n si lver stock. A s shown i n F i g u r e 7 
(27), s i lver f rom this latter stock was used i n S p a i n , Barce lona , and 
F r a n c e , before 1570-1580> w h e n the Potos i mine began to be explo i ted on 
a large scale a n d its yields sh ipped to Spa in . 

Potos i s i lver was certa inly used i n Spanish coinage; i n fact, the crude ly 
struck réaies bear ing the Potos i m i n t mark were lega l tender i n Spa in 
a l though m u c h of the si lver was reminted into Spanish réaies of a h igher 
artistic standard. H o w e v e r , none of the Potosi si lver appears d i rec t ly i n 
the coins of Barce lona or France . W e might have expected, as some 
scholars have (28), that at least some F r e n c h coinage cou ld be made of 
Potos i si lver on the grounds that so m u c h more money was m i n t e d i n 
F r a n c e i n that per i od than before; however , it is now clear that evidence 
for a direct causal l ink between Potosi s i lver a n d increased F r e n c h m i n t 
output cannot be adduced . Par t i cu lar attention was p a i d to coins f rom 
such port cities as Marse i l les a n d Bayonne , to check bo th F r e n c h coast
lines where s i lver m i g h t have " l e a k e d " i n the sense that these m i g h t have 
been convenient places for i l l ega l transactions. I n the same w a y , those 
m i n t towns on the route over land through F r a n c e , w h e r e A m e r i c a n si lver 
was sh ipped b y l a n d to the Nether lands f rom Spa in , were also invest i 
gated. O v e r 150 careful ly selected F r e n c h coins ( i n c l u d i n g those for 
w h i c h data are g iven i n F i g u r e 7) were analyzed , a n d no Potos i s i lver 
was identi f ied. 

Desp i te the long-standing antagonism between Cast i l e a n d C a t a l o n i a , 
i t m i g h t have been expected that since Barce lona was the po int of de
parture for the si lver f rom S p a i n to G e n o a where it was exchanged for 
go ld a n d where business was transacted w i t h Genoese bankers, Barce lona 
m i g h t have rece ived some Potos i si lver a n d m i n t e d it . I n fact, it seemed 
so l ike ly that on ly 25 coins of Barce lona were ana lyzed , concentrat ing 
o n the l ikel iest dates, but aga in no Potos i s i lver was found. H o w e v e r , the 
Genoese d i d m i n t some coins made of Potos i si lver. M i l a n , another bank
i n g center, a n d perhaps more impor tant ly a c i ty noted for arms m a n u 
facture, rece ived Potos i s i lver, as shown b y 5 of the 40 coins analyzed . 
T h i s is s t i l l a very smal l amount. T h e enterpr is ing E n g l i s h seamen w h o 
captured Span ish galleons brought the si lver to E n g l a n d , a n d vast q u a n -
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8. GORDUS A N D GORDUS Gold Impurity in Silver 141 

tities of i t are supposed to have arr ived at the T o w e r mint . A g a i n , 
however , analysis of 60 E l i z a b e t h a n coins chosen to co inc ide w i t h such 
del iveries reveal no Potos i si lver. 

H a m i l t o n assumed that a large proport ion of the Spanish treasure 
went to G e r m a n y , p robab ly most ly to pay the important bankers to the 
Spanish C r o w n , the Fuggers of A u g s b u r g . C o i n s of G e r m a n y are yet to 
be ana lyzed , but , except for this G e r m a n dest ination, the results so far 
obta ined lead us to quest ion whether the A m e r i c a n treasure h a d any 
rea l connect ion at a l l w i t h the very rea l E u r o p e a n inf lat ion. W e do not 
assert that the A m e r i c a n treasure h a d no effect on the E u r o p e a n economy; 
w e quest ion whether i t was rea l s i lver w h i c h caused money to become 
cheap or whether i t was the expectation of si lver. 

Figure 8. Percent silver having a low gold level (0.001, 0.004, 
or 0.06% Au in Ag for each of the three curves) in a mixture 
with silver having 0.15% Au in Ag impurity as a function of the 

resultant gold impurity level of the mixture 

T h i s study has thus far been based on the analysis of a single d i a g 
nostic e lement: the go ld i m p u r i t y level . A s a result, w e are not able to 
d i s t inguish M e x i c a n a n d E u r o p e a n silver. E q u a l l y important , w e are not 
able to determine to a h i g h degree of certainty w h i c h , i f any, of the 
E u r o p e a n coins w e ana lyzed might be made of mixtures of Potos i a n d 
other si lver. It shou ld be emphasized that because of the l ow go ld i m 
p u r i t y l eve l i n Potos i si lver, the add i t i on of smal l amounts of s i lver h a v i n g 
large go ld i m p u r i t y levels c o u l d m a r k e d l y change the overa l l go ld level of 
the mixture . A s shown i n F i g u r e 8, a mixture made, for example, of 2 0 % 
E u r o p e a n si lver ( g o l d leve l = 0 .150% ) a n d 8 0 % Potosi si lver ( g o l d leve l 
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== 0.004% ) has an overa l l go ld i m p u r i t y leve l of 0 .033%. Therefore , some 
of the E u r o p e a n post-1550 coins c ou ld possibly invo lve mixtures of w h i c h 
Potos i s i lver is a predominant component. O n e such co in , a F r e n c h 
Teston of H e n r i I I (1547-1559) h a v i n g a go ld l eve l of 0.024 (data po int 
shown i n F i g u r e 7 ) , c o u l d be of this type. 

C l e a r l y , the use of go ld as the on ly diagnostic element is inadequate 
to d i s t inguish pure Potos i s i lver a n d some mixtures conta in ing Potos i 
s i lver a n d does not a l l ow us to d is t inguish pure M e x i c a n a n d pure E u r o 
pean si lver. D a t a for other elements, w h i c h can serve i n the same manner 
as go ld , are needed to d is t inguish these alternative possibi l it ies . T o ac
compl i sh this , methods are presently under invest igat ion whereby the 
streak sample w o u l d be dissolved f o l l o w i n g neutron act ivat ion analysis 
a n d the dissolved sample w o u l d be subjected to flameless atomic absorp
t i on spectrometry. T h e i n i t i a l results indicate that the lead a n d b i s m u t h 
contents of the dissolved streak samples can be detected easily, a n d these 
a d d i t i o n a l e lemental data may serve par t ia l l y for diagnostic di f ferentia
t ion . It should also be possible to detect C d , F e , Z n , A l , a n d perhaps 
other metals b y this procedure . 

The Silver Coinage of Zapata, 1914-1915 

T h e M e x i c a n Revo lu t i on caused enormous economic dis locat ion, one 
aspect of w h i c h was the collapse of the monetary system. T h e M e x i c o 
C i t y mint , w h i c h h a d suspended go ld coinage i n 1910, ceased to strike 
the pesos fuertes i n M a r c h 1914 a n d the subs id iary si lver i n September. 
F e d e r a l go ld a n d si lver coins soon d isappeared f rom c i rcu lat ion . T h r o u g h 
out the country paper money of i rregular c i r cu la t i on a n d precarious 
value was issued. It was w i d e l y counterfeited, a n d even the genuine 
paper m i g h t be dec lared i n v a l i d overnight . Some coins were p r o d u c e d 
l o ca l ly a n d unof f ic ia l ly—as far as the federal government was c oncerned— 
i n a n attempt to stabi l ize values a n d prov ide smal l change. These co in 
ages exist i n great quant i ty a n d d ispar i ty , d i f fer ing f r om the F e d e r a l a n d 
f r om each other i n al loy , weight , types, legends, a n d denominat ion . 

Zapat ista s i lver one- a n d two-peso pieces, F i g u r e 9, were first struck 
i n Guerrero i n 1914; f ract ional bronze d i d not appear u n t i l the f o l l o w i n g 
year. T h e two si lver denominations were proport ionate ly smaller a n d 
contained less weight of s i lver than the previous federal coinage, b u t their 
acceptance was encouraged b y the announced presence of a stated amount 
of go ld i n each. T h e peso bears the legend O R O : 0,300 {grams}," the 
two pesos, O R O : 0,595." 

A study of this coinage, w h i c h was in i t ia ted b y T . V . But t rey , has 
been descr ibed (29, 30). B y care ful examinat ion of a n u m b e r of the 
exist ing coins B u t t r e y was able to determine that almost a l l of the dies 
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8. G O R D U S A N D G O R D U S Gold Impurity in Silver 143 

Figure 9. Zapatista one- and two-peso coins issued in 1914 and 
1915 and patterned after the previous federal coinage 

used to m i n t the coins were cut b y the same h a n d . B y arranging the 
coins i n terms of imperfect ions i n the letter ing caused b y wear a n d p a r t i a l 
b reak ing of the letter fonts used to prepare the dies, he was able to arrange 
sequent ia l ly the order i n w h i c h the 1914 a n d 1915 coins were m i n t e d . 

C o m b i n e d neutron H o w i t z e r a n d streak analyses of 125 one- a n d 
two-peso coins not on ly reveal the rea l go ld content of these issues but 
he lp to establish the s i lver s tandard, w h i c h was probab ly a i m e d at 900 
thousands fine ( 9 0 % s i l ve r ) , a creditable a l loy a n d better than the 800 
thousands ( 8 0 % ) of the federal subs id iary coinage. It was therefore 
possible to estimate fa i r l y closely the theoret ical composi t ion a n d value 
of the Zapatista si lver coinage. 

T h e coins reveal certain aspects of Zapat ista monetary po l i cy a n d 
control . F i r s t , an unprecedented a l loy was created f r om w h i c h , i t was 
ca lcu lated , coins e q u a l i n intr ins ic va lue to the federal c o u l d be produced . 
H o w e v e r , this theoretical system was not consistently pract i ced . T h e 
major 1914 issues of the two pesos general ly kept to a h i g h go ld content, 
b u t two m i n o r mints a n d a l l mints i n 1915 d i d not. A s shown i n F i g u r e 
10, the average si lver a n d go ld contents, w h i l e equa l to or even exceeding 
the peso value i n the early co in , showed m a r k e d debasement or outr ight 
malfeasance i n the m i n t i n g of some of the later issues, a n d especial ly i n 
the one-peso issues. 
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T h e proc la imed go ld content represents only about 2 % go ld since 
the value-rat io of 1 g ram of go ld vs. 1 g r a m of s i lver was about 27 :1 . A s 
noted above, m a n y si lver sources conta in go ld as an i m p u r i t y . F o r ex
ample , the data for sixteenth-seventeenth century M e x i c a n si lver pieces-
of-eight a n d lower denominat ion réaies shown i n F i g u r e 7 indicate about 
0 .07 -0 .3% A u i n A g . Therefore , the Zapata coins h a v i n g h igher go ld 
contents that the proc la imed values were p r o b a b l y made b y us ing new 
si lver w h i c h already conta ined some go ld i m p u r i t y ; its presence, however , 
was not rea l i zed b y the minters , a n d the actual p ro c la imed amount of 
g o l d was added , i n effect, to the go ld already present i n the silver. O n 
the other h a n d , those one-peso pieces h a v i n g go ld contents m u c h lower 
than O R O : 0,300 must also have been made of n e w silver. H o w e v e r , i n 

I PESO COINS 2 PESO COiNS 
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Figure 10. Proclaimed gold contents (in peso equivalents) 
and actual average silver and gold content values for Zapata 

one- and two-peso coins 

this case the intent was to deceive and , i n fact, no go ld was actual ly 
a d d e d to the si lver. T h e detected go ld leve l is s i m p l y the i m p u r i t y i n 
the si lver used for the coinage. 

It w o u l d be easy to d r a w a c y n i c a l conclusion f rom these data w h i c h 
show that coins of l ower denominat i on—namely those most l i k e l y to be 
used by the poorer peop le—were debased to a greater degree than the 
two-peso pieces w h i c h were used i n major transactions b y the revo lu 
t ionary groups and were k n o w n i n the A m e r i c a n border states as the 
Guerrero dol lar . B u t care should be taken to dissociate these apparent ly 
sel f -serving economic manipulat ions as shown through the coinage f rom 
the m a i n thrust of the Zapat ista revolutionaries. Zapata's coal i t ion was 
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8. G O R D U S A N D G O R D U S Gold Impurity in Silver 145 

composed of two socio-economic groups (31). T h e first was composed of 
disaffected intel lectuals w h o supposedly h a d u r b a n ties; it is most u n l i k e l y 
that these intel lectuals were minters. T h e other forces were peasants 
whose group resources a l l owed them to promote their o w n special po l i t i ca l 
interests. H o w e v e r , even a re lat ive ly affluent peasant is u n l i k e l y to have 
engaged i n the financial part of the revolut ion . I n fact, the l imi ta t i on of the 
Zapatista movement was that it was a peasant movement ; troops m a r c h e d 
out f rom vil lages for combat a n d returned to farms after the fray. If w e 
are to judge w h a t appears to be a betrayal of the interest of the people 
b y the h igher eschelons i n Zapata's revo lut ionary cadre, w e must reca l l 
that we are dea l ing w i t h a monetar i ly unsophist icated group that m a y 
very w e l l have enl isted the services of moneyers not or ig ina l ly Zapatistas 
a n d that remained unaware of the debasement of the coins. 

W h e n w e consider that the Zapatistas h a d homemade arms a n d no 
organized system of supplies , it seems u n l i k e l y that m a n y of them rea l i zed 
their money was debased. C l e a r l y , they never h a d m u c h of i t for w h e n 
they made their v ictorious entry into M e x i c o C i t y , the Zapatistas h a d no 
food a n d h a d to beg f rom householders. 

T h e study of revolutions has always p r o d u c e d instances of counter
revo lut ionary a n d opportunist ic behavior w h i c h are then used as evidence 
for the b a d fa i th of a l l the part ic ipants or at least their leaders. T h e worst 
charge i n the l ight of the evidence presented here (as w e l l as the other 
sources c i ted) w h i c h can be leve led at Zapata , or for that matter at his 
N o r t h e r n counterpart , Pancho V i l l a , is that neither h a d sufficient po l i t i ca l 
or economic s k i l l to govern the country. B o t h adamant ly refused the 
office of president a n d felt themselves i l l - e q u i p p e d to prov ide anyth ing 
more than a temporary caretaker arrangement. So the famous s ign over 
the Palac io N a c i o n a l advert is ing the lack of a potent ia l president of a 
h i g h ca l iber : " W a n t e d — a n honest m a n " (32) should not be taken to
gether w i t h this monetary evidence to demonstrate m o r a l b a n k r u p t c y of 
the M e x i c a n Revo lut i on . If a lesson must be d r a w n , it should be that 
m e n of such l i m i t e d means c o u l d change the face of a nat ion a n d yet 
r e m a i n h u m b l e enough to real ize their o w n shortcomings, a n d even make 
this se l f -appraisal k n o w n . 
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M u s e u m , L e n i n g r a d , are among those w h o a l l o w e d us to take streaks 
f rom coins a n d art objects i n their collections. T h e U n i v e r s i t y of M i c h i 
gan, through the D e p a r t m e n t of C h e m i s t r y a n d the M i c h i g a n M e m o r i a l -
Phoenix Project, as w e l l as the U . S. A t o m i c E n e r g y C o m m i s s i o n , through 
its D i v i s i o n of Research (of w h i c h this is report C O O - 9 1 2 - 2 7 ) , p r o v i d e d 
the research funds w h i c h made this study possible. T h r o u g h the years 
numerous undergraduate science students assisted i n the analyses, a n d 
wi thout their a i d these thousands of analyses w o u l d not have been 
possible. 
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9 

Comparative Analysis of Archaeological 
Bronzes 

W. T. CHASE 

Freer Gallery of Art, Smithsonian Institution, Washington, D.C. 20560 

While thousands of analyses of archaeological bronzes have 
been reported in the literature, the basis for comparing them, 
especially those from different laboratories, is shaky. A 
round-robin project of chemical analyses was attempted to 
improve the situation. Two ancient bronze objects were 
milled to a fine powder, sieved, and mixed to a homogeneous 
mass. Samples of 500 mg each drawn randomly from this 
mass were circulated, and results were returned from 21 
laboratories. Forty-eight elements were analyzed; some 
laboratories did only one element, some did as many as 42. 
The coefficient of variance (or relative standard deviation) 
ranges from 4% for Cu up to over 200% for some trace ele
ments. The results are tabulated, and methods are sug
gested to narrow the spread of results in the next run of 
this program. 

' " p ' h e comparat ive analysis p r o g r a m began at the t ime " T h e Freer 
A Ch inese Bronzes " (1, 2) was be ing w r i t t e n ; R. J . Gettens rea l i zed , b y 

s tudy ing the l i terature careful ly , that m a n y analyses h a d been accepted 
a n d p u b l i s h e d w i t h o u t c r i t i c a l appra isa l (3). T h e va l id i ty a n d u t i l i t y of 
m a n y such analyses seemed open to question. A s Gettens sa id i n the 
earliest draft of the proposal for the comparat ive analysis program ( A p r i l 
1965) (4): 

M o s t certainly , w e a l l ask ourselves w h e n read ing the results of an 
analysis of an ancient meta l object, " W o u l d I have gotten a comparable 
result i f I h a d sampled a n d analyzed that object b y m y o w n techniques?" 

T h i s quest ion m a y seem s imple to answer, bu t the p r o b l e m has m a n y 
aspects w h i c h must be considered. V a r i a t i o n i n the techniques a n d 
methods of sampl ing is the first aspect. W e d e c i d e d to e l iminate this 
var iat ion i n our i n i t i a l study b y tak ing the samples ourselves ( see b e l ow ). 
T h u s , this par t of the p r o g r a m concentrates on ana ly t i ca l techniques. 

148 
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9. C H A S E Comparative Analysis of Bronzes 149 

Even among analytical techniques there is great variance. In our 
study, 10 different analytical methods were used (see Table II ) , and as 
many different, separate techniques as there are laboratories. In fact, 
some laboratories employed more than one technique within a given 
method (—e.g., laboratory 13, which used optical emission spectrometry 
by both the photoplate and the direct-reading method). 

Other variations among laboratories exist—e.g., sample size, num
ber of replicates, elements determined, detection limits, and reporting 
conventions. To approach the problem of comparable results i n the 
simplest way possible, we took two ancient bronze objects of different 
composition, reduced half of each object to homogeneous filings, and 
circulated samples drawn from these filings to various laboratories which 
had routinely analyzed archaeological bronzes or wanted to participate 
in the program. The results were tabulated and reported. Our goal was 
to test the comparability of the results from each laboratory using its 
usual method under routine conditions. 

Now that we have the results, how do they compare? To answer 
this question fully we have tabulated a detailed, element-by-element 
examination of the analytical findings below (Table III) . In general, the 
results are fairly good, but discrepancies exist. A careful statistical treat
ment of the results is very difficult because of several factors (see below). 

The disparities in the results and the doubts that they raise could 
be reduced by circulating standards of known composition for bronze 
analysis and by adopting standard methods for analyzing archaeological 
bronzes. A t present the adoption of standard methods seems impractical 
because of the differences in equipment and techniques favored by each 
laboratory. The acquisition and circulation of standard reference mate
rials for bronze analysis are, however, possible and should narrow the 
spread of results. The program could then be repeated using more 
samples and a careful statistical design, and sources of variation could 
be assessed more accurately than can now be done. Of course, the prob
lem of sampling actual objects must also be attacked. The importance 
of complete reporting (5) when publishing analyses in the field of 
archaeological chemistry cannot be overstressed. 

Procedure 

The objects chosen and the procedure used in comminuting them 
are outlined in our Document No. 2 ( 6 ) and detailed below. 

Sample Preparation. Two bronze objects of limited value as museum 
display pieces were given to the Freer Gallery by an antique dealer ( Simon 
Kriger, Washington, D . C . ) . Both pieces were photographed before sec
tioning. The first object, SC528 or SC-B-1, is a fragment of a Shang 
Dynasty Chinese bronze ku, or beaker, dating from ca. 1000 B . C . (Figure 
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1) . It was sectioned i n ha l f l ong i tud ina l ly w i t h a d i a m o n d saw, a n d 
one-half was retained for contro l a n d later reference. T h e other ha l f was 
reduced to fine turnings w i t h a rotary file i n an electric h a n d d r i l l ; before 
this the outer a n d inner surfaces were ground to c lean meta l w i t h another 
rotary file. T h e corrosion mater ia l was saved but not m i x e d w i t h the 
meta l sample. N o attempt was made to separate i ron w i t h a magnet or 
to remove corrosion f r om the meta l sample b y p i c k i n g it out under the 
microscope. T h e sample was passed through a 30-mesh screen, a n d 
coarser chips were reta ined separately. N i n e t y - n i n e grams of c o m 
m i n u t e d sample were produced . T h i s was bot t led i n glass a n d shaken to 
ensure homogeneity. A f ter shaking , part of the sample was rebott led i n 
0.5-gram ( 500 m g ) lots i n glass for d i s t r ibut ion . 

Figure 1. Top: Shang Dynasty Chinese bronze ku 
(wine beaker) in fragmentary condition. Freer Gallery 
Study Collection No. SC528 or SC-B-1, 13 cm high, 
before sectioning and comminution. Bottom: after sec

tioning. 
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9. C H A S E Comparative Analysis of Bronzes 151 

Figure 2. Luristan bronze spearpoint, Freer Gallery Study Collection No. 
SC615 or SC-B-59 before comminution 

T h e second sample is a L u r i s t a n spear po int ( S C 6 1 5 or S C - B - 5 9 ) , 
about 12 inches long , da t ing f r o m ca. 800 B . C . ( F i g u r e 2 ) . T h e corrosion 
was ground f rom both sides of hal f of the b lade , f r om the b lade edge to 
the spine. T h i s hal f was c o m m i n u t e d as above a n d sieved to pass 30-mesh. 
Seventy-nine grams of sample were produced ; they were bott led , shaken, 
a n d rewe ighed into 500-mg lots as above. 

T h e shaking , s ieving, a n d repeated shaking were done to m a k e the 
samples as homogeneous as possible. T h e bot t led 500-mg samples were 
p laced i n a box a n d d r a w n r a n d o m l y for c i r cu lat ion . Another sample, 
sample 3, consisting of 500-mg lots of the U . S . N a t i o n a l B u r e a u of Stand
ards S . R . M . 124c (ounce m e t a l ) , was sent to laboratories whose results 
par t i cu lar ly interested us. O n reflection, we th ink that sample 3 should 
have been sent to a l l laboratories, a n d t o w a r d the end of the p r o g r a m 
it was sent to any laboratory that requested samples. W e t r i ed to m i n i m i z e 
the n u m b e r of laboratories rece iv ing sample 3 at first because our stock of 
S . R . M . 124c is very low. T h e use of other standard reference materials , 
bo th as controls a n d for ca l ibrat ion , w i l l be an important feature of the 
next phase of the program. 

W h e n the samples were sent out, a postcard for a cknowledg ing safe 
receipt was inc luded . W e used the dates on these postcards to m a r k the 
start of analysis. O n the quest ionnaire (our D o c u m e n t 3, quest ion 7) a 
space was supp l i ed for the length of t ime requ i red for analysis. F e w labo
ratories per formed their analyses a n d returned results w i t h i n the t ime they 
ind i ca ted on the questionnaire. T h i s is not surpr is ing . I n fact, the length 
of t ime r e q u i r e d was requested so that w e w o u l d k n o w w h e n to w r i t e 
the laboratory a n d ask for their results. 

Results 

Samples were sent to 36 laboratories, a n d results were rece ived f r om 
21. I n a l l , 48 elements were analyzed . T h e results f o rm a compl i ca ted 
p i c ture w h i c h we have t r ied to c lar i fy , w h i l e g i v i n g a l l the necessary 
in format ion , b y break ing d o w n the results into a series of tables. T a b l e I 
shows the laboratories w h i c h responded w i t h results; these are l i s ted 
a lphabet i ca l ly b y name of the p r i n c i p a l reporter (as rece ived f r o m the 
l abora tory ) . F r o m T a b l e I I on , the laboratories are represented b y 
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Table I. Laboratories and Reporters Represented in Report" 

Principal Reporter 

H . B a r k e r 

I . V . Bene 

L . A . C a r r a r a 

V . F . H a n s o n 

A . H a r t m a n n 

W . W . H a r r i s o n 

D . I sh i i 

Β. B . Johnson 

F . J . L a n g m y h r 

L . M a e s 

E . J . M a i e n t h a l 

F . M i c h e l 

R . M . Organ 

C . Pat terson a n d 
E . B i n g h a m 

R e h m a t u l l a h 

J . R iederer 

Address 

T h e B r i t i s h M u s e u m Research L a b o r a t o r y , 
L o n d o n W C 1 B 3 D G , E n g l a n d 

T h e Freer G a l l e r y of A r t T e c h n i c a l L a b o r a t o r y , 
W a s h i n g t o n , D . C . 20560 

Massachusetts Inst i tute of Technology , 
C e n t r a l A n a l y t i c a l F a c i l i t y ( R o o m 13-4153) 
C a m b r i d g e , M a s s . 02139 

A n a l y t i c a l L a b o r a t o r y , 
H e n r y F r a n c i s D u P o n t W i n t e r t h u r M u s e u m , 
W i n t e r t h u r , D e l . 19735 

Wiirt tembergisches Landesmuseum Stut tgar t , 
Chemisch -Phys ika l i s ches L a b o r , 
D7000 S tut tgar t 1, G e r m a n y 

U n i v e r s i t y of V i r g i n i a , 
Char lo t tesv i l l e , V a . 

L a b o r a t o r y of A n a l y t i c a l C h e m i s t r y , 
F a c u l t y of Engineer ing , N a g o y a U n i v e r s i t y , 
Furocho , C h i k u s a k u , N a g o y a , J a p a n 

Conservat i on Center , 
L o s Angeles C o u n t y M u s e u m of A r t , 
5905 W i l s h i r e B l v d . , 
L o s Angeles, C a l . 90036 

D e p a r t m e n t of A n a l y t i c a l C h e m i s t r y , 
U n i v e r s i t y of Oslo , Oslo 3, N o r w a y 

Ins t i tu t R o y a l d u P a t r i m o i n e A r t i s t i q u e , 
1 P a r c d u C inquantena i re 1040, 
Brussels , B e l g i u m 

N a t i o n a l B u r e a u of Standards , 
M i c r o - c h e m i c a l A n a l y s i s Sect ion, 
R o o m B331 C h e m i s t r y , 
Wash ing ton , D . C . 20234 

Laborato i re de Recherche des Musées de France , 
Pa la i s d u L o u v r e , Place d u Carrouse l , 
75 P a r i s (1er), France 

C o n s e r v a t i o n - A n a l y t i c a l L a b o r a t o r y , 
U n i t e d States N a t i o n a l M u s e u m , 
Smithson ian I n s t i t u t i o n , 
W a s h i n g t o n , D . C . 20560 

Spectrographic L a b o r a t o r y , 
D i v i s i o n of Geological a n d P l a n e t a r y Sciences, 
C a l i f o r n i a Inst i tute of Technology , 
Pasadena, C a l . 91109 

C e n t r a l Archaeologica l L a b o r a t o r y , 
O l d F o r t , Lahore , West P a k i s t a n 

D o e r n e r — I n s t i t u t , D8000 M u n c h e n 2, 
Meiserstrasse 10, G e r m a n y 
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9. C H A S E Comparative Analysis of Bronzes 153 

Table I . Continued 

Address 

Rooney and W a r d L t d . , 
B l a c k w a t e r S ta t i on Es ta te , 
Camber ley , Surrey , E n g l a n d 

A n a l y t i c a l C h e m i s t r y D i v i s i o n , 
N a t i o n a l B u r e a u of Standards , 
Wash ing ton , D . C . 20234 

Inst i tute of H i s t o r y and Ph i l o l ogy , 
A c a d e m i a S in i ca , N a n - k a n g , T a i p e i , 
T a i w a n , R e p u b l i c of C h i n a 

D e p a r t m e n t of C h e m i s t r y , 
F a c u l t y of Science, N a g o y a U n i v e r s i t y , 
N a g o y a 464, J a p a n 

D e p a r t m e n t of N u c l e a r Engineer ing , 
N a t i o n a l T s i n g - h u a U n i v e r s i t y , 
H s i n c h u , T a i w a n , R e p u b l i c of C h i n a 

a Arranged alphabetically by principal investigator. 

n u m b e r only to preserve anonymity a n d thus ensure cooperation i n future 
studies. E a c h laboratory was appr ised of its number by pr ivate c o m 
municat i on . 

T a b l e I I shows the methods used b y each laboratory , the sample 
sizes used, whether the results came back on our report f o r m or not, a n d 
any other pert inent remarks b y the laboratory about the samples or 
procedure. T w o laboratories (01 a n d 04) changed their procedure as a 
result of our comments on their first analyses. A f ter these changes were 
made, each laboratory submit ted n e w results. I n bo th cases w e reta ined 
the o l d a n d new results a n d used the new results for the statistics below. I n 
laboratory 01 the mater ia l was g iven to an analyst re lat ive ly inexper ienced 
i n the technique on the first r u n . I n laboratory 04, adequate standards 
for instrument ca l ibrat ion were not avai lable for the first r u n . N o other 
laboratories h a d a second chance at these samples, but w e hope that 
w h e n this p r o g r a m is repeated, this sort of interact ion between the centra l 
data co l lect ion fac i l i ty a n d the various laboratories w i l l be part of the 
procedure . 

T h e methods g iven are presented i n T a b l e I I exactly as they were 
reported b y the laboratories ( as nearly as possible ). T h e deta i l i n w h i c h 
methods are reported varies f r om elaborate to scanty. N o l i terature ref
erences were g iven b y any laboratory. I n one case ( laboratory 02 ) results 
came back on a f o rm m a r k e d "report of c h e m i c a l analysis , " a n d w e h a d 
to go back to the quest ionnaire to find that wet chemistry was the method 
used. Abbrev iat ions are used to reduce space i n the method co lumn. 

Principal Reporter 

R . C . Rooney 

B . A . T h o m p s o n 

C . P . W a n a n d 
L i C h i 

K . Y a m a s a k i 

C . M . Y a n g 
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154 A R C H A E O L O G I C A L C H E M I S T R Y 

Sample sizes reflect the amount of sample for a single determinat ion 
(see note, T a b l e I I ) a n d not the amount of sample consumed b y the 
laboratory. 

T h e c o l u m n labe led report f o rm used is interesting. O f 23 reports 
( 01 a n d 04 each gave two ), on ly six used the report f o rm prov ided . T h i s 
is w h y so few sample sizes are l isted. W h i l e the report f o rm itself 
( our D o c u m e n t 4 ) c ou ld have been i m p r o v e d a n d w h i l e i t d i d not have 
space for m u c h in format ion , each laboratory should have filled i t i n a n d 
then p r o v i d e d us w i t h details on add i t i o na l sheets. I n fact, results were 
m u c h more diff icult to compi le because so m a n y report ing forms were 
used; some reports were even h a n d w r i t t e n on slips of paper. 

T h e c o l u m n labe led other remarks is also interest ing; m a n y labora 
tories noted corrosion a n d inhomogeneity i n the samples, especial ly 
sample 1. Some laboratories selected sound meta l for the analysis. 

Table II. Laboratories, 

Lab. No. Method 

01 (old) E S — e m i s s i o n spectrography 

P O L — D a v i s di f ferential cathode ray polarography 

A A — a t o m i c absorpt ion spectroscopy 

01 (new) P O L — c a t h o d e ray polarography using D a v i s dif ferential 
cathode ray polarograph, made b y Southern 
A n a l y t i c a l 

A A — a t o m i c absorpt ion on a H i l g e r & W a t t s A t o m s p e k A A 
spectrophotometer 

02 E S — e m i s s i o n spectrography, samples taken as received 
and arced, qua l i ta t ive (visual estimate) 

E S — s a m p l e s compared w i t h N B S standards and S Q 
powder v i sua l l y , semiquant i tat ive 

E S — v a l u e s represent wt % — s a m p l e s compared w i t h N B S 
standards b y densitometer measurement (averages 
of 2-4 analyses), semiquant i tat ive 

W E T — w e t chemistry 

04(old) X R F — n o n - d i s p e r s i v e x -ray fluorescence spectrometry, K e v e x 

04 (new) X R F — s a m e 

05 E S — o p t i c a l emission spectrometry, us ing C u as an interna l 
s tandard 
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9. C H A S E Comparative Analysis of Bronzes 155 

Others apparent ly d i d not inspect the sample microscopica l ly . T h e fleck 
of go ld that was discovered i n sample 2 b y laboratory 31 is interest ing 
( a n d difficult for us to expla in ). 

T a b l e II shows, i n some deta i l , the complexi ty a n d var iab i l i t y of 
the populat ion i n v o l v e d i n this study ( laboratories ana lyz ing archaeo
log i ca l mater ia ls ) a n d of the repor t ing procedures. E v e n the elements 
analyzed b y each laboratory are not complete ly clear. F o r example, 
laboratory 02 reported C r i n trace amounts (0 .0001-0 .001% ) i n samples 
1 a n d 2 but gave no report for sample 3 (the space is b l a n k ) . T h u s , w e 
assume that they d i d not look for C r i n sample 3 a l though it seems equal ly 
l i k e l y that they looked for it a n d it was not present. T h e proper use of 
the term 4 not detected," the consistent report ing of detect ion l imits ( done 
b y few laborator ies ) , a n d the choice of elements to be determined i n 
archaeological bronzes are a l l open questions. 

Methods, and Sample Sizes" 

Report Form 

Sample Size Used Other Remarks from Laboratory 

N G 6 no A l l samples corroded, especially N o . 1 

N G 

N G 

ca. 10 m g no Sample 1 corroded, thus analyses t o t a l 

< 1 0 0 % 

ca. 10 m g 

N G no 

N G 

N G 

N G 

N G no M e n t i o n s standards problems 

N G no 

3-4 m g yes 
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156 A R C H A E O L O G I C A L C H E M I S T R Y 

T a b l e I I . 

Lab. No. Method 

06 P O L — p o l a r o g r a p h y 

Ν A — n e u t r o n ac t iva t i on sample i r r . for 20 m i n . ( J R - 3 , 
2 X l 0 1 3 N / c m 2 / s e c ) , 3 d a y cooling, diss, i n hot 
H N 0 3 , add 2 m g . each Ag+, A u 2 + , add H C 1 , heat, 
add H 2 0 , heat, cool, f i lter. So lut i on extracted w i t h 
E t A c a n d counted for 1 9 8 A u (.411 M e v ) . A g C l ppt . 
counted 1 1 0 m A u (.656 M e v ) . G a m m a - r a y counter, 
N a l ( T l ) detector, 3 inch X 3 inch . 

08 M S — s p a r k source mass spectrometry. F o r C u + S n 100 m g 
diss, i n 5 m l H N O 3 / H C I , + soin, made up to 100 
m l w i t h dist H 2 0 ; 5 m l of soin, added to 600 m g 
pure carbon powder. Y used as in terna l s tandard . 
E t O H added and powder dr ied , pressed, and used 
as electrode. (Procedure ensures value based on 
100-mg sample a l though on ly 0.1 m g consumed i n 
spark) . L e a d content too low to be determined b y 
this method . D i s s , of sample 1 i n H N O 3 prec ip i tated 
metastannic ac id and indicated a h i g h - t i n bronze. 
D i s s , of 2 gave flocculent b lack precipitate on 
surface, ind i cat ing C or S present. 

M S — s o l i d bronze electrodes made from dr i l l ings . T i n 
content from s lurry technique (above) used for 
interna l s tandard . R e l . sens i t iv i ty factors obtained 
f rom N B S standards C1115 , C1116, C1117 , 124, 
and C A 4 . 

09 E L — e l e c t r o l y s i s (wet chemical) 

A A — a t o m i c absorpt ion 

E S — o p t i c a l emission spectrography 

11 X R F — x - r a y fluorescence (wavelength-dispersive) 

12 P O L — p o l a r o g r a p h y , C u o n l y ; sample mixed , diss, i n 20 m l 
d i l . H C 1 + 1 m l H C O 3 . E v a p . to dryness several 
t imes w i t h perchloric ac id , hydrobromic ac id , and 
bromine to remove t i n . Residues diss, i n 10 m l 
H C 1 , 20 m l pyr id ine added, soins d i l . to 1 l i ter . 
Stds . prep, i n same manner f rom N B S S R M 45d. 

13 E S — u l t r a v i o l e t emission spectrometry w i t h photoplate 
detection, p r i s m instrument 

E S — u l t r a v i o l e t emission spectrometry, direct reading type 
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9. C H A S E Comparative Analysis of Bronzes 157 

Continued 

Report Form 

Sample Size Used Other Remarks from Laboratory 

10 m g yes 

10 m g 

100 m g no Sample 3 found to be N B S 124 used as 
standard b y lab a n d excluded f rom s tudy . 
Samples examined b y stereomicroscope 
before analys is ; bo th corroded; N o . 2 
contained large partic le of c lay . A l l foreign 
matter removed from port ion for analysis . 

A c c u r a c y of analys is : 
5 m g (a) major elements b y carbon s lurry , 

± 4 % 
(b) trace elements for wh i ch standards 

were avai lable ± 1 0 % 
(c) other trace elements, ± 5 0 % 

100 m g yes T o t a l for sample 1, 9 7 . 3 % ; sample corroded; 
h igh S i and A l indicate silicates. 

100 m g 

5-10 m g 

70-90 m g no 

100 m g no 

N G no Sample 3 sent, but not analyzed because of 
technical di f f iculty . 

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

T a b l e I I . 

Lab. No. Method 

15 X R F — ( w a v e l e n g t h - d i s p e r s i v e ) x - ray spectrometry 

E S — e m i s s i o n spectrometry, semiquant i tat ive 

16 W E T — w e t chemistry 

17 A A — a t o m i c absorpt ion 

19 Ν A — n e u t r o n a c t i v a t i o n ; for short - l ived isotopes ( C u , I n , 
CI) samples were i r radiated i n a reactor w i t h 
t h e r m a l neutron flux of 6 Χ 10 1 3 neutrons / cm 2 / s e c 
for 2 sees and counted w i t h a large vo lume G e ( L i ) 
detector. 3 samples of 10 m g each were used. F o r 
longer l i ved isotopes ( C u , S n , C o , A g , A u , a n d Sb) 
samples were i rradiated for 1 hr , cooled for 7 days , 
diss, i n H N 0 3 - H F a n d made up to s tandard vo lume 
for count ing . P u r e meta l fo i l standards were used 
for C u , S n , C o , A u ; pure N H 4 C 1 was used for C I 
and pure S b 3 for Sb . I n calculated from intens i ty of 
1 1 6 m I n , 1.26 M e v 7 relative to 6 4 C u 1.34 M e v y. 

P A — p h o t o n ac t ivat i on , using a l inear accelerator 

20 A A — a t o m i c absorpt ion ; solutions used are 1/1000 d i lut ions 
for a l l the elements. 

21 W E T — S n weighed as S n 0 2 . 

C O L — P b p p t d . as P b S 0 4 , diss, i n an a m m o n i u m acetate 
soin. , and t i t rated b y E D T A w i t h X O as the i n d i 
cator. C u t i t ra ted by E D T A w i t h P A N as the 
indicator . 

22 W E T — s a m p l e dissolved i n H N 0 3 , S n filtered off as m e t a -
stannic ac id a n d weighed as stannic oxide. C u + P b 
det. s imultaneously by electrolysis. F e p p t d . as 
ferric hydrox ide and weighed as ferric oxide. 
Z n p p t d . w i t h d i a m m o n i u m phosphate and weighed 
as zinc pyrophosphate . 

24 M S — m a s s spectrometry, using electrodes pressed from the 
samples; spark source M S , against N B S S R M 6 3 . 

31 W E T — S n ; sample diss, i n HNO3 + metastannic ac id p p t d . 
S n 0 2 weighed; S n l 4 then vo lat i l i zed us ing N H 4 I , 
residue analyzed + Sn02 ppt . weight corrected 
accordingly . 
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9. C H A S E Comparative Analysis of Bronzes 159 

Continued 

Report Form 

Sample Size Used Other Remarks from Laboratory 

ca. 5 m g yes 
N G Figures v a l i d w i t h i n a range of 5 0 % of the 

reported value , i.e., a concentration 
reported as . 0 5 % might range between 
. 0 2 5 % and . 075%. 

200 m g no 

20 m g yes Sometimes diff icult to determine t i n and 
si lver which m a y precipitate . 

10 m g no M a t e r i a l appears inhomogeneous b y micros 
copy. 

100 m g yes Inhomogeneity suspected; th is causes the 
re lat ive ly low precision for the analyses. 

ca. 150 m g no Insoluble matter not determined i n sample 1. 

I n later communicat ion , possible Z n i n t e r 
ference in C u detn . in sample 3 ment ioned. 

ca. 50 m g no Corros ion and foreign products separated 
microscopical ly f rom samples for analysis . 

N G 

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

Table II. 

Lab. No. Method 

E S — 2 0 m g of sample diss, i n H N O s , evap. to dryness and 
baked @ 300°C i n muffle. Powder mixed w i t h 
buffers and m a t r i x and burned i n dc arc against 
standards. E r r o r i n values ca. ± 3 0 % . 

33 W E T — v o l u m e t r i c 

A A — a t o m i c absorpt ion spectrophotometry precision and 
accuracy estimates i n relat ive % . 

34 Ν A — n e u t r o n a c t i v a t i o n ; samples bombarded 3 hrs i n 
thermal neutron flux of 5 Χ 10 1 2 N / c m 2 / s e c . 
10 cc coaxial G e ( L i ) detector used. Spectra analyzed 
b y computer program. T o t a l s < 1 0 0 % because 
short half - l i fe elements (esp. P b ) neglected. 

n Methods are given with details from the various reporters. Sample size column 
tabulates sample weight for each determination—e.g., for lab 22, two duplicate deter-

T a b l e I I I shows the results on the various elements reported . T h e 
elements are arranged a lphabet i ca l ly b y symbol . Cases where w e have 
extrapolated or averaged data are so m a r k e d (—e.g., the averages of 
results for laboratory 33 i n c o p p e r ) . T a b l e I I I is the most important 
table here a n d contains a l l the in format ion necessary to compi le Tables 
I V , V , a n d V I . T h e latter are i n c l u d e d to faci l i tate data comparison a n d 
interpretations. T a b l e I I I is the true result of this phase of the study; 
a l though we interpret it i n some deta i l be low, this is not absolutely 
necessary. A superf ic ial perusal of T a b l e I I I reveals discrepancies w h i c h 
must be caused b y systematic errors i n the various laboratories. A repeat 
of the comparat ive analysis program, w i t h more u n i f o r m samples, coup led 
w i t h c i r cu lat ion of k n o w n standards, should reduce this var iat ion . 

Table III. Results Reported for Various Elements 
Laboratory Method0 Sample 1 Sample 2 

Ag (Silver) 
Sample 3 

01 (old) ES present present absent 
AA .018 .089 .021 

01 (new) AA .019 .133 .003 01 (new) 
.017 .132 .003 

Av. .018 Av. .133 Av. .003 
02 ES V F T C Tc V F T e 

V F T - F T e T* V F T ' 
.02 .07 .003 

04 (old) X R F .20 .32 .10 
04 (new) X R F .05 .10 .02 
05 ES .020 .14 
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9. C H A S E Comparative Analysis of Bronzes 161 

Continued 

Report Form 
Sample Size Used Other Remarks from Laboratory 

20 m g Samples inhomogeneous and contain gr i t 
f rom corrosion and casting molds . C a n 
cause large errors—e.g., we found no A u 
spectrographical ly in N o . 2, yet a fa i r ly 
large fleck of A u was observed i n the ppt . 
f rom the HNO3 diss, of a large q u a n t i t y of 
that s tandard . G r i t and sand residues 
would seriously increase wet S n values if 
not corrected. 

100 m g no A t o m i c absorpt ion used for a l l elements 
determined except C u ; a l though we do not 

m £ believe that this is the o p t i m u m method 
for some of the elements, we used i t to 

50 n i g n o a l low us to report a m a x i m u m number of 
those metals ; another method would have 
called for separate samples of .5 g. 

minations were carried out on sample 1 with samples of 53.4 mg and 53.9 mg. Cu, Sn, 
Pb, Fe, and Zn were determined on each. 

b N G = Not given. 

Table III. Continued 

Laboratory Method0 Sample 1 Sample 2 Sample 3 

Ag (Silver) Continued 

06 NA .020 3r .17 3r 
08 MS .0112 .09 

.0133 .12 
Av. .012 ± 1 0 % Av. .1 ± 1 0 % 

09 ES .01 2r .05 -0.1 2r 
15 ES .04 .3 
17 AA .02 .17 
19 NA .022 .15 

.016 .14 

.019 .20 
Av. .019 Av. .16 

24 MS .027 .185 
31 ES .04 .2 
33 AA .017 .017 
34 NA .032 .169 

Al (Aluminum) 

02 ES T« VFT< VFT< 
F T C 

08 MS .5 .003 
.4 .003 

Av. .45 ± 5 0 % Av. .003 ± 5 0 % 
09 ES .026 σ = 0.034% 8r <.002 4r 
13 E S 6 <.01 <.01 

ES <.01 <.01 
Av. <.01 Av. <.01 

15 ES .17 <.0005 <.0005 
24 MS .0035 .0040 

.0428 .0006 
Av. .0231 (IVB) c Av. .0023 

33 A A <.02 <.02 
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162 A R C H A E O L O G I C A L C H E M I S T R Y 

Table III. Continued 
Laboratory Method0 Sample 1 Sample 2 Sample 3 

As (Arsenic) 

01 (old) ES F T C FT« absent 
02 ES F T - T e T-L< — F T ' Te — 04 (old) X R F .03 .01 0 
04 (new) X R F 0 .06 0 
05 ES .09 .14 
08 MS .0079 .003 

.0096 .005 
Av. .009 ± 1 0 % Av. ..004 ± 1 0 % 

09 ES ~.05 2r .14 2r 
13 ES» .10 .20 

.08 .18 

.06 .13 
Av. .08 Av. .17 

ES ~.05 .16 
Av. .05 — .08 .16 

Av. .16 
Av. .165 

15 ES .04 .12 .02 
24 MS .041 .421 

.058 .271 
Av. .0495 (IVB)< Av. .346 

31 ES .02 .1 
34 ΝΑ .0092 .4669 0 

Au (Gold) 

04 (new) X R F .4 0 0 
05 ES not detected not detected 
06 ΝΑ .0004 3r .0003 3r 
15 ES <.001 .003 <.001 
19 ΝΑ .00036 .0052 

.00036 .0015 

.00034 .0039 
Av. .00035 Av. .0003 

31 ES <.0004 <.0004 
ES inhomog. sample (~.0X) inhomog. sample 

34 NA .000088 .00025 0 

Β (Boron) 

15 ES .003 .001 .001 

Ba (Barium) 

08 MS .0006 
.0003 

Av. .0004 ± 1 0 % 
15 ES not detected not detected not detected 

Be (Beryllium) 

02 ES V V F T ' absent? absent? 
15 ES <.0005 <.0005 <.0005 

Bi (Bismuth) 

02 ES F T C V F T - F T C V F T * 
04 (new) X R F .4 0 0 
05 ES .008 .006 
08 MS .0015 .0025 

.0015 .002 
Av. .0015 ± 1 0 % Av. .002 ± 1 0 % 

09 ES .011 σ = 0.003 4r .0017 σ = 0.0002 5r 
15 ES <.001 <.001 <.001 
24 MS .0043 .0039 
31 ES .005 .001 
33 AA .010 .003 

Br (Bromine) 

24 MS .0038 not detected 

C (Carbon) 

08 MS present present 
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9. C H A S E Comparative Analysis of Bronzes 163 

Table III. Continued 
Laboratory Method0 

02 
08 

15 
24 

19 

02 

04 (old) 
04 (new) 
05 
09 
15 
17 
19 

20 
24 

02 
15 
20 
24 

01 (old) 

01 (new) 

02 

04 (old) 
04 (new) 
05 
06 
08 

0 

1 1 

ES 
MS 

ES 
MS 

04(old) X R F 
15 ES 

NA 

MS 

ES 

X R F 
X R F 
ES 
ES 
ES 
AA 
ΝΑ 

AA 
MS 

ES 
ES 
AA 
MS 

ES 

ES 
POL 
POL 

ES 

Wet 
X R F 
X R F 
ES 
POL 
MS 

E L 

X R F 

Sample 1 Sample 2 Sample 3 

Ca (Calcium) 

FT-T« FT« V F T ' 
.24 
.5 

Av. .37 ( ± 5 0 % ) .007 .007 .007 .007 
.081 I N T ' 

Cd (Cadmium) 

.08 0 0 
not detected not detected not detected 

CI (Chlorine) 

.80 <.05 

.34 

.51 
Av. .5 

.030 .0012 

Co (Cobalt) 

V F T ' FT« V F T - F T ' 
<.01 <.01 <.01 
0 .02 0 

.4 0 0 
not detected not detected 

<.001 2r .004 2r 
<.003 <.003 <.003 <.003 

<.01 <.01 
.0004 .00231 
.0005 .00246 
.0006 .00250 

Av. .0005 Av. .0024 
not detected not detected 
I N T ' I N T ' 

Cr (Chromium) 

V F T ' V F T ' 
<.001 <.001 <.001 <.001 

not detected not detected 
.048 .0096 

Cs (Cesium) 

not detected not detected not detected 

Cu (Copper) 

present present present 
76.2 90.2 81.2 
81 94 83.5 

96 

Av. 

79.6 
79.6 
82 
80.5 
80.3 
H ' 
H ' 
78.0 
86.35 
82.8 
78.47 (WTC-D) ' 
75.5 ±2.4(3σ,7τ·) 
81.2 
82.5 
81.85 ± 4 % 

Av 

Av. 

= 0.1% 

Av. 

81.36 
81.31 
81.34 σ = 
81.7 
83.5 
83.7 
82.1 
80.9 
82.4 σ = 1 . 2 % 

95 
94.1 
93.9 
97 
96.5 
95.4 
H ' 
H ' 
89.6 
94.7 
95.6 
95.47 (WTC-D) « 
90.2 ±3.0(3σ,7τ·) 
97.2 
97.4 
95.9 
94.7 
96.25 ± 4 % 
95.99 
96.33 

Av. 96.16 σ = 0.1% 
96.5 
96.6 
95.6 
95.6 
97.2 

Av. 96.3 σ = 0.7% 

82.5 
82.1 
85.0 
85.5 

Av. 83.8 
H ' 
H ' 
80.9 
76.0 
82.30 

Av. 
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164 A R C H A E O L O G I C A L C H E M I S T R Y 

Table III. Continued 
Laboratory Method0 Sample ί Sample 2 Sample 3 

Cu (Copper) Continued 

12 POL 81.06 95.61 
81.11 95.56 
81.10 Av. 95.59 

Av. 81.09 
13 ES 84.115 (IVB-D)< 95.885 (IVB-D)< 

81.1 15 X R F 80.7 94.5 81.1 
81.3 91.6 81.3 
83.0 91.8 84.6 

Av. 81.7±2.8 C< 92.9 Av. 83.6 ± 
Av. 92.9 ±3.0 Ce 

16 Wet 83.05 97.46 
17 AA 83.00 95.00 
19 NA 72.4 89.2 

78.0 95.7 
78.8 90.7 
76.2 91.6 
74.6 89.7 
72.2 84.6 

Av. 75.4 Av. 90.2 
20 AA 80.0 92.50 

80.0 92.50 
Av. 80.0 93.75 

93.95 
Av. 93.18 σ = ±0 .784% 

21 Wet 83.50 95.55 90.24 
22 Wet 82.22 95.48 

82.56 95.48 
Av. 82.4 Av. 95.5 

24 MS Cu + Sn 99.17 (IVB-D)< Cu + Sn 98.80 (IVB-D)' 
31 ES 84.75 (IVB-E)< 96.05 (IVB-E) ' 
33 Wet 81.0 95.4 

81.9 96.0 
Av. 81.45 (IVB)' Av. 95.7 (IVB)' 

51.34: 34 NA 88.38 ±0 .001% 80.55 ± . 0 0 1 % 51.34: 

Fe (Iron) 

01 (old) ES Te present present 
01 (old) AA .05 .21 .13 
01 (new) AA .04 .28 .13 01 (new) 

.05 .27 .13 
Av. .05 Av. .28 Av. .13 

02 ES F T C L< T« 
F T C L< T-L« 

<.05 .26 .11 
Wet .08 .22 .06 

04 (old) X R F .19 .24 .24 
04 (new) X R F .4 0 0 
05 ES not studied not studied 
06 POL <.l 7r <.l 7r 
08 MS .276 .47 

.247 .49 
Av. .26 ± 1 0 % Av. .48 ± 1 0 % 

09 ES .047 σ = 0.014% 4r .19σ = 0.04%4Γ 
13 ES* .06 .25 

.05 .24 

.01 .20 
Av. .04 Av. .23 

ES ~.05 .20 
Av. .04 — .05 .14 

Av. .17 
Av. .20 

15 ES .08 .25 .12 
16 Wet .01 
17 AA .03 .22 
19 PA <.l <.l 
20 AA .035 .365 

.040 .280 
Av. .038 .358 

.262 
Av. .316 <r= ±0 .053% 

22 Wet .66 .51 
.26 .51 

Av. .5 Av. .5 
24 MS .023 .171 

.087 .228 
Av. .055 (IVB)< Av. .1995 

31 ES .07 .2 
33 AA .054 .27 
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9. C H A S E Comparative Analysis of Bronzes 165 

Table III. Continued 
Laboratory Method0 Sample 1 Sample 2 Sample 3 

Ga (Gallium) 

02 ES V F T - F T ' 
15 ES <.001 <.001 <.001 

Ge (Germanium) 

15 ES not detected not detected not detected 

Hg (Mercury) 

09 ES ~.01 4r .03 2r 
15 ES not detected not detected not detected 

In (Indium) 

04 (new) X R F .3 .45 .12 
19 NA .0020 .00014 

.0013 .00012 

.0013 .00012 
Av. .0015 Av. .00013 

Κ (Potassium) 

08 MS .06 
.08 

Av. .07 ( ± 5 0 % ) 
15 ES not detected not detected not detected 
24 MS .012 I N T ' 

Li (Lithium) 

15 ES not detected not detected not detected 

Mg (Magnesium) 

01 (old) ES T ' absent absent 
02 ES V F T ' W F T ' 

V F T ' V F T ' V F T ' 
08 MS .05 .001 

.1 .001 
Av. .075 ± 5 0 % Av. .001 ± 5 0 % 

15 ES .04 .0005 .0005 
24 MS .0068 .0005 

Mn (Manganese) 

02 ES V F T ' V F T - T ' 
V F T ' V F T ' <.003 

<.003 <.003 
04 (old) X R F .04 .021 .13 
04 (new) X R F .4 0 0 
08 MS .0024 

.0018 
Av. .002 ± 1 0 % 

11 X R F .0024 .0034 
.0028 .0031 
.0029 .0028 
.0027 .0027 
.0027 .0031 

Av. <.01 Av. <.01 
15 ES .004 .001 <.001 
20 ΑΑ not detected not detected 
24 MS .0008 .0005 
33 AA .0004 .0007 

Mo (Molybdenum) 

15 ES not detected not detected not detected 

Na (Sodium) 

08 MS .17 .001 
.11 .001 

Av. .14 ± 5 0 % Av. .001 ± 5 0 % 
not detected 15 ES not detected not detected not detected 

24 MS .020 .0011 

Nb (Niobium) 

15 ES not detected not detected not detected 
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A R C H A E O L O G I C A L C H E M I S T R Y 

Table III. Continued 
Sample 1 Sample 2 Sample S 

Ni (Nickel) 

V F T - F T C L ' L - M ' 
V F T ' F T ' L ' 

.67 
not detected .05 .65 

0 0 .64 
0 0 0 

.006 .020 

.0032 σ = 0.0002% 4r .014 σ = 0.001% 4r 

.035 .041 

.025 .032 

.029 .039 

.027 .039 

.028 .033 
Av. .030 σ = 0.01% Av. .04 σ = 0.01% 

<.01 ~.01 
<·01 ~.01 

Av. <.01 —.01 
.003 .03 .8 
Te Te 

<.01 .01 
<.l <.l 

.011 .017 

.017 .017 
Av. .014 .023 

.017 
Av. .019 σ = ±0 .003% 

I N T ' I N T ' 
.005 .009 
.013 .015 

0 (Oxygen) 

present present 

Ρ (Phosphorus) 

.003 .0014 

.003 .0008 
Av. .003 ± 1 0 % Av. .001 ± 1 0 % 

<.001 <.001 
not detected not detected not detected 
I N T ' I N T ' 

Pb (Lead) 

present T ' present 
.53 ~.02 3.52 
.85 .15 4.11 
.73 .12 5.27 

Av. .8 .14 4.3 
Av. .14 Av. 4.42 

.81 .11 4.2 

.82 .10 4.4 

.99 .13 4.6 

.98 .13 4.4 
Av. .9 Av. .12 Av. 4.4 

T - L ' T ' M ' 
L ' T ' M ' 
.80 .15 4.9 
.80 .12 4.7 
.7 .090 10.0 

1.2 0 4.94 
1.4 .12 
1.20 ±0.03(3σ,7τ·) .16 ±0.02(3*,7r) 
.008 .09 
.114 .08 

Av. .1 ± 1 0 % Av. .085 ± 1 0 % 
.90 .19 
.95 .26 
.92 σ = 0.1% 2r .23 σ = 0.03% 2r 

1.04 .29 
.94 .27 
.95 .33 
.97 .28 
.96 .31 

Av. .97 σ = 0.04% Av. .30 σ = 0.03% 
.95 .26 
.92 .20 
.88 .20 

Av. .91 Av. .23 
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9. C H A S E Comparative Analysis of Bronzes 167 

T a b l e III. C o n t i n u e d 
Laboratory Methods Sample 1 Sample 2 Sample 3 

Pb (Lead) Continued 

13 ES 1.02 .22 
.94 .16 

Av. .98 Av. .19 
Av. .945 Av. .21 

15 X R F .56 4.3 
.58 4.2 
.59 4.3 

Av. .58 ±0.04 C ' >.17 4.3 ±0.1 C ' 
ES .14 

16 Wet .823 
17 AA .86 .10 
19 PA 1.2 .15 

1.2 .16 
1.2 .14 

Av. 1.2 (IVB)' Av. .15 (IVB)< 
20 AA not determined not determined 
21 Wet 1.52 .26 4.38 
22 Wet .97 .16 

.96 .16 
Av. 1.0 Av. .2 

24 MS .253 .166 
.430 .201 

Av. .3415 (IVB)< Av. .184 
31 ES .7 .1 
33 AA .82 .13 

Pt (Platinum) 

15 ES not detected not detected not detected 

Rb (Rubidium) 

15 ES not detected not detected not deteected 

S (Sulfur) 

08 MS .005 .5 
.004 .54 

MS 
Av. .0045 ± 5 0 % A v. .52 ± 5 0 % 

24 MS .016 .082 
.024 .066 

Av. .020 (IVB) c Av. .074 

Sb (Antimony) 

02 ES V F T C Tc Tc 
T c Tc 

.29 
04 (old) X R F .35 .09 .75 
04 (new) X R F .1 .5 .24 
05 ES trace .10 

<.02 
08 MS .0019 .0242 

.0023 .0245 
Av. .002 ± 1 0 % Av. .024 ± 1 0 % 

09 ES .008 σ = 0.003%4r .057 σ = 0.008% 4r 
13 ES* <.01 .10 

<.01 .10 
Av. <.01 .07 

Av. .09 
~.05 

Av. .05-.09 
15 ES .01 .05 .25 
17 AA .08 .12 
19 ΝΑ .0075 .082 

.0083 .077 

.0079 .078 
Av. .008 Av. .079 

24 MS .0053 .188 
.0077 .143 

Av. .0065 Av. .166 
31 ES .004 .03 
33 AA .019 .12 
34 ΝΑ .0079 .047 .232 

Sc (Scandium) 

15 ES not detected not detected not detected 
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A R C H A E O L O G I C A L C H E M I S T R Y 

T a b l e III. C o n t i n u e d 
Sample 1 Sample 2 

Se (Selenium) 

Sample 8 

Av. 

.0043 

.002 

.001 

.0015 ± 1 0 % 
not detected 
not detected 

Si (Silicon) 

Av. 

present 
L ' 
F T - T C 

.13 

.24 
1.6 
1.5 

1.55 ± 5 0 % 
.1 σ = 0.06% 4r 
.4 
.090 

Av. 

absent 
V F T ' 
V F T ' 
.006 
not determined 
.03 
.02 
.025 ± 5 0 % 

<.001% 4r 
.001 
.022 

Sn (Tin) 

absent 
V F T ' 
V F T ' 

not determined 

.0005 

Av. 

Av. 

Av. 

Av. 

Av. 

Av. 
Av. 

Av. 

Av. 

Av. 

present 
5.33 

14.4 

13.4 
13.4 
14.4 
14.2 
13.85 

M ' 
M ' 
7.8 

13.4 
11.0 
12.0 
20 
13.6 ±0.3(3a,7r) 
14.4 
13.2 
13.8 ± 4 % 
14.8 
14.9 
14.85 σ = 0.3% 2r 
16.8 
16.2 
16.3 
15.8 
15.7 
16.20 σ = 0.4% 
14.9 
14.6 
14.6 
14.7 
15.0 
14.8 
14.9 
14.8 
13.0 
13.1 
13.4 
13.2 ±0.5 C ' 

14.69 
13.90 
13.8 
14.0 
14.4 
14.6 
13.8 
14.1 
14.1 
13 
13 
12 
12.66 
18.85 
19.77 

Av. 

present 
2.37 
2.9 
3.2 

Av. 3.1 
2.94 
2.94 
3.1 
3.0 
3.1 

Av. 2.97 
M ' 
M ' 
2.9 
2.2 
4.28 
2.2 
4.0 
3.4 ±0.1(3a,7r) 
3.3 
2.6 

Av. 2.95 ± 4 % 
3.8 
3.4 

Αν. 3.6σ = 0.3%2Γ 
2.3 
2.5 
2.0 
2.1 
2 3 

Αν. 2!2σ = 0.2% 
3.8 
3.3 
3.1 

Av. 3.4 
3.6 
3.4 

Av. 3.5 
Av. 3.45 

4.1 
3.9 
4.1 
4.5 Av. 

Av. 4.1 ±0.6 C ' 
2.17 
3.40 
3.21 
3.24 
3.08 
3.08 

Av. 3.15 

3.2 
3.2 
3 2 

Av. 3!2 (IVB)' 
6.50 
6.22 

present 
2.03 
4.6 

4.55 
4.58 
4.4 
4.2 
4.45 

M ' 
M ' 

4.8 
4.4 
5.3 
5.20 

5.3 
5.6 
6.1 
5.7 ±0.9 C ' 
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9. C H A S E Comparative Analysis of Bronzes 169 

Table III. Continued 
Laboratory Method « Sample 1 Sample 2 Sample 8 

Sn (Tin) Continued 

20 Av. 19.31 6.67 
6.45 

Av. 6.46 σ = ±0.193% 
21 Wet 13.82 3.58 5.07 
22 Wet 14.90 2.08 

14.62 1.93 
Av. 14.8 Av. 2.00 

24 MS 29.7 5.94 
36.0 4.21 

Av. 32.85 C ' Av. 5.08 B c 

Cu+Sn 99.17 (IVB-D)' Sn+Cu 98.80 (IVB-D)' 
31 ES 15 3.5 

Wet 14.4 3.3 
33 AA 14.3 3.40 
34 NA 5.70 1.33 trace ? 

Sr (Strontium) 

02 ES V F T C 

15 ES not detected not detected not detected 

Ti (Titanium) 

02 ES V F T - F T C V F T - F T C VFT< 
15 ES not detected not detected not detected 
24 MS .0010 not detected 

T l (Tellurium) 

15 ES not detected not detected not detected 

V (Vanadium) 

15 ES not detected not detected not detected 
24 MS .0024 .0002 

W (Tungsten) 

15 ES not detected not detected not detected 

Zn (Zinc) 

01 (old) ES absent absent present 01 (old) 
POL 5.2 

01 (new) AA .003 <.001 4.96 01 (new) 
.003 <.001 4.97 

Av. .003 Av. <.001 4.9 
4 9 

Av. 4!93 
02 ES M 

M 
5.6 

Wet not determined not determined 4.1 
04 (old) X R F 0 0 7.2 
04 (new) X R F 0 0 4.94 
05 ES not detected not detected 
06 POL <.l 7r <.l 7r 
08 MS .0016 .003 

.0014 .006 
Av. .0015 ± 1 0 % Av. .0045 ± 1 0 % 

11 X R F <.01 <.01 
13 ES* ~o ~0 

ES ~0 —0 
Av. ~0 Av. ~0 

15 ES not detected not detected 
X R F 4.6 

4.4 
4.6 

Av. 4.5 ±0.4 C c 

17 AA .01 .01 
19 NA <.04 <.04 

PA <.l <1 
20 AA not determined not determined 
22 Wet not detected not detected 
24 MS .0027 .0013 

.0096 .0035 
Av. .00615 Av. .0024 

31 ES <.005 <.005 
33 AA .015 .0039 
34 NA 0 0 15.25 
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170 A R C H A E O L O G I C A L C H E M I S T R Y 

Table III. Continued 
Laboratory Methods*1 Samyle 1 Sample 2 Sample 3 

Zr (Zirconium) 

15 ES not detected not detected not detected 

Totalsd 

Laboratory Methods Sample 1 Sample 2 Sample 3 

01 (old) ES, POL, AA 82.13 92.89 92.10 
01 (new) POL, AA 95.12 98.90 97.71 
02 ES, Wet 92.55 92.27 95.79 
04 (old) X R F 98.94 99.77 100.36 
04 (new) X R F 99.9 99.5 98.76 
05 ES postulated as 100 postulated as 100 
06 POL, NA 90.32 93.93 
08 MS 98.70 100.47 
09 E L , AA, ES 97.38 100.34 
11 X R F 99.60 98.84 
12 POL only Cu analyzed only Cu analyzed 
13 ES, E S 6 postulated as 100 postulated as 100 
15 X R F , ES 96.28 97.91 99.31 
16 Wet 98.56 99.64 
17 AA 97.90 99.03 
19 NA, PA 91.27 93.83 
20 AA 99.36 99.98 
21 Wet, C O L 98.84 99.39 99.69 
22 Wet 98.7 98.2 
24 MS postulated as 100 postulated as 100 
31 Wet, ES postulated as 100 postulated as 100 
33 Wet, AA 96.72 99.68 
34 NA 94.13 82.56 66.82 

β All results are given in percentage. The methods used are denned in Table II. Results are reported 
exactly as received, with replicates reported where we have them. We have not attempted to resolve any 
ambiguities in the data from each laboratory. In two cases samples were re-run (labs. 01 and 04); both 
the old and new (second run) data are reported. 

b Direct reading. 
e Abbreviations : 

A—calculation as received from reporting laboratory 
Β—"major component best determined by other means" 
C—confidence limit using the student's t distribution at the 95% confidence level 
D—by difference 
Ε—by difference, using wet analysis value for tin 

FT—faint trace 
H—high 

I NT—interference 
IVB—I. V. Bene (Freer) calculation from data 

L—light 
M—major constituent 

r—replicates 
Τ or TR—trace 

W T C — W . T. Chase (Freer) calculation from data 
VFT—very faint trace 

d Most totals calculated at Freer 

Interpretation of Results 

T a b l e I V summarizes the results on each element i n each sample. 
T h e major elements are grouped first, f o l l owed b y minor a n d trace ele
ments w i t h more than three determinations ( for w h i c h the statistics have 
some v a l i d i t y ) , m inor a n d trace elements w i t h less than three determina
tions, a n d elements s ingly determined . W e examine this table i n more 
deta i l under Compar isons w i t h S i m i l a r Studies be low. 

Tables V a , V b , a n d V c summarize the results for copper w h i c h has b y 
far the lowest re lat ive s tandard dev iat ion of any element i n our study. T h i s 
means that i t has been general ly the most precisely determined element. 
Some laboratories, on the other h a n d , consider that copper, be ing the major 
constituent, does not need to be determined ; these inc lude laboratories 
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9. C H A S E Comparative Analysis of Bronzes 171 

05, 13, a n d 31, a l l of w h i c h used op t i ca l emission spectrometry p r i m a r i l y 
to determine trace elements. W e calculated the copper percentages for 
these laboratories b y difference, a n d w h i l e these percentages are not 
i n c l u d e d i n the statistics, they are r e m a r k a b l y close to the m e a n value . 
F o r the most part the values ca lcu lated b y difference w i l l be ignored . 
I n descr ib ing an object made f r om copper or a copper al loy , the copper 
content is a d a t u m of p r ime importance . H o w w e l l have the various 
laboratories been able to determine the copper content? W h a t m e t h o d 
seems to be the best? 

Tables V a , b , a n d c attempt to answer these questions. I n T a b l e V a 
percent copper is ranked i n increas ing order a long w i t h the laboratory n u m 
bers a n d the methods. F i r s t , are any of the values outliers? S h o u l d a l l the 
values be taken as representative of the copper content, or are some i n 
error? A s s u m i n g that the data are n o r m a l l y d i s t r ibuted (i.e., that they 
fo l l ow the Gauss ian or be l l - curve d i s t r ibut ion ) the V test can be a p p l i e d 
to reject anomalous values; this was done, a n d four values were rejected. 
T h r e e come f r o m one laboratory, a n d the f ourth came f r o m a laboratory 
w h i c h d i d not detect or take Z n into account o n sample 3. Therefore , their 
ca lculat ion for copper was too h igh . 

T h u s we have 16 determinations (w i thout the difference values) 
f rom w h i c h to calculate the mean i n samples 1 a n d 2, a n d four i n sample 
3. Sample 3 ( N B S S R M 124c) has a k n o w n value of 8 4 . 2 2 % , w i t h w h i c h 
we can compare our value ( f r om four laboratories) of 8 2 . 6 % . O u r m e a n 
is somewhat low. T h e med ian , h igher i n each case, m a y be a better 
estimate of w h a t the copper content actual ly is i n each sample. T h e 
standard deviat ion a n d relative s tandard dev iat ion are shown (see foot
note b , T a b l e I V ) . T h e relat ive standard dev iat ion decreases f r om 
sample 1 to sample 2 a n d f r om sample 2 to sample 3. T h i s m a y reflect 
greater inhomogeneity i n sample 1 than sample 2 a n d i n sample 2 than 
sample 3; i t may also s i m p l y reflect the fact that w e have fewer labora 
tories report ing on sample 3. Since the relat ive s tandard dev iat ion on 
copper is so low, some of it m a y indeed arise f rom the materials t h e m 
selves. O n the other h a n d , the relat ive standard deviations for other 
elements ( T a b l e I V ) do not show this pattern. I n fact, they seem to be 
more closely re lated to the amount present, i m p l y i n g that the determina
tions become less precise as the amount of the element decreases (viz., 
Sn 1 + 2; Z n 1, 2, + 3; A g 2 + 3; S i 1 + 2 ) . 

W h i l e the Y o u d e n plot ( F i g u r e 3 ) indicates that there is systematic 
error i n the various laboratories, a test b y Spearman's rank correlat ion 
coefficient ( T a b l e V b ) is ambiguous. T h e r a n k i n g is significant at the 0.05 
leve l but not at the 0.01 l eve l ; thus a correlat ion of the ranks of the labora 
tories such as we see here w o u l d appear less than five times i n 100 b y chance 
but more than one t ime i n 100. I prefer to look at these results i n terms 
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172 A R C H A E O L O G I C A L C H E M I S T R Y 

Elem. Mean 

Sample 1 

RelS 
SD, % 

No. of 
Val.< Range* Mean 

T a b l e I V . S u m m a r y 
Sample 2 

Rel* 
SD, % 

No. of 
Val' Range* 

Group I—Major Elements 
Cu 80.86 3.1 

Sn 

Pb 
Zn 

14.72 

.900 

.00713 
38 
77 

16 75.4-83.5 
(78.47, 
84.115, 
99.17, 
84.75, 
88.38) 

18 12.0-20 
(5.7, 
32.85) 

18 .1-1.52 
5 .0015-015 

(3[0], 
<.005, 
2[<.01], <.04) 

94.40 2.6 

2.96 25 

.167 38 

.0052 64 

16 89.6-97.46 
(95.47, 
95.885, 
98.80, 
96.05, 
80.55) 

18 1.33-4.1 
(5.08, 
6.46) 

16 .085-3(0) 
4 .0024-010 

(3[0], <.001, 
<.005, <.01, 
<.04, <.l) 

Group II—Minor and Trace Elements n> 3 
Ag .0246 47 14 .01-.05 
As .0435 70 8 .009-.09(0) 
Bi .00663 55 6 .0015-011 

(<.001, .4) 
Fe .0549 31 10 .030-.080 

(2[<.l], 
.26, .4, .5) 

M n .00198 74 5 .0004-004 
(<.003, .4) 

Ni .0106 91 7 .003-.03 
(0,2[<.01], 
<.D 

Sb .0230 140 12 .002-. 1 

Si .208 70 4 .09-4 
(1.55) 

Group III —Minor and Trace Elements n<3 
Al .0730 115 3 .0231- 17 

Au 

Ca 

CI 
Co 

In 
Κ 

Mg 

Na 

S 

.000279 

.153 

.265 

.0005 

.151 

.041 

.0406 

.080 

.0122 

60 

126 

125 

139 
100 

84 

106 

90 

(<.01, <.02, 
.45) 

3 .000088-.0004 
(<.0004, 
<.001, .4) 

3 .007-.37 
(FT-T) 

2 .030-.5 
1 (<.001, 

<.003, 
2[<.01], .4) 

2 .0015-.3 
2 .012-.07 

(not detected) 
3 .0068-.075 

(VFT) 
2 .020-. 14 

(not detected) 
2 .0045-.020 

.142 48 14 .017-.3 

.172 84 9 .004-4669 

.00293 62 6 .001-.006 
(0, <.001) 

.258 49 13 .010-5 
(0,2 [<.l]) 

.0013 88 4 .0005-.003 
(0, <.003) 

.0217 64 10 .009-05 
(0, <.l) 

.0803 55 11 .024- 166 .0803 
(T, .5) 

.0110 106 5 .001-.025 

.00265 19 2 .0023-.003 
(<.0005, 
<.002, <.01, 
<.02) 

.000962 141 4 .00025-.003 
(0, <.0004) 

.007 — 1 (FT.INT) 

.0012 1 (<.05) 

.00320 35 2 .0024-0040 
(0, <.003, 
2[<.01]) 

.225 141 2 .00013-45 
not — 1 (INT) 

detected 
.000667 43 3 .0005-.001 

(VFT, absent) 
.00105 6.7 2 .001-.0011 .00105 

(not detected) 
.297 106 2 .074-52 

Group IV—Elements with Only One Determination^ 
Β .003 1 — .001 
Ba not 

detected 1 ~ 
.0004 

Be — 1 ( W F T ) <.0005 
Br .0038 

1 ~ 
not 

detected 
C present 1 — present 
Cr .048 1 (<.001,VFT 

not detected) 
.0096 

Ga <.001 1 — <.001 
Hg .01 1 (not detected) .03 
Ο present 1 — present 
Ρ .003 1 (<.001, 

not detected, 
INT) 

.001 

(not detected) 

(absent) 

(<.001,VFT 
not detected) 
( V F T - F T ) 
(not detected) 

(not detected, 
INT) 
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9. C H A S E Comparative Analysis of Bronzes 

of R e s u l t s 0 

173 

Sample S 

Mean 
Rel* 

SD, % 
No. of 
Val.< Range* 

NBS 
Val.' 

Group I—Major Elements 
82.6 1.6 80.9-83.6 

(51.34, 90.24) 
84.22 

4.97 10.7 4.4-5.7 (trace) 5.13 

4.54 
4.62 

5.9 
8.7 

4.3-4.94 
4.1-4.94 
(15.25) 

4.74 
4.93 

Group II—Minor and Trace Elements n<3 
.00725 
.02 

<.001 

.103 

117 

37 

.003-.020(0) 

.02(0,0) 
(0) 

.060-. 13 (0) 

.003 

.725 

.253 

.0005 

15 

10 

.003(0, <.001) 

.65-.8(0) 

.232-.29 

.0005 (VFT) 

.20 

.002 

Group III—Minor and Trace Elements η <3 
<.0005 — 

<.001 

.007 

<.01 
None 

1 

(0,0) 

(VFT) 

(0, <.003) 

.12 
not detected 

.0005 

not detected 

1 
1 

1 

1 

None 

.0005 
(absent,VFT) 

.048 

Group IV—Elements with Only One Determination 
.001 

not detected 

<.0005 
present 

<.001 

<.001 
not detected 

not detected 

1 
1 

1 
1 

None 
1 

1 
1 

None 
1 

(absent) 

.024 
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174 A R C H A E O L O G I C A L C H E M I S T R Y 

T a b l e I V . 
Sample 1 Sample 2 

Rel* No. of Rel* No. of 
Elem. Mean SD, % Val." Ranged Mean SD, % Val.' Range*" 

Se .0043 1 — .0015 1 (2[not detected]) 
Sr V F T 1 (not detected) not 2 — 

detected 
T i .0010 1 ( V F T - F T , V F T - F T 1 (2[not detected]) 

(not detected) 
V .0024 1 (not detected; .002 1 (not detected) 

° Elements arranged alphabetically within groups except group 1. First group has the four elements 
commonly occurring above 1% in ancient copper alloy samples which we have analyzed at the Freer; 
Cu, Sn, Pb, Zn. Next group has minor and trace elements for which more than three determinations have 
been used to calculate the mean in sample 1 or 2. Next group has minor and trace elements for which 
three or two determinations have been used to calculate the mean. Last group has elements for which 
single determinations only are available. The mean represents what the samples actually contain. 

6 Relative standard deviation (or coefficient of variance) is the standard deviation divided by the mean. 
* = relative standard deviation where χ = the mean and s = the standard deviation, 
χ 

• - V - 1 
The relative standard deviation enables us to look at the variability in the results for each element, 
disregarding the absolute amount. 

/ Σ ( χ ΐ - χ ) 2 

where η = the number of values, x\ = individual value number t, and χ = the mean. 

of the Y o u d e n plot , a scheme devised for comparat ive testing ( 7 ) . It is 
not complete ly v a l i d here since the two materials shou ld be present i n 
the same amounts. T h e copper contents i n sample 1 a n d 2 do approximate 
this , however . T h e results for the various laboratories are graphed on a 
two -d imens iona l p lot of the amount of copper i n sample 1 vs. sample 2. 
T h e results are not too w i d e l y scattered; w i t h three exceptions they f a l l 
into the first a n d t h i r d quadrants , and , w i t h these exceptions, f a l l w i t h i n 
an ell ipse around the 45° l ine d r a w n through the po int determined b y 
the mean for samples 1 a n d 2. T h u s , i f a laboratory is h i g h on the copper 
content i n sample 1, it is h i g h on the content i n sample 2; i f i t is l o w on 
sample 1, i t is l o w on sample 2. T h e prec is ion ( s h o w n b y the distance 
f r om the 45° l ine ) is qu i te good i n most cases, but systematic errors are 
c lear ly present. M u c h of this error c ou ld be e l iminated b y ca l ibrat ing 
the procedures used b y the laboratories against s tandard reference mate
rials chosen a n d c i r cu lated i n the next r o u n d of our project. T h e scatter 
of our results is po inted u p b y the l inear plots ( F i g u r e 4, after D o z i n e l ) 
shown a long w i t h one of Doz ine l ' s o w n plots (8). W e certainly show 
worse scatter than he does. 

I n T a b l e V c w e attempt to show w h i c h method is best. Since 
there are f ew results for any given method (a m a x i m u m of six in 
the case of wet c h e m i s t r y ) , a s imple scheme was chosen. T h e absolute 
values of the deviations around the mean were added a n d then d i v i d e d b y 
the n u m b e r of determinations to g ive an average dev iat ion for the method 
on each sample. T h e average deviations on samples 1 a n d 2 were again 
averaged to give an average dev iat ion for the methods. T h e n the methods 
were ranked . Interestingly, atomic absorpt ion is the best. Mass spec-
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9. C H A S E Comparative Analysis of Bronzes 175 

Continued 
Sample 3 

Mean 
Rel.à 

SD, % 
No. of 
Val.' Range* 

NBS 
Val. « 

not detected 
None 

2 

V F T (not detected) 

not detected 

c Number of individual values used to calculate the mean and standard deviation. 
d Values in parentheses are those discarded in making the mean and standard deviation calculations. 

When in doubt, Massey's criterion (20) for testing for extreme mean is used, at the .05 level of significance. 
Where only one determination has been used, the result is listed in the "means" column, with any other 
data listed, in parentheses, under the "range." The single determinations are not repeated in the "range" 
column. 

« Value on NBS certificate of analysis for S R M 124c ounce metal. 
/ The elements Cd, Cs, Ge, Li , Mo, Nb, Pt, Rb, Sc, T l , W, and Zr were looked for in all three samples 

but not detected (one determination each). 

trometry is next, but since on ly one result was used, this has l i t t le sta
t is t i ca l va l id i ty . X - r a y fluorescence is t h i r d , a n d wet chemistry is fourth . 
T h i s indicates poor determinations b y some of the wet chemists. P o l a r 
ography falls close to the bottom of the l ist . 

A n analysis of var iance was r u n , but this d i d not ind i cate any sur
pr i s ing results. It d i d show that the difference between laboratories was 
greater than w o u l d be expected b y chance. T h e analysis of var iance 
approach c o u l d be fac i l i tated i n the future b y h a v i n g the same n u m b e r 
of replicates r u n b y each laboratory a n d b y increasing the n u m b e r of 
materials analyzed . 

T a b l e V I shows the major element composi t ion of the samples as 
determined b y the various laboratories. T h i s table was c o m p i l e d to 
emphasize that w h i l e there are large discrepancies i n the results, most 
of the laboratories c ou ld characterize the samples correctly. T h u s , sample 
1 is a moderate ly h i g h t i n bronze ( S n ca. 1 5 % ) w i t h about 1% lead a n d 
l i t t le i r on or z inc . Laborator ies that f a i l on the t i n va lue i n this charac
ter izat ion are 01 ( o l d ) , a n d 04 ( o l d ) , possibly 05 w i t h a t i n value of 2 0 % 
(a l though this is an opt i ca l emission spectrographic value a n d falls i n 
the r ight r a n g e ) , 24 ( w h i c h doesn't c l a i m any accuracy for its t in r e s u l t ) , 
a n d 34. L a b o r a t o r y 01 ( o l d ) also has a l o w l ead value as do 08 a n d 24. 
T h u s , six of 23 laboratories (or about 2 5 % of the results) f a i l to charac 
ter ize the samples correct ly w h i l e the other 17 characterize this sample 
as a moderate ly h i g h t i n bronze w i t h a l i t t le lead . 

Sample 2 is a l o w - t i n bronze (or t in -a l l oyed copper ) w i t h very l i t t le 
l ead (less than 0 . 5 % ), a l i t t l e i r on , a n d prac t i ca l ly no z inc . A l m o s t a l l 
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176 A R C H A E O L O G I C A L C H E M I S T R Y 

of the labs reported this correctly. T h e t i n results on 04 ( o l d ) , 05, 15, 
20, a n d 24 are somewhat h i g h . T h e character izat ion is at least as good 
as on sample 1. 

I n sample 3, w h i c h was only sent to certain laboratories, the results 
m a y be somewhat clearer. T h i s sample is a standard reference mater ia l 
f r o m the U . S. N a t i o n a l B u r e a u of Standards ( S R M 124c) . It is an ounce 
meta l w i t h a n o m i n a l composi t ion of 85-5-5-5—that is, 8 5 % C u a n d 5 % 

T a b l e V a . 

Sample 1 

Values in 
Increasing 

Order Lab. Method 

75.4 19 N A 
75.5 06 P O L 
78.0 02 W e t 
78 .47 -D" 05 E S 
80.0 20 A A 
80.3 01 A A 
81.09 12 P O L 
81.34 09 E L 
81.45 33 W e t 
81.7 15 X R F 
81.85 08 M S 
82.4 11 X R F 
82.4 22 W e t 
82.8 04 X R F 
83.0 17 A A 
83.05 16 W e t 
83.5 21 W e t 
84 .115 -D" 13 E S 
8 4 . 7 5 - D " 31 E S 
88.38° 34 Ν Α 

N u m b e r of values used to 
compute statistics 16 

M e a n 80.8612 
M e d i a n 81.58 
S t a n d a r d dev ia t i on 2.51586 
Coefficient of var iance (relative 

s tandard deviat ion) , % 3.11 

α Values not included. Outliers were tested as follows. For copper, each extreme 
value was tested. The test used to decide if the extreme value were in error was the 
" r " test as applied by Massey (20), Dixon (21), and Proschan (22). The test was applied 
at the 0.5 level of significance; thus, a true value would be rejected 5% of the time. 
Formulas used were as follows: 

Xz — X\ Xi — X\ 
Til = Γιο = 

Xk-2 — Xi Xk — Xi 

Decision points: η = 16, r 2 2 < .507; η = 6, n o < .560; η = 5, r io < .642. For r with 
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9. C H A S E Comparative Analysis of Bronzes 177 

each of Sn , P b , Z n . T h e actual values as determined b y N B S analysts 
are 84 .22% C u , 5 .13% Sn, 4 .74% P b , a n d 4 .93% Z n . Laborator ies 
f a i l i n g to characterize this sample correct ly are 01 ( o l d ) , 04 ( o l d ) , 21 
( w h i c h d i d not look for z i n c ) , a n d 34. T h e result for laboratory 02 is a 
l i t t le l o w i n copper, but the presence of approx imate ly equa l parts of Sn , 
P b , a n d Z n are noted. Thus for eight reports w e have four that are i n 
error as to sample character izat ion. O f course, i f the earl ier reports f r om 

Copper Results 

Sample 2 Sample 3 

Values in Values in 
Increasing Increasing 

Order Lab. Method Order Lab. Method 

80.55 a 34 N A 
89.6 02 W e t 
90.2 06 P O L 
90.2 19 N A 
92.9 15 X R F 
93.18 20 A A 51.34° 34 N A 
95.0 17 A A 80.9 02 W e t 
95.25 01 A A 82.3 04 X R F 
95 .47-D* 05 E S 83.6 15 X R F 
95.5 22 W e t 83.6 01 P O L 
95.55 21 W e t 90.24 a 21 W e t 
95.59 12 P O L 
95.6 04 X R F 
95.7 33 W e t 
95 .885-D* 13 E S 
96 .05-D* 31 E S 
96.16 09 E L 
96.25 08 M S 
96.3 11 X R F 
97.46 16 W e t 

16 4 
94.4025 82.6 ( N B S value = 84.22) 
95.52 82.95 

2.44558 1.28842 

2.59 1.56 

these values, the datum being tested is retained as a true value. r 2 2 (75.4) = .339; 
thus, 75.4 retained. r 2 2 (80.55) = .614; thus, 80.55 discarded. r 1 0 (51.34) = .759; thus, 
51.34 discarded. r 2 2 (88.38) = .513; thus, 88.38 discarded. r 2 2 (97.46) = .166; thus, 
97.46 retained. rw (90.24)* = .710; thus, 90.24 discarded [*n0 (90.24) was calculated 
after discarding 51.34]. 
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178 A R C H A E O L O G I C A L C H E M I S T R Y 

Table V b . Applying 

L a b o r a t o r y 01 02 04 06 08 09 11 
R a n k on sample 1 5 3 12 2 10 7 11 
R a n k on sample 2 6 1 10 2 13 12 14 
Difference - 1 2 2 0 - 3 - 5 - 3 
Squared difference 1 4 4 0 9 25 9 

S u m of squared differences = 210; pairs correction (two pairs of two 

laboratories 01 a n d 04 are d isregarded, we have six reports w i t h two i n 
error; this propor t ion is not vast ly different f r om the proport ions on 
samples 1 a n d 2. O u r results shou ld be better than this. W e cannot 
discuss i n de ta i l the questions of inhomogeneity of samples 1 a n d 2 
affecting the results, but there is no quest ion of inhomogenei ty i n sample 
3 — a prepared standard reference m a t e r i a l — a t least i n amounts general ly 
used b y these analysts ( 10 m g or more i n most cases ). I n fact, the lowest 
sample size, laboratory 15 w i t h ca. 5 m g , has y i e l d e d values w h i c h are 
qui te close to the true values. Before suggesting remedies, let us relate 
the results of our comparat ive analysis p r o g r a m to other programs of 
comparat ive analysis. 

Table Vc . Examination 

Method Deviations* 

W e t - 2 . 8 6 , .589, 1.54, 2.19, 2.64, .479 
- 4 . 8 0 2 , 1.098, 1.148, 1.298, 1.758, 3.058 

N A - 5 . 4 6 , 7.519 
- 1 3 . 8 5 3 , - 4 . 2 0 2 

A A - . 8 6 1 , 2.139, - . 5 6 1 
- 1 . 2 2 2 , .598, 1.848 

P O L - 5 . 3 6 1 , .229 
- 4 . 2 0 2 , 1.188 

E S - 2 . 3 9 1 , 3.25, 3.889 
1.068, 1.483, 1.648 

X R F .839, 1.539, 1.939 
- 1 . 5 0 3 , 1.197, 1.897 

M S .989 
1.848 

"Evaluation of method errors: Deviations for each method around the calculated 
mean were determined, then the absolute values of these deviations were added. The 
sum of the absolute values of the deviations was divided by the number of values to 
give an average deviation for each method on each sample, and these averages then 
averaged again. 

6 First line = sample 1 ; second line = sample 2. 
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9. C H A S E Comparative Analysis of Bronzes 179 

Spearman's Correlation Test (23) 

12 15 16 17 19 20 21 22 33 
6 9 14 13 1 4 15 11 8 
9 3 15 5 2 4 8 7 11 

- 3 3 - 1 8 - 1 0 7 4 - 3 
9 9 1 64 1 0 49 16 9 

observations each) = X 2 = l . D 2 + T = 211; this value is significant 
at the .05 level but not at the .01 level . 

Comparison with Other Interlaboratory Studies 

M u c h l iterature has appeared on i n ter laboratory compar ison studies. 
M o s t of this, especial ly i n the statistical field, bears d i rec t ly on the 
quest ion of comparison of test methods, or inter laboratory studies of a 
test method—the quest ion of s tandard iz ing methods (7, 9 , 1 0 , 1 1 ) . W h i l e 
useful in format ion a n d concepts can be gleaned f rom these publ i cat ions , 
especial ly f rom Y o u d e n a n d M a n d e l , our p r o b l e m is more complex. W e 
are t ry ing to evaluate the performance of various laboratories, us ing 
various methods, on s ingle materials . T h e reports w h i c h bear d i rec t ly 
on this question are for the most part not statist ical ly elegant a n d gen-

of Copper Results a 

Σ Deviation η Σ Deviation/η 

10.298 6 1.716 
13.162 6 2.194 

12.979 2 6.490 
18.055 2 9.028 

3.561 3 1.187 
3.668 3 1.223 

5.590 2 2.795 
5.390 2 2.695 

9.530 3 3.177 
4.199 3 1.399 

4.317 3 1.439 
4.597 3 1.532 

.989 1 .989 
1.848 1 1.848 

Average0 

1.955 

7.759 

1.205 

2.745 

2.288 

1.486 

1.419 

c Methods ranked in order of average deviation (lowest to highest): AA , MS, X R F , 
Wet, ES, P O L , N A . Of course, one must consider the small number of values on which 
this ranking is based; M S (the second-best method) is based on only one value. The 
low place of wet chemistry on this table does bear some consideration. 
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Figure 3. Youden plot (see Ref. 7) of copper content in sample 2 vs. cop
per content in sample 1. Each point corresponds to the two "best estimates" 
of the copper contents from a particular foboratory, and the hboratory num
ber is given next to the point. The indicated means are calculated in Table 
V. Laboratory results not included in the calculation of the means are 
marked with an asterisk. A 45° line (X = Υ + Κ) has been drawn in to 

indicate the spread of values. 

eral ly show the present state of affairs, w i t h explanations a n d suggestions 
for improvement . T h e data are treated i n m a n y different ways . Let ' s 
look first at M o r r i s o n s study of the lunar e lemental analyses (15). H e r e 
he has treated the data rat iona l ly a n d concisely; i n fact, the f o r m of our 
T a b l e I V is d r a w n d irect ly f r om this paper. T h e methods he cites (neu 
t ron act ivat ion , mass spectrometry, x-ray fluorescence, wet chemistry , 
emission spectrometry, a n d others ) cover the methods i n our study. H o w 
do our results compare w i t h his? I n major elements ( for M o r r i s o n , A l , O , 
S i , F e , C a , Μη, P , N a , T i , K , M g , a n d C r ) , has relat ive standard dev iat ion 
ranges f rom a l o w of 1.8% ( A l ; mean value 6 . 7 % , n u m b e r of labora 
tories report ing , 11 ) , to a h i g h of 1 0 % ( M g a n d C r ; means 6 .35% a n d 
0 .267% respectively, number of laboratories report ing , n ine a n d 13) . 
E x c l u d i n g the l o w z inc amounts i n samples 1 a n d 2, our re lat ive s tandard 
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9. C H A S E Comparative Analysis of Bronzes 181 

deviations range f rom 1.6 to 3 8 % . O u r mean relat ive s tandard dev iat ion 
on C u , Sn , a n d P b i n a l l samples a n d Z n i n sample 3 is 1 4 . 8 % — h i g h e r 
than Morr ison 's highest relative standard deviat ion . F o r the minor and 
trace category, let us compare two specific elements: 

Our Results Morrison's Results 

Mean Rel. SD, % No. Mean Rel. SD, % No. 
N i : 0.0106 91 7 

0.0217 64 10 0.000195 8 11 
0.725 15 2 

A u : 0.000279 60 3 
0.00962 141 4 3.0 X 1 0 - 8 55 3 

I n almost a l l cases our relat ive standard deviations are h igher than 
Morr ison ' s . T h i s shows that we have a greater spread of results. 

F l a n a g a n , w o r k i n g w i t h U S G S standard rocks ( pieces of the Wester ly 
G r a n i t e ) , shows an 1 1 % relat ive s tandard dev iat ion for F e ( i n an amount 
around 1% ) ; m u c h less than our value of 3 1 - 4 9 % (12). T h e manganese 
determinations he reports have a relat ive s tandard dev ia t i on of 4 3 % , 
again better than our 7 4 % a n d 8 8 % . W e also have a greater spread of 
results than his . 

O u r results on copper do not appear to have a greater spread than 
those of Schweizer a n d Schweizer a n d F r i e d m a n for go ld a n d for si lver, 
but re lat ive standard deviations have not been ca lculated (17, 18). 

X 
X X X X X X 

x x x x x M x x x x x X X 
+ ..:.. + ..:.. + . . : . . + . . : . . + ..:.. + ..:..+ ..:..+ ..:.. + . . : . . + ..:..+ 
7 5 % 76 77 78 79 80 81 82 83 84 85 

Sample 1 

( x 8 0 . 5 % ) x x x 
Χ X X X 

x x x x Μ χ χ χ χ χ 
+ ..:.. + . . : . . + . . : . . + . . : . . + . . : . . + . . : . . + . . : . . + ..:.. + . . : . . + ..:..+ 
8 9 % 90 91 92 93 94 95 9G 97 98 99 

Sample 2 xx 
xxx 
xxx 
xxx 
xxx 
X X X 

χ X X X X 
χ X X X X 

χ χ x M x χ 
+ ..:.. + ..:.. + ..:.. + ..:.. + ..:.. + ..:..+ ..:.. + ..:.. + ..:.. + ..:..+ 
55% 0 50 57 58 59 00 01 02 03 04 05 

Doz ine l ' s plot 

χ 

Figure 4. Comparison of copper determinations on our samples 1 and 2 with 
values from 32 industrial laboratories (Ref 8, p. 268). Each χ indicates one 

analytical result; M = mean value. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

09



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

Table VI . Summary of Major 

Sample 1 

Lab Cu Sn Pb Fe Zn Total 

01 (old) 76.2 5.3 .53 .05 absent 82.1 
01 (new) 80.3 13.8 .85 .05 .003 95.0 
02 78.0 13.4 .80 .08 — 92.3 
04 (old) 86.4 11.0 .7 .19 0 98.3 
04 (new) 82.8 12.0 1.2 .4 0 96.4 
05 78.5<* 20 1.4 — not c 

detected 
06 75.5 13.6 1.20 <.l <.l 90.5 
08 81.8 13.8 .1 .26 .0015 95.9 
09 81.3 14.8 .92 .047 — 97.1 
11 82.4 16.2 .97 — <.01 99.6 
12 81.1 — — — — — 
13 84.1<* 14.7 .91 .045 0 99.8 
15 81.7 13.2 .58 .08 not 95.6 

detected 
16 83.1 14.7 .82 trace — 98.6 
17 83.0 13.9 .86 .03 .01 97.8 
19 75.4 14.1 1.2 <.l .04 90.8 
20 80.0 19.3 — .038 — 99.3 
21 83.5 13.8 1.52 — — 98.8 
22 82.4 14.8 1.0 .5 not 98.7 

determined 
24 — 32.8 e .34 .55 .006 c 
31 84.2<* 14.4 .7 .07 <.005 99 4 
33 81.4 14.3 .82 .054 .015 96.6 
34 88.4 5.7 — — 0 94.1 

NBS values 

a Major component, best determined by other means,—i.e., the analyst has little confidence in this value. 
b Sample 3 is standard reference material 124c from the United States National Bureau of Standards. 

The last line (NBS values) shows the values on the analysis certificate, based on a number of wet de
terminations for each element using 1-gram samples. The alloy also contains Ρ = .024%, Si = .002%, 

Croegaert 's study of the results of the C o r n i n g inter laboratory analy
sis of glasses project, organized b y Robert B r i l l , also shows w i d e var ia t ion 
(19 ) . I n the major elements, s i l i con ( i n the ir sample A ) ranges ( ca l cu 
la ted as S i 0 2 ) f r om 63.3 to 7 0 % , or a 6 .7% range; our copper i n sample 
1 shows an 8 . 1 % range. T h e next most abundant constituent, sod ium 
( ca l cu lated as N a 2 0 ) shows a range i n their sample A of 2 . 8 3 % ; our t in 
i n sample 1 has a range of 8 % . Standard deviations were not ca lculated 
for the C o r n i n g results. T h e copper ranges i n a study c i ted b y D o z i n e l 
can be compared graphica l ly ( F i g u r e 4) ( 8 ) . It is clear w h i c h is better. 

C l e a r l y the procedures of the laboratories invo lved i n this project 
c ou ld be improved . Before suggesting methods of improvement , one 
obvious po int shou ld be stressed. T h e results of this study do not vit iate 
the use of data between laboratories; they merely indicate that the data 
shou ld be used w i t h caut ion. F o r example, i n the L u r i s t a n bronzes (14), 
the arsenic content of arsenical copper artifacts is said to drop f rom 2 - 6 % 
to 2 % a n d be low after a t i n - c o p p e r a l loy was in troduced about 2600 B . C . 
I f another laboratory analyzes a copper a l loy object a n d finds, say 4 .9% 
arsenic ( a n d a l l other factors agree ) , the object can be confidently set 
into the earl ier group; i f the laboratory finds 0 .8% arsenic, the object 
c o u l d be set into the later group. I f the arsenic content is 1 .95%, the 
group ing into w h i c h i t w o u l d f a l l is less unequivoca l , a n d other factors 
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9. C H A S E Comparative Analysis of Bronzes 183 

Elements b y L a b o r a t o r y 
Sample 2 Sample Sb 

Cu Sn Pb Fe Zn Total Cu Sn Pb Fe Zn Total 

90.2 2.4 .02 .21 <.001 92.8 81.2 2.0 3.5 .13 5.2 92.0 
95.2 3.0 .13 .28 <.001 98.6 83.6 4.5 4.4 .13 4.9 97.5 
89.6 2.2 .12 .22 — 92.1 80.9 4.4 4.7 .06 4.1 94.2 
94.7 4.3 .09 .24 0 99.3 76.0 5.3 10.0 .24 7.2 98.7 
95.6 2.2 0 0 0 97.8 82.3 5.2 4.9 0 4.9 97.3 
95.5* 4.0 .12 — not 99.6 

detected 
90.2 3.4 .16 <.l <.l 93.8 
96.2 3.0 .08 .48 .0045 99.8 
96.2 3.6 .23 .19 — 100.2 
96.3 2.2 .30 — <.01 98.8 
95.6 — — — — — 95.9* 3.4 .23 .22 0 99.8 
92.9 4.1 >.17 .25 not 97.4 83.6 5.7 4.3 .12 4.5 98.2 >.17 

detected 
97.5 2.2 trace .01 — 99.7 
95.0 3.4 .10 .22 .01 98.7 
90.2 3.2 .15 <.l <.04 93.6 
93.2 6.5 — .32 — 100.0 
95.6 3.6 .26 — — 99.4 90.2 5.1 4.4 — — 99.7 
95.5 2.0 .2 .5 — 98.2 

5.1« .18 .20 .0024 c 
96.0* 3.3 .1 .2 <.005 99.6 
95.7 3.4 .13 .27 .0039 99.5 
80.6 1.3 — — 0 81.9 51.3 trace — — 15.25 66.6 

84.22 5.13 4.74 .11 4.93 99.02 

Sb = .020%, S = .048%, Ni = .60% 
c Postulated as 100%. 
* By difference. 

( other a l loy constituents, date, shape, surface finish, corrosion, etc. ) w o u l d 
have to be considered. In other words , there are areas of uncerta inty 
around the results, a n d these uncertainties must be considered w h e n the 
results are used. 

O f course, i f the results on a group of objects are obta ined b y a 
single laboratory us ing a single method under adequate contro l , the areas 
of uncertainty can be kept s m a l l ; i n this case, the data can b e used to 
answer more detai led questions than w h e n inter laboratory data are used. 

Present Needs in the Program 

H o w can we narrow the spread of the results? W h a t improvements 
can be made i n our procedure? T h e comparat ive analysis p r o g r a m should 
be r u n again. I n our second r u n , the entire system of report ing should be 
redesigned. It shou ld be made clear that results w i l l be ignored unless 
they are reported on the correct f o rm w i t h a l l pert inent in format ion . A l l 
of the in format ion requested b y R. M . O r g a n (5 ) shou ld be present on 
the report ing form. L i t e r a t u r e references for any methods used (where 
ava i lab le ) should be given. L i m i t s of detect ion for each element sought 
shou ld be given. F igures for assessing the variance or s tandard dev iat ion 
of each method used shou ld be reported ( a series of dupl i cate or m u l t i p l e 
determinations, a series of determinations on standard materials , etc . ) . 
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184 A R C H A E O L O G I C A L C H E M I S T R Y 

These can be independent of our c i r cu la ted samples. Inhomogeneity of 
of the samples should be careful ly contro l led a n d assessed. 

K n o w n samples w i t h stated values of the elements of interest should 
be c i r cu lated , a long w i t h the unknowns , for ca l ibrat ing the methods used 
i n the various laboratories. Standards of k n o w n composit ion should also 
be i n c l u d e d w i t h the unknowns . It is possible that " s tandard archaeo
l og i ca l bronzes" should be synthesized for this p r o g r a m a n d for future 
c i r cu lat ion . A l so , the statist ical basis of the program should be re
assessed a n d a n e w statistical design d r a w n u p so that data co l lect ion 
a n d analysis can be s impl i f ied . Since m a n y archaeologists a n d museums 
use the services of c ommerc ia l laboratories, samples should be c i r cu lated 
to these laboratories for p a i d analysis. 

T h e next steps i n the program are as fo l lows : 
(1 ) A report w i l l be c i r cu lated to the various laboratories a long 

w i t h a questionnaire to determine the f o l l o w i n g : 
(a ) D o these materials represent the range of interest of your 

laboratory? 
( b ) W h a t elements, a n d i n w h a t amounts, do y o u normal ly 

search for? 
( c ) W o u l d y o u be w i l l i n g to part ic ipate i n another r o u n d of 

the program? 
( d ) D o you k n o w of any other laboratory that should p a r t i c i 

pate? 
(e ) A r e y o u i n agreement w i t h the conclusions i n this report? 

(2 ) A n e w statistical design for the program should be made. 
( 3 ) T h e ranges a n d compositions of unknowns a n d standard samples 

should be dec ided . 
(4 ) Mater ia l s w i l l be procured , a n d another r o u n d of the program 

w i l l be r u n . 
I n the future w e shou ld consider the p r o b l e m of sampl ing archaeo

log i ca l artifacts i n deta i l . A l s o , the quest ion of s tandard ana ly t i ca l m e t h 
ods for various classes of archaeological artifacts should be considered. 

T h i s report has made a smal l beg inn ing i n ra t i ona l i z ing the results 
f r om different laboratories ana lyz ing archaeological objects of metal . 
E v e n i f i t serves no other purpose, i t c lear ly indicates that these analyses 
must be per formed, reported, a n d interpreted w i t h care i f the results 
are to be v a l i d i n archaeological studies. 
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Mössbauer Effect Spectroscopy without 
Sampling: Application to Art and 
Archaeology 

BERNARD KEISCH 

Mellon Institute, Carnegie-Mellon University, 4400 Fifth Ave., 
Pittsburgh, Pa. 15213 

A brief review of Mössbauer effect spectroscopy (MES) 
is given, especially with regard to iron and its compounds. 
While most workers have used a transmission geometry 
which requires sample preparation, MES may also be per
formed by scattering. Thus, surface analysis is possible with 
no sampling or damage to an artifact or work of art. A spe
cial detector for efficiently accomplishing this has been 
constructed. We have surveyed various artists' pigments, 
in bulk as well as in situ and found that MES leads to a 
useful classification. Terra cotta statuary, which generally 
contains 5—10% iron, has also been surveyed. Other work
ers have examined pottery (using transmission geometry) 
with interesting results. 

T t is w e l l k n o w n that i ron is a c o m m o n constituent of works of art a n d 
A of artifacts of archaeological interest. T h i s is undoubted ly because 
of its occurrence i n most rocks of the earth's crust a n d i n a var ie ty of 
co lored compounds. T h e chemistry of i r o n compounds is f a i r l y complex, 
a n d the f o r m i n w h i c h i t is eventual ly f o und i n an object can p r o v i d e 
in format ion on the source a n d the technique of manufacture of that 
object. Môssbauer effect spectroscopy ( M E S ) is par t i cu lar ly suitable 
for s tudying i r o n a n d its compounds. A l r e a d y there are two p u b l i s h e d 
reports {1,2) of M E S a p p l i e d to the study of ancient pottery. H o w e v e r , 
those studies, l ike most M E S work , r e q u i r e d sample tak ing a n d prepara 
t ion. W e have explored the poss ib i l i ty of nondestruct ive M E S a n d n o w 
report on pract i ca l i ty of this method . Since there are m a n y good descr ip -

186 
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10. K E I S C H Mossbauer Effect Spectroscopy 187 

tions of M E S , at various levels of technica l deta i l , p u b l i s h e d elsewhere 
(3, 4), on ly a br ie f descr ipt ion of the method is presented here. 

Mossbauer effect spectroscopy is based on the fact that f rom certain 
radioact ive nucl ides , b o u n d i n solids, some g a m m a rad iat ion is emit ted 
w i t h v i r t u a l l y no energy loss f rom reco i l of the emit t ing nucleus. T h e 
rad ia t i on thus emitted has a very sharply defined energy a n d w i l l interact 
w i t h other n u c l e i h a v i n g the same energy state. T h e result is an absorp
t ion-f luorescence system that is extremely sensitive to any perturbat ions 
i n the energy states of the n u c l e i invo lved . T h e system sensit ivity is so 
great that i t depends, among other things, on the state of the electrons 
outside of the nucleus and , hence, on the chemica l a n d magnet ic state 
of the mater ia l . T h e resonance interactions can also be affected b y 
i n d u c i n g a relat ive mot ion between the radioact ive source n u c l e i a n d 
target (i.e., sample) nuc le i . T h i s is a D o p p l e r effect, a n d for the system, 
5 7 C o - 5 7 F e ( F i g u r e 1 ) used to study i ron compounds , the ve loc i ty of this 
mot ion is on ly of the order of mi l l imeters per second. F o r a more thor 
ough explanation of the Mossbauer effect, consult Refs. 3 a n d 4. Ref . 3 
is a discussion of M E S for the lay audience w h i l e Ref. 4 provides an 
extensive b ib l i ography i n the field. 

8 % 
(electron capture) 

11% 
0.136MeV γ 

0.136 [t./ P = 8.9 x l 0 " 9 s e c 
89 
0.123MeVx 

-0.01439 [t,/ 2 = 9.8 x I0"9sec] 
-0 

Fe 

Figure 1. Simplified decay scheme for 57Co-57Fe 
system 

A t y p i c a l Mossbauer effect spectrometer consists of a transducer 
w h i c h imparts contro l led mot ion of a radioact ive source, the sample 
itself, a suitable rad iat ion detector, a n d certain necessary electronic ins t ru 
mentat ion. S u c h a system is d i a g r a m m e d i n F i g u r e 2A . 

T h e γ-rays f rom the source ( w h i c h must be spec ia l ly prepared to 
y i e l d a h i g h fract ion of recoilless emission) are absorbed b y the sample 
a n d re -emitted approx imate ly isotropical ly . C o m p a r e d w i t h o rd inary 
electronic absorption of γ-rays b y an equiva lent mater ia l , detector ( A ) 
i n the figure measures a decrease i n transmitted γ-ray intensity w h e n 
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188 A R C H A E O L O G I C A L C H E M I S T R Y 

Sample Lead Transducer 
Collimator 

C. 

>U I 
ο + 

Velocity 

Figure 2. (A) schematic of a Môss
bauer effect spectrometer; (B) simple 
MES spectrum obtained by transmis
sion; (C) simple MES spectrum ob

tained by scattering 

resonance absorpt ion occurs w h i l e at the same t ime detector ( B ) mea
sures an increase i n the intensity of scattered γ-rays. E i t h e r of these m a y 
be used to measure Môssbauer effect. M o t i o n of the source i m p a r t e d 
b y the transducer can compensate for any effect i n the sample w h i c h 
w o u l d otherwise y i e l d no resonance absorption or scattering w h e n the 
source is at rest. T h i s is because the relative energy of the γ-rays is 
s l ight ly altered b y the s m a l l D o p p l e r effect thus produced . 

Môssbauer spectra are obta ined b y measur ing the transmitted or 
back-scattered γ-ray intensities as a funct ion of veloc ity . F igures 2 B and 
2 C show spectra obta ined b y transmission and b y scattering, respectively. 
T h e shift of the peak locat ion f rom zero ve loc i ty is t y p i c a l a n d is an 
important parameter often ca l l ed c h e m i c a l shift. T h e amount of chemica l 
shift is a funct ion of the composi t ion of the radioact ive source as w e l l . 
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10. K E I S C H Môssbauer Effect Spectroscopy 189 

M o r e complex spectra are usual ly obtained. Q u a d r u p o l e sp l i t t ing 
results i n two peaks equa l i n intensity to a first approx imat ion . T h e 
amount of sp l i t t ing is an important parameter, w i t h larger splits o c curr ing 
for F e ( I I ) compounds than for F e ( I I I ) compounds. H y p e r f i n e m a g 
netic sp l i t t ing results i n a symmetr i ca l six-peak spectrum w i t h a var iat ion 
i n posi t ion a n d i n spread related to the chemica l state of the compound . 
M a n y super imposed combinations of these as w e l l as broadened peaks 
and other perturbations are observed w h e n complex materials are 
examined. 

T h e data w h i c h y i e l d a spectrum can be obta ined w i t h a system i n 
w h i c h measurements are made at one velocity at a t ime (the transducer 
mot ion d u r i n g the measurement is h e l d at constant ve loc i ty ) or, prefer
ably , by changing the ve loc i ty through a range at constant acceleration 
a n d electronical ly sorting the γ-ray intensity data obta ined as a funct ion 
of the changing source velocity . 

T h e r e is also a temperature effect. G e n e r a l l y at l o w temperatures 
( l i q u i d ni trogen or even l i q u i d h e l i u m ) , spectra w i l l show more deta i l 
w i t h regard to magnet ic properties and are easier to obtain. F o r the 
nuc l e i of m a n y elements, spectra are obtainable only at l o w temperatures 
i f at a l l . 

W h e t h e r or not the effect can be obta ined for a part i cu lar element 
depends on a fortuitous combinat ion of hal f - l i fe and nuclear energy 
levels. W h i l e m a n y elements have y i e lded such spectra, the system 
represented b y iron-57 (natura l abundance approx imate ly 2 % ) is the 
easiest to observe, a n d excellent results are obta ined even at room tem
perature—hence the interest i n the method for s tudy ing i ron compounds 
i n art a n d archaeology. W h i l e most M E S data have been col lected w i t h 
transmission geometry, w h i c h requires either th in samples or some sample 
preparat ion to achieve thinness, data co l lect ion b y scattering al lows one 
to achieve the same results w i t h no sample preparat ion whatsoever—i .e . , 
i f the c o m p o u n d to be studied lies at or very near the surface of the 
mater ia l i n w h i c h the c o m p o u n d occurs. F o r example, i n a sample of a 
typ i ca l i ron oxide, the analysis w o u l d perta in to a surface layer approx i 
mate ly 0.2 m m deep. 

I n s tudy ing works of art a n d of artifacts the latter proviso is usual ly 
satisfied because i ron compounds occur as pigments at the aesthetic 
surface of a pa int ing ( often covered b y only a t h i n layer of varn ish ) or 
are homogeneously d is t r ibuted throughout the matr ix of statuary or 
archaeological mater ia l . 

W e have n o w surveyed the i ron-bear ing pigments and , to a l i m i t e d 
extent, terra cotta statuary using both transmission a n d scattering geome
try. T h e results prov ide in format ion of an extraordinary richness a n d 
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190 A R C H A E O L O G I C A L C H E M I S T R Y 

great potent ia l value for ident i f y ing a n d s tudy ing the chemistry a n d 
physics of the various i ron -bear ing materials . 

Back-Scattering Detector 

T h e i d e a l back-scatter detector for M E S w o u l d be one that detects 
a l l of the scattered rad ia t i on a n d none of the rad ia t i on f r om the rad io 
active source—an impossible objective. Other workers (5, 6) have de
t e rmined that, of the three different rad iat ion forms w h i c h c o u l d be used 
to obta in a spectrum— i .e . , 6 - K e V x-rays, 8 - K e V γ-rays, a n d 1 4 - K e V 
γ-rays—the last is the most efficient for various prac t i ca l considerations. 

T h e detector of choice for the efficient detect ion of 1 4 - K e V γ-rays 
is the gas propor t i ona l counter w i t h a ( most ly ) k r y p t o n filling. ( M e t h a n e , 
w h i c h w e use, or carbon d iox ide are t y p i c a l l y a d d e d i n a concentrat ion 
of ca. 1 0 % for quench ing secondary discharges. ) 

A w i n d o w must be p r o v i d e d w h i c h can admit this low-energy 
rad iat ion w i t h a m i n i m u m of loss f r om absorption. Sh ie ld ing is necessary 
to protect the detector not on ly f rom the b u l k of the rad iat ion f r om the 
source ( w h i c h is m a i n l y 6 - K e V x-rays, 1 4 - K e V γ-rays, a n d 1 2 3 - K e V 
γ-rays) but also f rom the smal l percentage of h igher energy γ-radiation 

700 K e V , 0 . 2% abundance ) f r o m 5 7 C o a n d f r om the γ-radiation 
f rom the inev i table radio isotopic impur i t i es , 5 6 C o a n d 5 8 C o , w i t h γ-ray 
energies u p to > 3 M e V . A l l this must be done w i t h a m i n i m u m sacrifice 
of geometr ical considerations—i .e . , rad iat ion de l ivered to the sample and 
back-scattered rad ia t i on de l ivered to the detector. 

T h e detector developed at our laboratories is shown i n F igures 3 -5 . 
Its design incorporates m a n y features previous ly explored b y others (5, 
6,7, 8). A n add i t i ona l important consideration, not ment ioned above, is 
detector resolution. M a x i m i z i n g resolution means that a greater rejection 
of back g rou n d is possible w h i l e re ta in ing m a x i m u m s ignal detection. 
T h e g r i d shown i n F i g u r e 4 helps achieve good resolution a n d also 
el iminates a p r o b l e m w e encountered i n w h i c h an e lectr ica l charge 
gradua l ly accumulated on the insulators w h i c h support the anode. 

T h e w i n d o w mater ia l is b e r y l l i u m (approx imate ly 0.9-mm t h i c k ) , 
the mater ia l of choice for low-energy x- a n d γ-radiation. A l u m i n u m 
w i n d o w s can be used but must be strong enough to w i ths tand a v a c u u m ; 
hence a significant sacrifice i n transparency must be made. Suitable plast ic 
w i n d o w s , restr icted to l o w atomic n u m b e r materials , leak s l ight ly , and 
the presence of any oxygen or water w i l l reduce the resolut ion p e r f o r m 
ance of a detector of this k i n d . It is essential that the gas fill used be of 
the highest possible p u r i t y a n d that it r emain so. 

T h e sh ie ld ing used here is p r i m a r i l y tungsten (sp gr = 19.4) w h i c h 
is m u c h more effective than l ead (sp gr = 11.3). H o w e v e r , l ead is used 
i n the less c r i t i ca l areas for reasons of economy. 
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10. K E I S C H Môssbauer Effect Spectroscopy 191 

SECTION THROUGH PLANE OF ANODE SECTION ON A DIAMETER 

Figure 3. MES back 
A—detector body (aluminum) 
Β—window (beryllium, 

0.034-inches thick) 
C—epoxy seal 
D—clamping plate 

(aluminum) 
Ε—clamping sleeve 

(aluminum) 
F—clamping sleeve nut 

(brass) 
G—shielding (tungsten) 
H—collimator (tungsten) 
I—quartz support (one of 

three, 2-mm diameter) 

-scattering detector 
]—anode (0.001-inch 

diameter wire) 
Κ—grid (0.020-inch diameter 

wire) 
L—anode lead (hypodermic 

needle tubing) 
M—grid lead 
Ν—clamping plate bolt (one 

of eight) 
Ο—high vacuum epoxy seal 
Ρ—soldered cap 
Q—source position 
R—high vacuum valve 
S—typical sample position 

T h e result of our effort to develop the best possible detector for M E S 
is as fol lows. O u r detector has a resolution of approx imate ly 2 K e V 
( f w h m ) at 15 K e V as shown i n F i g u r e 6. There is v i r t u a l l y no deter iora
t ion i n performance over a per i od of several months. T h e overa l l efficiency 
of the detector w h e n used for M E S w i t h 1 4 - K e V γ-radiation is such that 
a 0.001-inch th ick sample of stainless steel type 302 ( n a t u r a l isotopic 
abundance ) gives a spectrum w i t h the peak height some 4 0 0 % of the 
base l ine , F i g u r e 7. ( F o r compar ison , w h e n we started w e were qu i t e 
content w i t h 5 0 % . ) W i t h our 10-mc Co-57 source, the data acquis i t ion 
rate i n the peak is approx imate ly 500 c o u n t s / m i n . T h i s means that i n a 
matter of a minute or less one obtains a recognizable spectrum. A s a 
bonus, the observance of 6 - K e V x-rays y ie lds an effect of approx imate ly 
5 0 % of the baseline. T o accompl i sh this, w e interpose a plast ic filter 
between the source a n d the sample to absorb most of the 6 - K e V rad ia t i on 
f r om the source ( w h i c h does not contr ibute to the effect b u t is elast ical ly 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

10



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

Figure 4. Two views of the detector 
without the window in place 

Figure 5. The detector complete and in 
the spectrometer 
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3 5 0 0 

3 0 0 0 

2 5 0 0 

"55 
§ 2 0 0 0 

-C 
Ο 
\ 
1Ξ 1500 
ο ο 

1000 

5 0 0 

" 0 20 4 0 6 0 8 0 100 120 140 160 
Channel Number 

Figure 6. Response of the detector to radiation from 
57Co 

7 4 1 , 1 , , 1 • 1 1 1 
-H.Ù0 - 3 . 2 0 -2.140 - 1 . 6 0 - 0 . 3 0 0 .00 0 .30 1.60 2.40 3.20 4 .00 

V E L O C I T T M M / S E C 

Figure 7. Mossbauer effect back-scatter spectrum for stainless steel (302) 
with natural abundance of 57Fe 
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194 A R C H A E O L O G I C A L C H E M I S T R Y 

scattered) . T h e use of 6 - K e V x-rays to observe Mossbauer spectra has 
an advantage i n certain appl icat ions w h e n one wishes to analyze a th inner 
surface layer than usual . 

Other Considerations 

T h e electronic equ ipment used is n o w commerc ia l l y avai lable f rom 
three or four sources. Ours consisted of a N u c l e a r Science Instruments 
Mossbauer spectrometer a n d a N o r t h e r n Scientif ic pulse height analyzer . 
T h e spectra we obta ined were a l l fitted ( b y least squares) b y an I B M 
360 computer (7) used i n a t ime-shared system. Plots were also c o m 
puter -produced . A l l of our spectra, whether obta ined b y transmission 
or b y scattering, are shown w i t h the ordinate as fract ional absorpt ion 
re lat ive to the off-peak background . 

Pigments 

A fa i r ly comprehensive overv iew of our survey of i r on oxide pigments 
has been p u b l i s h e d elsewhere ( 9 ) . H e r e we briefly ind icate the general 
results to i l lustrate the nature of M E S as an analyt i ca l tool. 

Fe FeO 
^ τ 

Fe3 0 4 
Fe FeO 

^ τ 

Fe3 0 4 

(^) = hexagonally close packed oxygen layers 

I [ = cubic close packed oxygen layers 

Q = complicated proposed structure 

Figure 8. Some iron oxides and their relation
ships (after Ref. 10) 

F i g u r e 8 (10) shows the interrelat ionship of some of the forms of 
i r on oxide. T h e important pigments are a - F e 2 0 3 (hemat i te ) a n d a -
F e O O H (goethi te ) . W h i l e these are general ly r e d a n d ye l l ow , respec
t ive ly , there are m a n y variations w h i c h w e bel ieve arise f r o m part i c l e 
size d i s t r ibut ion a n d the presence of other minerals . R e d u c e d forms of 
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10. K E I S C H Môssbauer Effect Spectroscopy 195 

i r o n oxide also occur as pigments , notab ly F e 3 0 4 (magnet i t e ) , w h i c h are 
b lack a n d the curious p igment k n o w n as "green ear th" w h i c h is a complex 
mixture of celadonite a n d glauconite. 

-11 . C.\i -3.3Γ.· -CJ 
v F L O C I T Y H l / S f C 8.SO 11 00 

\ À 
y VA 

i i r - _'·* *- _'c '-.· _·. i.f -'-ι -Ί - - .·>' . τ ..' ur. ^ s:: me ll 

OCci 

- t 1 .00 -8 .80 -6 .60 -4 .40 -.">.20 0.0C 2.20 -4.40 6.60 8.80 11.00 
V E L O C I T Y MM/SEC 

Figure 9. MES spectra for hematite (top), goethite (middle), and 
magnetite (bottom) 
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196 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 precise character izat ion of i r on oxide pigments i n paint ings 
w h i c h , of course, includes ochres, siennas, a n d umbers , is diff icult b y 
ord inary means. T h i s is p r i m a r i l y because of the dif f iculty of reso lv ing 
the fine crystals w i t h a l ight microscope. C h a r a c t e r i z i n g variations w i t h i n 
a b r o a d general classif ication or d i s t inguish ing mixtures is v i r t u a l l y i m 
possible. M E S , however , offers a wea l th of in format ion of this type. 

F i g u r e 9 shows spectra for three synthetic mater ia ls—hemat i te , 
goethite, a n d magnetite , a n d obviously there are dist inct differences 
among them. [ T h e 5 7 C o source matr ix for the figures shown here was 
either cobalt oxide ( C o O ) or c h r o m i u m . Veloc i t ies g iven are relat ive 
mot ion between the m o v i n g source a n d stationary sample. E x a c t peak 
positions are not g iven here because they are not relevant to this presenta
t ion. F o r add i t i ona l in format ion on the samples descr ibed here a n d 
others, consult Ref . 9.] M i x t u r e s , such as a t y p i c a l synthetic b r o w n 
( F i g u r e 10) , are read i ly recognized a n d w i t h some effort at s tandardiza 
t ion can even be roughly quant i t i zed . 

' -Ί 1 .00 - 3 . 3 0 - 6 . 6 0 - 4 . 4 0 - 2 . 2 0 θ'. 00 2.20 4'. 40 6'.60 8.30 U . 00 
V E L O C I T Y M M / S E C 

Figure 10. MES spectrum for a synthetic browii (hematite and goethite) 

F i g u r e 11 shows the differences between synthetic hematite and one 
f r om " b u r n i n g an ochre" and between a synthetic goethite a n d a t y p i c a l 
y e l l o w ochre ( i n w h i c h the i r on is chiefly goethite i n character ) . Note 
the extra peak or peaks i n the center of the hematite spectrum i n the 
na tura l mater ia l . 
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Figure 11. MES spectra for synthetic hematite (A), synthetic 
goethite (B)9 yellow ochre (C), and "bumf ochre (D) 
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Figure 12. MES spectra for goethite 
samples showing increasing super-para- Figure 13. Electron micrographs of 

magnetism the samples in Figure 12 
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10. K E I S C H Mossbauer Effect Spectroscopy 199 

T h e r e appear to be two possible explanations for these centra l peaks 
i n the natura l hematite . O n e is that some of the ferr ic mater ia l is ac tual ly 
not hematite but is b o u n d to c lay that might be present. O t h e r workers 
( I I ) oba ined s imi lar results w h e n they prepared samples of i r on c o m 
pounds absorbed on kaol ini te or bentonite. T h e second reason concerns 
the effect of smal l crystal size on Mossbauer spectra a n d perhaps is better 
i l lustrated for goethite. 

F i g u r e 12 shows a series of spectra of pigments w h i c h are m a i n l y 
goethite but of decreasing crystal size. F i g u r e 13 shows electron m i c r o 
graphs of these samples; the correlat ion is obvious. T h e progressive 
collapse of the s ix-peaked (magnet i c hyperfine sp l i t ) spectra to two 
peaks has been observed by others (12, 13) a n d exp la ined as "super-
m a g n e t i s m " — a k i n d of b r e a k d o w n of the internal hyperf ine magnet i c 
field. W e have exper imental ly observed that the " b u r n i n g " of a finely 
d i v i d e d goethite results i n a product g i v i n g a Mossbauer spectrum l ike 
that of a natura l hematite w h i l e the b u r n i n g of a goethite w i t h large 
crystals y ie lds a mater ia l w i t h a spectrum l ike a synthetic hematite . 
H o w e v e r , i n natura l materials , c lay is also present i n almost every case. 
T h e study of minera log i ca l i ron-bear ing materials is extremely complex, 
a n d often no specific chemica l - c rys ta l l ograph i c structure is identi f ied. 
Nevertheless the intercomparison of data is qu i te va luab le for classifica
t ion because general classes are identi f iable. 

I n our survey we observed that, i n general , natura l ochres are more 
finely d i v i d e d than synthetic ones a n d that this property also varies 
somewhat w i t h the source of the mater ia l . O f course, the Mossbauer 
spectrum shows this quite c learly . W e also observed other variat ions i n 
the spectra of such materials as umbers and siennas. T w o t y p i c a l spectra 
are shown i n F i g u r e 14. 

T h i s is the k i n d of in format ion that one m a y obtain , us ing the de
tector w i t h o u t sampl ing of a pa int ing . F i g u r e 15 shows the setup for 
ana lyz ing a p a i n t i n g i n w h i c h a tan r i b b o n is a l igned w i t h the center 
of the detector. T h e spectrum obta ined is shown at the bot tom a n d is 
that of a t y p i c a l natura l y e l l o w ochre. 

F i g u r e 16 shows the spectra obta ined for two other p i g m e n t s — 
green earth a n d Pruss ian b lue . I n the former case there are actual ly two 
spectra, one of w h i c h consists of a w i d e l y spl i t doublet t y p i c a l of i r o n ( I I ) 
compounds . H e a t i n g this p igment changes i t to a b rownish - red a n d 
removes the ferrous doublet . 

T h e spectrum for Pruss ian b lue also consists of two spectra. O n e is 
f rom the F e ( C N ) 6

4 " ions, a n d the other is f rom the F e 3 + ions. W e are 
current ly explor ing this system us ing M E S to investigate the process of 
fad ing . T h e objective w o u l d be two- fo ld—first to be able to ident i fy 
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200 A R C H A E O L O G I C A L C H E M I S T R Y 

object ively faded Pruss ian b lue i n a p a i n t i n g , a n d second to study the 
poss ib i l i ty of reversing the fad ing . 

Terra Cotta 

T e r r a cotta typ i ca l ly contains approx imate ly 5 - 1 0 % iron . W e sur
veyed approximate ly 20 specimens of sixteenth-to-nineteenth century 
terra cottas a n d observed two general types of Môssbauer spectra ( F i g 
ure 17) . I n some samples we observed a combinat ion of these, a n d this 
l e d us to heat a sample to progressively higher temperatures a n d analyze 
it . F i g u r e 18 shows the results. Note the transit ion between 470 ° C 
(ac tua l ly a s imi lar spectra was obtained after heat ing at ~ 8 0 0 ° C ) and 
1000°C. A t 1200°C, for w h i c h the top curve was observed, the mater ia l 
h a d me l ted to a b lack i sh -brown glassy mater ia l . W h i l e the number of 
samples w e examined is s t i l l too l i m i t e d to d r a w firm conclusions, w e 

7~1 1 1 1 1 , , , , , . 
- 1 1 . 0 0 - 8 . 3 0 - 6 . G U - '4 .40 - 2 . 2 0 0 . 0 0 2 . 2 0 4 . 4 0 fi . SO 3 . 3 0 f l 00 

V E L O C I T Y M M / S E C 

Figure 14. MES spectra for a sienna (top), and an umber (bottom) 
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10. K E I S C H Mossbauer Effect Spectroscopy 201 

Figure 15. MES of an area on a painting 

may tentatively state: ( a ) earlier w o r k (ear ly Renaissance) appears not 
to have been heated to qui te as h i g h a temperature as later work , ( b ) 
sometimes one m a y d is t inguish one par t i cu lar artist's work , a n d ( c ) for
geries that have been prepared b y co lor ing a mortar or cement- l ike 
mater ia l can be read i ly d ist inguished. Spectra f rom such mixtures i n d i 
cate that a p igment was used to obtain the color of genuine terra cotta. 

A few pract i ca l appl icat ions have a lready resulted f rom the a p p l i c a 
t ion of this method. I n one work , where an arm h a d been p ieced onto a 
statue, M E S c lear ly showed that the a r m was of a different mater ia l , 
a n d thus no sampl ing was necessary. I n a coordinated group of three 
objects, i t was c learly shown that one of the objects, presumably recent, 
d i d not be long i n the group. A l so , among our samples were two objects 
of definite at tr ibut ion to one artist and a t h i r d w o r k of questionable 
attr ibut ion . M E S c learly showed that the t h i r d work was of a different 
composit ion. 

Pottery 

T w o groups of workers have used M E S to study ancient pottery. 
I n bo th cases, samples were taken, a n d transmission spectra were ob-
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202 A R C H A E O L O G I C A L C H E M I S T R Y 

ta ined . I n one study b y Cousins a n d D h a r m a w a r d e n a , the samples ex
a m i n e d were taken f r om sherds a n d clays f o und at or near C h e a m i n 
Surrey ( E n g l a n d ) ( I ) . A buff sherd (P18 ) w i t h l ight sand temper ing 
gave the spectrum shown i n the upper part of F i g u r e 19. T h i s spectrum 
is s imi lar to some of those we obta ined f rom terra cotta. A sample of c lay 
f r om that area gave s imi lar spectra w h e n baked but w i t h a regular 
var iat ion i n spectrum parameters as a funct ion of b a k i n g temperature. 

d" 

V E L O C I T Y M M / S E C 

Figure 16. MES spectra for green earth (top), and Prussian blue (bottom) 
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10. K E I S C H Mossbauer Effect Spectroscopy 203 

' - 1 2 . 0 0 - 3 r,c! -->.2C - * fjC -2 . ««C 0. C\t 2 HO * 3C "7.20 'J 60 1 2 . 0 0 
V E L O C I T Y M M / S E C . 

γ -ν -— 1 1 , , , , , , , 1 
- 1 2 . 0 0 - 9 . 6 U - 7 . 2 0 -4 80 - 2 . ι»0 0 CO 2 . 4 0 4 . 8 0 "7 2G 9 . 6 0 1 2 . 0 0 

VELOCITY MM/SEC 

Figure 17. MES spectra for two "types" of terra cotta 

T h e authors indicate that this can lead to an estimate of b a k i n g t em
perature. T h e y also po int out that superf ic ial ly s imi lar pottery f ound 
about 10 miles away (K ings ton ) y i e lded ent ire ly different spectra. 

Cous ins a n d D h a r m a w a r d e n a also examined a l i g h t l y gr i t ted b lack 
ware a n d obtained the spectrum shown i n the lower part of F i g u r e 19. 
T h i s shows the presence of b o t h F e ( I I ) a n d F e ( I I I ) . B a k i n g this sample 
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204 A R C H A E O L O G I C A L C H E M I S T R Y 

i n a ir at 700°C y i e l d e d a buff mater ia l that was entirely F e ( I I I ) "but 
not ox ide / ' ( T h e n e w spectrum was not quite l ike that of P 1 8 ) . A r e d 
sandy ware w i t h a b lack inter ior was also examined. T h e differences 
between the r e d a n d b lack materials were c learly shown to be differences 
i n ox idat ion states. O n l y 2 7 % of the i ron i n the b lack form was i n the 
F e ( I I I ) state. 

Gangas et al. (2) made a s imi lar exploratory study of ancient Greek 
pottery. T h e y prepared t h i n samples b y scraping 200 m g f rom the 
insides of the pottery. T h e y f ound that there were dist inct differences i n 
the spectra obta ined w h i c h were c o r r e c t a b l e w i t h archaeological ev i 
dence. A m o n g four m a i n groups of pottery examined, clear minera log i ca l 
differences were obta ined for samples that were the same i n appearance. 

- 1 4 . 0 0 - 1 0 . 0 0 - 6 00 - ? 00 0 0 G'. C.'i? ,C.CC 1 4 . 0 0 
VELOCITY MM/SF.C 

Figure 18. MES spectra for a sample of terra cotta 
heated to various temperatures prior to analysis 

T h e Môssbauer spectra obta ined even d i v i d e d one group of K o r i n t h i a n 
pottery into two subgroups w h i c h c o u l d be correlated w i t h date a n d style. 

Summary 

Back-scatter Môssbauer effect spectrometry can be an effective 
non-destructive tool for character iz ing i ron compounds that occur so 
f requent ly i n works of art a n d i n archaeological materials . I n paint ings , 
this technique can be used to ident i fy various i ron -bear ing compounds 
to a i d the restorer—conservator i n d iscerning w h i c h parts of a w o r k are 
o r ig ina l a n d h o w to m a t c h them. F o r identi f icat ion, M E S can y i e l d 
va luab le clues as to the or ig in of a w o r k b y d iscerning between synthetic 
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10. K E I S C H Mossbauer Effect Spectroscopy 205 

•S 

- 3 - 2 - 1 0 1 
Velocity (mm/e) 

Figure 19. MES spectra of ttco pot
sherds (after Ref. 1 ) 

a n d natura l materials . T e r r a cotta can be classified to he lp w i t h dis 
t inguish ing artists, periods, a n d sources. F i n a l l y , pottery, bo th who le 
a n d sherds, can be classified as to per iod , locat ion, a n d perhaps firing 
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206 A R C H A E O L O G I C A L C H E M I S T R Y 

temperatures. W h i l e in format ion obta ined b y this m e t h o d m a y not 
always be conclusive or unambiguous , no th ing is lost b y m a k i n g the 
analysis because of the absolutely non-destruct ive nature of this tech
n ique . I n effect, i t is less destructive than ord inary x - rad iography that is 
so c o m m o n l y used. 
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Preliminary Investigations on Chinese Ink 
in Far Eastern Paintings 

JOHN WINTER 

Freer Gallery of Art, Smithsonian Institution, Washington, D.C. 20560 

Chinese ink, an intimate mixture of combustion carbon and 
animal glue, was originally based on pine wood soot, but 
lampblack from oil lamps became dominant after about the 
11th century. Various inks, many from paintings, were stud
ied by scanning electron micrographs; these enable indi
vidual carbon particles to be seen and some approximate 
particle size distributions to be constructed. Combustion 
carbon can be recognized easily as a pigment in paintings. 
Lampblack inks seem to have a fairly narrow particle size 
distribution; pine soot inks give more variable distributions. 
The reason some inks show a bluish and some a brownish 
tint is concluded to be light absorption differences by the 
carbon rather than additives or Tyndall effects. Though 
falling into the same range, distributions differ sufficiently 
in shape to suggest that they could be an identifying char
acteristic in some cases. 

V V T r i t i n g a n d the w r i t t e n w o r d have a lways h a d a special importance 
i n Chinese culture . Paper a n d p r i n t i n g are both Chinese i n v e n 

tions; the ha i r b rush , also used for w r i t i n g , has a considerable ant iqu i ty 
i n that country. A l t h o u g h b lack inks a n d paints were made i n other 
parts of the w o r l d , perhaps f r om an earlier t ime ( I ) , i t was undoubted ly 
the importance of l i teracy among the Chinese that l ed them to produce 
ink of a q u a l i t y unmatched anywhere outside the F a r East . F u r t h e r m o r e , 
un l ike most other parts of the w o r l d , this same mater ia l was used not 
only for w r i t i n g a n d p r i n t i n g , bu t i t became almost ub iqui tous i n pa int 
ing . I n the present context there is no d is t inc t ion , of the type f ound i n 
western pract ice , between ink a n d paint . Chinese ink c o u l d w e l l be 
descr ibed as b lack water-co lor pa int ; i t was a p p l i e d w i t h a b r u s h a n d 
used the same glue vehic le as that used w i t h other pigments. T h e ex-
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208 A R C H A E O L O G I C A L C H E M I S T R Y 

per imenta l results offered here are der ived f rom samples taken f r om 
paint ings rather than f rom examples of p r i n t i n g or w r i t i n g . H o w e v e r , 
Ch inese i n k is a t e rm commonly understood i n several different fields, 
a n d i t w o u l d be confusing a n d pedant i c to replace i t . 

F e w Chinese , Japanese, or K o r e a n paint ings on flexible supports do 
not use b lack i n k to a considerable extent. M a n y were executed us ing 
on ly this m e d i u m or w i t h sl ight add i t i on of color. T h e v i r t u a l u b i q u i t y 
of i n k is undoubted ly one factor b e h i n d its importance i n the F a r Eas t ; 
this is shown b y the respect accorded its makers, b y its treatment i n 
Ch i n es e h is tor i ca l w r i t i n g , a n d b y the extensive ink lore that exists. 

T h i s paper describes the p r e l i m i n a r y a n d exploratory phase of an 
invest igat ion of Ch inese ink i n F a r Eas tern pa int ings—its properties a n d 
its var iab i l i ty . T o c lar i fy w h a t such invest igat ion might achieve, w e 
must first look briefly at the history a n d method of manufacture of the 
ink. N o t e that Chinese ink has been var ious ly ca l l ed C h i n a ink , I n d i a 
(or I n d i a n ) ink , Japanese ink , a n d occasional ly b y its Japanese name, 
sumi. T h e Chinese w o r d , less used, is mo. 

History and Manufacture 

Chinese ink is essentially a mixture of soot or l a m p b l a c k w i t h glue; 
other constituents m a y be invo lved a n d are ment ioned be low. T h e estab
l i shed m an u f ac t ur ing method stresses bo th the care fu l choice a n d prepa 
rat ion of the ingredients a n d the assidousness a n d di l igence requ i red 
d u r i n g their c ompound ing . 

T h e origins of Chinese ink are obscure. There are references to the 
early use of a b lack varn i sh ( 2 ) , an idea that has been d i sputed (3). 
A n early mater ia l ca l led shih mo, or "stone i n k " also crops u p i n Chinese 
l i terature (2, 4) a n d m a y have been graphite or coal . Archaeo log i ca l 
mater ia l seems to be sparse a n d scarcely s tudied , a l though an invest iga
t i o n (5,6) on the b lack p igment f ound on a Shang oracle bone suggests 
that i t is carbonaceous a n d possibly b l o o d that has darkened w i t h t ime. 
Some references exist to p r e - H a n potsherds bear ing b lack ink apparent ly 
a p p l i e d w i t h a b rush as a l i q u i d (4, 7). 

I n k as w e n o w recognize i t is t rad i t i ona l ly be l ieved to date f r o m the 
W e i dynasty, a n d the first extant descr ipt ion comes f rom the 5 th cen
t u r y A . D . (8). [Ref. 9 erroneously gives the W e i per i od as "220 à 260 
avant J . C . " where "après J . C . " is c lear ly meant. A c c e p t e d dates for the 
W e i are A . D . 220-265.] A considerable per iod of development before 
then seems probable , however . Since that t ime the Chinese l i terature 
on ink has been f a i r l y extensive; a deta i led handbook on i n k m a k i n g i n 
the 14th century has been translated into F r e n c h (9), a n d more recently 
F r a n k e has rendered m a n y texts into G e r m a n (4). These a n d other 
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11. W I N T E R Chinese Ink 209 

authors (2 , 10-15) have descr ibed the history of i n k m a k i n g as der ived 
f rom the Chinese l i terature. 

F r o m the 5 th century the m e t h o d for m a k i n g i n k remained u n 
changed i n essentials. T h e carbon was made i n ways w h i c h d i d vary , 
a n d this aspect is dealt w i t h i n more deta i l be low. A n i m a l glue was 
prepared us ing col lagen f rom various sources, favorites be ing deer antler 
a n d skins of various animals a l though fish glue is also ment ioned . A l l 
accounts stress the assiduousness w i t h w h i c h the soot or l ampblack , finely 
sieved before use, a n d the solut ion of glue should be m i x e d . K n e a d i n g , 
p o u n d i n g , steaming, a n d ro l l ing are a l l recommended , usua l ly i n c om
b inat i on , a n d are to be done repet i t ive ly a n d at length to obta in a good 
product . It may be in ferred that proper ly made ink w i l l have finely 
d i v i d e d carbon ( a h y d r o p h o b i c mater ia l ) a n d prote in glue ( a h y d r o -
p h i l i c mater ia l ) in t imate ly m i x e d — a point w h i c h is of some interest 
regard ing its behavior . 

Besides carbon a n d glue various other constituents have been quoted 
as be ing incorporated b y this or that inkmaker , some of them for obscure 
reasons. F r a n k e (4) states that u p to 1100 are k n o w n ; they i n c l u d e 
perfumes l ike camphor a n d musk, dyes (ev ident ly to improve the ap 
pearance i n some w a y ) , p lant extracts, a n d other materials , some of w h i c h 
m a y have i m p r o v e d the co l l o ida l behavior of the system. 

W h a t concerns us is the carbon p igment itself. T h i s has been pre 
pared i n different ways , a n d the differences have h is tor i ca l significance 
(2, 4). T h r o u g h T a n g times or later the standard preparat ion was the 
contro l led b u r n i n g of p ine w o o d i n long ovens of bamboo covered w i t h 
paper. W o o d c u t i l lustrations show at least t w o oven designs that were 
used (4, 13); some are as l ong as 100 feet. T h e best soot for i n k m a k i n g 
was col lected at the end remote f rom the fire; carbon f rom too close to 
the fire was considered unsuitable . T h i s co l lect ion method w o u l d m e a n 
that the soot proper was separated f rom u n w a n t e d debris such as fly-ash, 
charred fragments, a n d tarry products . Soot partic les m a y also have been 
fract ionated, smaller ones t end ing to get into the better inks. W o o d s 
other than p i n e were ev ident ly t r i ed but f o u n d unsatisfactory, a n d p ine 
itself was graded for i n k m a k i n g sui tab i l i ty (4). I n any event, this method 
of ob ta in ing the carbon was p r o b a b l y inefficient. 

A t some t ime, perhaps a r o u n d the 11th to 12th centuries, the p r o 
d u c t i o n of carbon b y b u r n i n g o i l at a w i c k became important . A c c o r d i n g 
to L a u f e r ( 2 ) , a n d especial ly to F r a n k e (4), o i l b u r n i n g was associated 
w i t h the extensive deforestation of C h i n a d u r i n g the first m i l l e n i u m 
A . D . ; i t resulted i n a shortage of p ine w o o d as r a w mater ia l , a n d i t 
c o i n c i ded w i t h an increas ing i n k d e m a n d for c l e r i ca l a n d s imi lar purposes. 
I n any event l ampb lack produc t i on f rom o i l is p r o b a b l y more efficient 
than p ine soot produc t i on ( t h o u g h admit ted ly us ing a more expensive 
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210 A R C H A E O L O G I C A L C H E M I S T R Y 

f u e l ) , is easier to contro l , less vulnerable to the elements a n d to fire 
hazards , a n d requires less elaborate equipment . Conven ient ly , i f a r b i 
t rar i ly , w e m a y refer to carbon f rom w o o d b u r n i n g as soot a n d that f rom 
o i l burnt i n a l amp as lampblack . T h e relat ive quantit ies of the t w o 
types p r o d u c e d w h e n bo th were i n use are diff icult to judge, a n d the 
l i terature is conf l ict ing on this po int (4, 13 ) . O t h e r fuels for p r o d u c i n g 
carbon are ment ioned f rom t ime to t ime, among them petro leum (4) a n d 
p i g s fat (11, 12). T h e i r importance is h a r d to assess, but most authors 
regard i t as minor . 

T h e i n k stick also evo lved into a m i n o r art form. M a n y sticks exhibi t 
surface decorat ion based on var i ed motifs (4); later they were m o l d e d 
into s cu lptured forms ( 3 ) . T h e latter were presumably made especial ly 
for collectors rather than for use. 

Chinese ink was made i n K o r e a f rom an early date; at the b e g i n n i n g 
of the T a n g p e r i o d that country remit ted an a n n u a l tr ibute of p ine soot 
i n k to the Chinese court (2). T h e technique of m a k i n g ink seemed to be 
in t roduced to Japan b y an envoy sent b y the K i n g of K o r e a i n 610 
A . D . (2). 

A few technica l studies on Chinese ink have been p u b l i s h e d before. 
O n e of the earliest (16) i n c l u d e d a br ie f invest igat ion of e lectrophoretic 
properties w h i c h showed that ink partic les exhib i ted an isoelectric po int 
between p H 4 a n d 5. T h i s corresponds w e l l w i t h the isoelectric po int 
of gelat in [ca. 4.5 (17) a n d ca. 4w8 ( I S ) ] a n d shows that the carbon 
partic les have an adsorbed layer of collagenous prote in f rom the glue 
that is k n o w n histor ica l ly to be present. G e l a t i n or glue is an efficient 
co l l o id protect ing agent (19), a n d the properties of ink suspensions as 
co l l o ida l systems are expected to be those i n v o l v i n g particles w i t h a 
prote in surface rather than a carbon surface. 

T w o other papers have s tudied ink f rom the po int of v i e w of its 
c o l l o ida l propert ies : one w i t h spec ia l reference to the technique of 
suminagashi (20) a n d one w i t h reference to its d ispersion b y r u b b i n g 
o n inkstones (21). A Chinese paper gives some general data (22). T w o 
papers (23, 24) show electron micrographs of i n k partic les w i t h , i n one 
case (23), observation on the t int a n d the o r i g in of the carbon (see 
b e l o w ). A book p r i m a r i l y on inkstones also treats ink i n some descr ipt ive 
de ta i l (25). 

Experimental 

T h e results presented here are based on scanning electron m i c r o 
graphs ( S E M ) of paper fibers coated w i t h ink. T h e instrument used 
was the Stereoscan M a r k I I A ( C a m b r i d g e Instrument Co . , L t d . ) , o w n e d 
b y the N a t i o n a l M u s e u m of N a t u r a l H i s t o r y . A sample consisted of a 
single fiber excised f rom an ink-coated area of paper (usua l ly a p a i n t i n g ) 
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11. W I N T E R Chinese Ink 211 

a n d m o u n t e d o n a 12-mm c i rcu lar glass cover s l ip b y secur ing one end 
w i t h p o l y ( v i n y l acetate) emuls ion. T h e s l ip was then stuck to an a l u 
m i n u m stub a n d coated w i t h 2 0 - 3 0 n m of go ld before scanning. 

T h e paint ings sampled are l is ted i n T a b l e I. I n add i t i on , two m o d e r n 
ink sticks were used. O n e (des ignated m o d e r n l a m p b l a c k i n k ) was a 
stick k i n d l y g iven to the F r e e r G a l l e r y b y the K o b a i e n I n k W o r k s i n 
K y o t o a n d k n o w n to have been based o n l a m p b l a c k f rom vegetable o i l 
lamps. T h e other ( m o d e r n b l u i s h i n k ) was purchased commerc ia l ly 
(A iko ' s A r t Mater ia l s Import , C h i c a g o ) and , accord ing to a leaflet sup
p l i e d w i t h i t , was made f rom p ine soot. These two inks were r u b b e d 
u p w i t h water , d a u b e d on to Kdsho ( a n absorbent Japanese p a p e r ) , a n d 
the daubs were sampled as for a pa int ing . T h e r e m a i n i n g sample was 
of household ch imney soot, generated b y a wood- fue led fire, w h i c h was 
m u l l e d w i t h ge lat in solution a n d spotted on to the cover s l ip . 

Table I . Paintings in the Freer Collection Sampled for 
Scanning Electron Microscopy 

Figure Accession 
No. Artist Country, Period Subject No. 

6 T s o u F u - l e i C h i n a , 14th p l u m branches i n 31.1 
7 cent. flower (makimono) 

9 

10 

11 

12 

13 

W a n g H u i 

K u n g H s i e n 

W a n g Y u a n -
c h ' i 

F u j i w a r a 
Nobuza ne 
(attrib.) 

Chông Son 
(attrib.) 

C h i n a , 1 7 t h -
18th cent. 

C h i n a , 17th 
cent. 

C h i n a , dated 
1706 

J a p a n , 1 3 t h -
14th cent. 

K o r e a , 18th 
cent. 

landscape 50.19 
(makimono) 

winter landscape 61.11 

r iver landscape 62.5 

por t ra i t M i n a m o t o 50.25 
no K i n t a d a 

landscape (a lbum 60.9 
leaf) 

T h e part ic le size d istr ibut ions (F igures 1-5) were generated as 
fol lows. A contact p r i n t of a 4 X 5 i n c h S E M negative at a magni f icat ion 
of 10 4 was covered w i t h a transparent plastic sheet, r u l e d w i t h a g r i d of 
1-cm squares. E a c h square was examined us ing a 6 X magnif ier h a v i n g 
a ret ic le engraved w i t h a 1-cm 2 part ic le measur ing gr id . T h e diameter 
of each identi f iable single carbon part ic le was est imated to the nearest 
0.01 c m a n d read into a tape recorder. L a t e r the tape was p l a y e d back 
a n d transcr ibed. A t 1 0 4 X , the diameters on the m i c r o g r a p h i n cent i 
meters are equivalent to ac tua l diameters i n micrometers . F o r p lo t t ing , 
the diameters were grouped i n pairs (i.e., 0.05 + 0.06 μτη, 0.07 + 0.08 
μτη, e tc . ) , a n d the numbers were normal i zed to a total of 100 particles. 
Those of d iameter less than 0.05 μπι were grouped a n d p lo t ted as a 
c o m b i n e d group. 

I n a l l of the plots except one ( F i g u r e 1 ) , analyses of at least two 
micrographs on samples f rom the same pa in t ing or i n k are combined . 
T h e lower ( top of the shaded area) a n d upper ( top of the open area) 
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212 A R C H A E O L O G I C A L C H E M I S T R Y 

WP ι 
10 15 

D I A M E T E R ( J i m χ 1 0 0 ) 

Figure 1. Particle size distribution; modern lampblack 
ink. Plotted from one analysis. 

l imits d r a w n for each class of part ic le diameters represent respectively 
the least a n d greatest numbers of partic les i n that class ( as percentages ) 
that were f ound . T h u s the plots give some idea of the var ia t i on over 
different determinations as w e l l as of the overa l l shape of the d is t r ibut ion . 

Exper iments on the m o d e r n b lu ish - t inged ink i n connect ion w i t h 
the discussion o n ink tints were as fo l lows : 

( a ) P o w d e r e d ink (0.11 gram) was Soxhlet extracted successively 
w i t h acetone (4 h r s ) , 2 -propanol (2 h r s ) , a n d p y r i d i n e (6^ h r s ) . N o 
co lored mater ia l was extracted. 

( b ) Ign i t i on of ink i n air to constant we ight : ash residue, 1.5%. 
Semiquant i tat ive analysis of ash b y emission spectrography gave the f o l 
l o w i n g elements i n concentrat ion > 1 % : A l , C a , F e , S i . Ign i t i on of a 
t y p i c a l m o d e r n brownish - t inged i n k gave an ash ( 0 . 8 % ), s imi lar analysis 
of w h i c h showed the same four elements i n concentration > 1 % . 
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11. WINTER Chinese Ink 213 

Results 

Precision and Accuracy. T h i s p r e l i m i n a r y stage was done to estimate 
the ways i n w h i c h part ic le size d istr ibut ions vary a n d to see h o w far 
they can be u t i l i z e d i n prac t i ca l ways . T h e above techn ique was chosen 
to enable us to ob ta in some approximate results convenient ly , w i t h o u t 
elaborate sample preparat ion . T h e scanning electron micrographs ( F i g 
ures 6 -15 ) show that too great an accuracy should not be expected at 
this stage, especial ly i n v i e w of the i l l -d ispersed nature of the partic les 
i n some cases ( F i g u r e s 7 a n d 10) . 

30r-

5 10 15 2 0 25 30 
D I A M E T E R ( μπι χ 100 ) 

Figure 2. Particle size distribution; modern bluish-tinged ink from 
pine soot. Plotted from two analyses. 

T h e ins truments reso lv ing power is specified to be 0.025 μτη or 
better. T h i s l imi ta t i on alone d i c tated the group ing of partic les i n ranges 
of 0.02 μΐη before p lot t ing . R e p r o d u c i b i l i t y of the instrument's magni f i ca 
t ion factor was w i t h i n ± 5 % . A sl ight systematic bias towards larger 
diameters m a y be present because of the go ld coat ing on the samples, 
but it should be about constant over this series. 

T h e greatest sources of error come f rom the difficulties i n est imating 
diameters accurately i n these micrographs. T h e y i n c l u d e : mis judgement 
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s o h 

D I A M E T E R ( μ ΐ η χ 100) 

Figure 3. Particle size distribution; 14th century 
Chinese painting No. 31.1. Plotted from five 

analyses. 

of a c l u m p of partic les as one single one; underest imat ion of the diameter 
because of p a r t i a l e m b e d d i n g of a part ic le i n g lue or i n a c l u m p ; selective 
h i d i n g of partic les b y others (smal ler particles m a y be h i d d e n more 
easi ly than large ones) . I n add i t i on , i t is diff icult to avo id a subjective 
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11. W I N T E R Chinese Ink 215 

30r-

D I A M E T E R x 1 0 0 ) 

Figure 4. Particle size distribution; 14th century Japanese painting 
No. 50.25. Plotted from three analyses. 

selection factor; the operator must cont inua l ly dec ide whether or not a 
part ic le is measurable a n d must do so w i thout b ias ing the selection for 
or against a par t i cu lar size. 

T h e reproduc ib i l i t y of the d i s t r ibut ion was checked statist ical ly i n 
several cases—e.g., the Chinese p a i n t i n g 31.1 ( F ig ures 3, 6, 7, a n d 8 ) . 
F i v e micrographs f rom three samples ( three were f rom one sample) 
were analyzed . A l l gave the same k i n d of d i s t r i b u t i o n — a strong peak 
i n the 0.05 + 0.06 μΐη class, f a l l i n g r a p i d l y to zero w i t h increasing d i 
ameter ( F i g u r e 3 ) . T h i s is v i sua l ly conf irmed b y the micrographs 
(F igures 6 -8 ) w h i c h show m a n y smal l carbon particles a n d v i r t u a l l y 
no larger ones. C o m p a r i s o n of the plots i n pairs b y a convent ional χ 2 test 
showed var iab le results, rang ing f rom no significant difference to s ig
nificance at the 0 . 1 % level . W h e r e the difference was significant, i t was 
caused m a i n l y b y shifts of particles between adjacent size classes—a 
natura l result of inaccuracy i n the diameter measurement. S i m i l a r checks 
on other samples conf irmed this impression. F igures 6 a n d 7 show di f 
ferent degrees of part ic le matt ing , l ead ing to possible bias as noted 
above. Results f rom these two micrographs , w h i c h were f rom the same 
sample, were signif icantly different. A l t h o u g h the gross features of these 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

11



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

part ic le size d istr ibut ions m a y be trusted, the present ones are too 
inaccurate for close statist ical analysis. 

Discussion 

General Features of Chinese Ink. F igures 6 to 13 show a representa
t ive selection of scanning electron micrographs of inks f ound i n or iental 
paint ings . T h e carbon particles are spher ica l a n d have diameters u p to 
about 0.20 μτη. 

CO 
W 2 0 -

υ 

Figure 5. Particle size distribution; 18th century Korean painting No. 
60.9. Plotted from four analyses. 

A c c o r d i n g to the l i terature (26, 27), soot f rom dif fusion flames 
contains spher ica l carbon particles f rom 0.01 to about 0.20 μτη i n d i a m 
eter. T h e structure of such a flame shows a number of zones; i n the 
inner zones carbon is f o rmed f rom gaseous fue l molecules ; the outer 
ones see the subsequent combust ion of the particles. W h e r e the latter 
process is incomplete , the flame produces soot. W e w i l l c a l l such m a 
ter ia l combust ion carbon to d is t inguish it f rom that der ived b y the 
pyrolysis of existing so l id , invo lat i le fragments, w h i c h we c a l l char. A 
char consists of i rregular particles of various sizes, some of w h i c h m a y 

I'l ι • 
3 0 
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11. WINTER Chinese Ink 217 

Figure 6. Scanning electron micro- Figure 7. Scanning electron micro
graph; ink on paper fiber from 14th graph; ink on paper fiber from 14th 

century Chinese painting No. 31.1 century Chinese painting No. 31.1 

reflect the morpho logy of the b u r n t mater ia l . F i g u r e 16 shows a part i c le 
of household ch imney soot w h i c h is itself a charred fragment h a v i n g 
combust ion particles attached to, a n d par t ly fused into , the surface. 
A l t h o u g h chars are possible i n soot inks , the design of soot ovens ensures 
considerable fract ionat ion of the carbon , on ly that w h i c h settles least 
r a p i d l y be ing used. T h i s discr iminates heavi ly against chars, a n d no such 
mater ia l has yet been pos i t ive ly identi f ied i n paintings. 

T h e particles i n our samples are certainly of combust ion carbon. 
T h e y m a y be w e l l dispersed ( F i g u r e 11) , par t ia l ly c l u m p e d or matted 
b y the glue m e d i u m ( F i g u r e 9 ) , or heav i ly mat ted b y the m e d i u m ( F i g 
ure 10) . N o association of this last feature w i t h schools or periods of 
pa in t ing has been detected, except that paint ings on silk usual ly have more 
heav i ly aggregated ink than those on paper. Indeed, the preceding three 
examples were a l l f r om closely re lated paint ings ( 17 th -18 th century 
C h i n e s e ) . T h e definite identi f icat ion of carbon ( i n part i cu lar of soot or 
l a m p b l a c k ) as a p igment has posed problems where only a smal l sample 
can be taken, a n d the scanning electron microscope m a y be the instrument 
of choice i n m a k i n g such identi f icat ion. 

Carbon Manufacture. T h e history of Chinese ink indicates that the 
carbon was made i n at least two ways—viz . , b y b u r n i n g w o o d , usual ly 
p ine , or b y b u r n i n g o i l . H o w e v e r , other fuels m a y also have been used. 
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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 

It is h e l p f u l to k n o w i f the mode of manufacture can be d is t inguished 
for a g iven sample. 

Desp i te the absence of char noted above, i t w o u l d be surpr is ing i f 
there were not some reflection of the method of manufacture i n the 
part i c le size d i s t r ibut ion . A n o i l l a m p has a steady flame of f a i r l y con
stant size, w h i l e a w o o d fire has a var iable , f l i cker ing flame. A naive , 
in tu i t ive v i e w w o u l d be that the w o o d fire can be expected to produce a 
broader range of part ic le sizes, whatever the m e a n a n d mode of the 
d i s t r ibut i on m i g h t be. T h e constantly changing geometry of the flame 
w i l l t end to a l l ow some particles to escape before they have combusted 
very far, others perhaps before they are f u l l y formed. 

Figure 8. Scanning electron micro- Figure 9. Scanning electron micro
graph; ink on paper fiber from 14th graph; ink on paper fiber from 17th-

century Chinese painting No. 31.1 18th century Chinese painting No. 
50.19 

T o some extent this v i e w is borne out b y observation. A m o d e r n 
i n k k n o w n to have been made f r om lampb lack (F igures 1 a n d 14) has 
a fa i r l y u n i f o r m part ic le size, w i t h a strong peak to the d is tr ibut ion . 
F igures 2 a n d 15 came f rom another modern i n k made (ac cord ing to 
details that came w i t h i t ) f r om p i n e soot prepared i n the t rad i t i ona l 
way . Desp i te inaccuracies i n the plots noted above, the difference 
between them is large enough to afford some conf irmation of expecta-
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11. W I N T E R Chinese Ink 219 

Figure 10. Scanning electron micro
graph; ink on paper fiber from 17th 
century Chinese painting No. 61.11 

Figure 11. Scanning electron micro
graph; ink on paper fiber from 18th 

century Chinese painting No. 62.5 

tions, especial ly since i t accords w i t h the v i s u a l impress ion g iven b y 
F igures 14 a n d 15. 

T h e ch imney soot sample ( F i g u r e 16) offers confirmatory evidence. 
A l t h o u g h the combust ion partic les are too i l l -de f ined to permi t a w o r t h 
w h i l e part ic le size plot , a rough analysis suggested a par t i cu lar ly w i d e 
range of diameters, w i d e r perhaps than those encountered i n inks. 

Another interest ing case is that of the 14th century Chinese p a i n t i n g 
N o . 31.1. T h e b lu i sh t int of this ink suggests that i t may be of the p ine 
soot type (see b e l o w ) . T h e d i s t r ibut ion (F ig ures 3, 6, 7, a n d 8) is nar 
row, but i t falls i n a range of considerably smaller diameters than l a m p 
b lack ink . T h e p lo t ted d is t r ibut ion is almost certainly t runcated—the 
method used d iscr iminated heav i ly against part i c le sizes i n the < 0.05-/xm 
class. I n this sense the apparent narrowness of the d is t r ibut ion m a y be 
mis leading . It is also t empt ing to suggest that a par t i cu lar ly r igorous 
soot fract ionat ion m a y have occurred i n this case, r emov ing f a i r l y large 
particles f r om the p igment used. 

T h e overa l l impress ion is that p ine soot has a var iab le part i c le size 
d i s t r ibut ion but is qui te broad i n some cases at least. Present evidence 
is that l am pb l ack has a d i s t r ibut ion of r ough ly the k i n d i n F i g u r e 1. T h i s 
type has turned u p several times i n E d o p e r i o d Japanese paint ings ; such 
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220 A R C H A E O L O G I C A L C H E M I S T R Y 

artists might have used l a m p b l a c k ink w h i c h was the m a i n type avai lable 
i n that late per iod . 

Tint of Chinese Ink. It is unusua l for a t h i n w a s h of ink on a w h i t e 
ground to appear absolutely neutra l grey. Genera l l y i t has either a 
b r o w n i s h or a b l u i s h tint , a n d this fact is of interest i n paint ings . B r o w n 
i sh tints are the more c o m m o n ; i n m a n y actual paintings, of course, the 
d is t inct ion cannot be d r a w n because the support has darkened or because 
there is no sufficiently l i ght w a s h of ink. T h e convent ional v i e w (23, 28) 
is that b l u i s h i n k is made f r om p i n e soot a n d b r o w n i s h ink f r o m l a m p 
black. T h e quest ion is therefore b o u n d u p w i t h that of soot manufacture 
(see previous sect ion) . T h e 14th century Chinese pa in t ing (cf. F igures 
3, 6, 7, a n d 8) shows a definite b l u i s h t int , a n d this is the reason for 
suggesting that the ink m a y have been f rom p ine soot. A p a r t f rom that, 
w h y do different samples of "b lack" ink differ s l ight ly i n their color? A t 
least three reasons seem possible : ( a ) co lored addit ives or secondary 
constituents, referred to i n the section on history a n d manufacture ; 
( b ) l i ght dispersion through scattering b y part ic les ; ( c ) differences of 
consumptive absorpt ion [i.e., absorpt ion of rad iant energy w i t h o u t scat
ter ing or re-emission ( 2 9 ) ] b y the different carbons. 

Figure 12. Scanning electron micro
graph; ink on paper fiber from 13th-
14th century Japanese painting No. 

50.25 

Figure 13. Scanning electron micro
graph; ink on paper fiber from 18th 

century Korean painting No. 60.9 
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11. W I N T E R Chinese Ink 221 

Figure 14. Scanning electron micro- Figure 15. Scanning electron micro
graph; paper fiber bearing modern graph; paper fiber bearing modern 

lampblack ink pine soot ink having a bluish tone 

A D D I T I V E S . N O exper imental evidence has been f ound for a n add i t ive 
affecting the t int of the ink. Exhaust ive extraction of the m o d e r n b l u i s h 
i n k (cf. F igures 2 a n d 15) w i t h solvents, i n c l u d i n g p y r i d i n e ( w h i c h w i l l 
dissolve ind igo , for example ) r emoved nothing . C o m b u s t i o n of a sample 
left a smal l residue, whose analysis gave no reason to suspect an inorganic 
p igment , a n d w h i c h was s imi lar to the analysis of residue f r o m a t y p i c a l 
b r o w n i s h ink. F u r t h e r , carbons can d isp lay a b lue t inge w i thout a d d e d 
co lor ing matters. F o r example, a s tandard p igment sample f r om the 
N a t i o n a l B u r e a u of Standards ( N o . 318) does so a l though i t is certi f ied 
to consist on ly of combust ion carbon. A lso , certain carbon blacks can 
have a b lue undertone (26). 

C l e a r l y then, b l u i s h inks can exist w i thout co lor ing addit ives , a n d 
there is no exper imental evidence that such addit ives are ever responsible. 
H o w e v e r , it is difficult to rule t h e m out altogether; the h is tor i ca l l i terature 
refers to the use of bark f r om the pepper p lant (9 ) a n d f r o m Fraxinus 
pubinervus (2) to ob ta in a b lue - t inged ink. 

L I G H T D I S P E R S I O N . T h e idea of different tints be ing seen as a scat
ter ing spectrum as a result of different carbon part ic le sizes is inte l lec 
tua l ly attractive. A w o r d on the general pr inc ip les i n v o l v e d is i n order. 
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222 A R C H A E O L O G I C A L C H E M I S T R Y 

C a r b o n particles i n the size range we are consider ing can bo th 
absorb a n d scatter l ight . L i g h t absorpt ion a n d conversion to heat ( con
sumpt ive absorpt ion) are considered be low. A further poss ib i l i ty is 
absorpt ion a n d re-emission (fluorescence or phosphorescence) w h i c h 
are not expl i c i t ly considered here a n d seem un l ike ly . Scatter ing can also 
result i n dispersion of the scattered l ight , a n d this is the poss ib i l i ty under 
consideration. 

A general scattering theory for absorb ing partic les was deve loped 
b y M i e (30, 31), a n d tables of values for the scattering functions have 
been computed (32). T h e earl ier R a y l e i g h theory (31) is unsatisfactory 
for this case since i t assumes non-absorbing partic les of a smaller size 
range. T h e M i e theory is supported exper imental ly b y the w e l l k n o w n work 
on go ld (31) a n d sul fur (31, 33) sols. It is mathemat i ca l ly compl i cated 
a n d involves functions of the complex refractive index, m = n ( l — ik), 
where η is the rea l ( o r convent ional ) refractive index, a n d k is the 
absorpt ion coefficient (i2 = —1) . It is par t ly the lack of knowledge of 
values for these parameters for a carbon part ic le coated w i t h prote in , 
a n d par t ly the dif f iculty associated w i t h particles on an i rregular surface 
(as opposed to a homogeneous sol) that has made i t i m p r a c t i c a l to adapt 

Figure 16. Scanning electron micro
graph; household chimney soot de

rived from burning wood 
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11. W I N T E R Chinese Ink 223 

the theory to the present case. Nevertheless, the hypothesis of a scatter
i n g dispersion of l ight has been rejected for the f o l l o w i n g reasons. 

(a ) B l u i s h inks are observed for quite different part i c le size d i s t r i 
butions. F o r example, the m o d e r n b l u i s h i n k (F igures 2 a n d 15) has a 
d i s t r ibut i on w i t h a mode around 0.09-0.10 μχη, w i t h a l ong t a i l of larger 
particles. O n the other h a n d , p a i n t i n g N o . 31.1 (F igures 3, 6, 7, a n d 8 ) , 
w h i c h has a s imi lar t int , has a d i s t r ibut ion w i t h a mode around 0.05-0.06 
μΐη a n d a very short t a i l . A l t h o u g h the p a i n t i n g f r om w h i c h F i g u r e 11 
was taken ( N o . 62.5) has a sl ight b r o w n i s h t int , the d i s t r ibut ion is gen
eral ly s imi lar to F i g u r e 15, for the b l u i s h ink. 

( b ) W o r k on go ld a n d sulfur sols (31, 33) has shown that to obta in 
good scattering dispersion, reasonably u n i f o r m part ic le sizes are needed. 
T h i s is certainly not the case w i t h some of the inks studied. 

( c ) T h e propensi ty i n some paint ings for the carbon particles to be 
heav i ly aggregated casts doubt on h o w far they w i l l funct ion as i n d e 
pendent scattering centers; i t suggests that scattering m i g h t depend on 
such matters as the s i z ing of the p a i n t i n g support a n d h o w w e l l the ink 
was dispersed. S u c h dependence appears not to have been noted. 

C O N S U M P T I V E A B S O R P T I O N . There r e m a i n differences of consumptive 
absorpt ion b y the carbon, a n d i t is reasonable that they shou ld vary w i t h 
the method of preparat ion . F o r example, carbons general ly conta in u n 
p a i r e d electrons (34), a n d this free r a d i c a l character, at least d u r i n g 
format ion , is a funct ion of posit ion i n the flame (27). T h a t the free 
r a d i c a l character shou ld differ for soot a n d l a m p b l a c k is therefore at 
least p laus ib le , as is the dependence of l ight absorpt ion on this character. 
Surface groupings on carbons can also differ ( 3 5 ) , a n d this c o u l d affect 
l i ght absorption. T h u s , the various tints seen i n t h i n washes of Chinese 
ink can be considered a result of differences i n the consumpt ive l ight 
absorption b y the carbon, a n d they may w e l l reflect different methods 
of preparat ion . 

Variability of Particle Size Distribution. H o w far is i t possible to 
ident i fy differences i n inks more specific than those considered above? 
It is h i g h l y desirable , for example, to be able to associate a part i c le size 
d i s t r ibut ion w i t h a certain p e r i o d or region or even w i t h a par t i cu lar 
school or artist. A l t h o u g h i t is not possible to do so w i t h the methods 
presented here, certain general points can be made. 

A l t h o u g h carbon part ic le diameters are a l l of the same order, there 
is good evidence that even where the mean a n d mode of the d is t r ibut ion 
do not vary m u c h , the overa l l shape may. T h e five ink histograms ( F i g 
ures 1—5) show m u c h error i n the analysis, but the variance , skewness, 
a n d kurtosis of such distr ibutions probab ly differ i n a mean ing fu l way . 
T h e three distr ibut ions f rom paintings vary f rom a heavy predominance 
of sma l l particles ( F i g u r e 3 ) to a more equa l d i s t r ibut ion over a m e d i u m 
range of diameters ( F i g u r e 4 ) a n d to a long- ta i led d i s t r ibut ion w i t h 
greater numbers of larger partic les ( F i g u r e 5 ) . V i s u a l inspect ion of the 
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224 A R C H A E O L O G I C A L C H E M I S T R Y 

scanning electron micrographs (F igures 6, 7, 8, 12, a n d 13) also shows 
that size differences exist. It is equa l ly clear that v i s u a l impressions 
alone are mis lead ing . C u r s o r y inspect ion of F i g u r e 13 suggests a pre 
dominance of larger partic les . Analys is ( F i g u r e 5) confirms the greater 
numbers of larger partic les but indicates that smaller ones m a y s t i l l be 
i n the majority. T h e eye tends to ignore t h e m i n the m i c r o g r a p h itself. 

H o w far part i c le size analysis w i l l l ead is uncerta in . A t an elementary 
leve l , the ab i l i ty to conf irm or deny the ident i ty of ink i n two areas of 
the same p a i n t i n g w o u l d itself be useful (—e.g., i n assessing the authen
t i c i ty of a s ignature) . T h i s author's op in ion is that the dif ferentiation of 
l a m p b l a c k inks is l ike ly to be difficult or impossible because of the repro 
duc ib l e condit ions of carbon manufacture . W i t h p ine soot inks ( a n d 
perhaps others, i f they exist ) the pos i t ion is more hope fu l since fortuitous 
circumstances m a y show that ink made i n one place differs f r o m that 
m a d e i n another. W i t h regard to the history of ink , this approach c o u l d 
be a p p l i e d more often to earlier paint ings , a n d its potent ia l va lue is 
obvious. 
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Nuclear Magnetic Resonance Spectrometry 
in Archaeology 

C U R T W. BECK, C O N S T A N C E A. F E L L O W S , and E D I T H MACKENNAN 

Vassar College, Poughkeepsie, Ν. Y. 12601 

Proton magnetic resonance (PMR) spectrometry supple
ments optical spectroscopy and gas chromatography in the 
identification of organic archaeological materials. PMR 
establishes the average chain length and unsaturation of 
fatty acids. An oil sample of the sixth-fourth century B.C. 
is shown to consist largely of oleic acid. A solid fat of the 
third century A.D. contained principally myristic and pal
mitic acids. The absence of measurable glyceryl signals 
shows both samples were at least 95% hydrolyzed. PMR 
spectra also indicate that the pyrolysate of Baltic amber 
contains significantly less p-cymene than that of modern 
pine resins, confirming previous evidence that abietane 
structures are only a minor component of the fossil resin. 

T n l i t t l e more than a decade, nuc lear magnet i c resonance ( N M R ) spec-
A t rometry has become an indispensable too l of organic chemistry , used 
as rout ine ly as in f rared spectroscopy w h i c h i t supplements rather than 
replaces. A t o m i c nuc le i w i t h o d d mass numbers such as Ή , 1 3 C , 1 5 N , 
1 7 0 , 1 9 F , a n d 3 1 P a n d a l l atomic n u c l e i w i t h even mass but o d d atomic 
numbers such as 2 H , 1 0 B , a n d 1 4 N have magnet ic moments a n d give N M R 
signals. O f these, carbon a n d hydrogen are f o u n d i n prac t i ca l l y a l l 
organic compounds , but w h i l e 1 3 C magnet ic resonance ( C M R ) spec
trometry requires very expensive equipment , the instrumentat ion of p r o 
ton magnet ic resonance ( P M R ) spectrometry is n o w w i t h i n the financial 
reach of most laboratories. 

I n brief , a magnet ic atomic nucleus i n a magnet i c field m a y be either 
l i n e d u p w i t h or opposed to the external field, a n d the transit ion f r o m 
one state to the other corresponds to an amount of energy w h i c h can be 
p r o v i d e d b y electromagnetic rad ia t i on i n the rad io f requency range. 

226 
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12. B E C K E T A L . N MR Spectrometry 227 

N M R instruments use either constant magnet ic fields a n d var iab le rad io -
frequencies or constant frequencies a n d var iab le magnet i c fields, b u t the 
abscissa of N M R spectra is a lways measured i n units of f requency 
( cps ) i n re lat ion to an a d d e d reference c o m p o u n d such as t e t ramethy l -
silane ( T M S ) a n d d i v i d e d b y the radio frequency of the instrument to 
y i e l d dimensionless numbers on either the δ-scale, w h i c h sets the refer
ence s ignal equa l to zero, or on the τ-scale, w h i c h sets it equa l to 10; 
thus δ - j - τ = 10. T h e spectra i n this report use the δ scale a n d show the 
reference s ignal of T M S at δ = 0. 

T h e p r i m a r y a n d secondary l i terature of N M R spectrometry is far 
too large to permi t even a recapi tu lat ion here ( I , 2 ) . W e w i l l attempt 
no more than a very br ie f summary of the observable parameters a n d 
their significance. 

Chemical Shift. T h e pos i t ion of the resonance s ignal of a proton ( or 
of a group of i dent i ca l protons ) is an i n d i c a t i o n of the molecu lar env i ron 
ment of that proton a n d permits , e.g., the d is t inct ion of a l iphat i c , a l l y l i c , 
olefinic, a n d aromatic hydrogens. 

Integral. T h e area under an N M R signal (or a group of s ignals) is a 
measure of the n u m b e r of hydrogen atoms w h i c h are responsible for that 
s ignal . 

Spin-Spin Splitting. T h e sp l i t t ing of a s ignal into two , three, four, 
or more peaks w h i c h show a b i n o m i a l d i s t r ibut ion pattern is an ind i ca t i on 
of the number of hydrogen atoms on ne ighbor ing carbon atoms w h i c h 
change the effective magnetic environment of the proton under observa
t ion b y smal l but predic table amounts. 

Coupling Constants. T h e distance between the i n d i v i d u a l peaks of 
a spl i t N M R s ignal is a further ind i ca t i on of the molecu lar environment 
of the observed protons. F o r example, protons on ne ighbor ing saturated 
carbon atoms split each others' signals w i t h c o u p l i n g constants of the 
order of 6 cps; protons on ne ighbor ing olefinic carbon atoms o rd inar i l y 
have c oup l ing constants w h i c h are s ignif icantly greater. 

Since the n u m b e r of hydrogen atoms i n an average organic molecule 
is qu i te large, most N M R spectra are fa i r l y complex. Since m a n y s imi lar 
protons w i l l g ive signals w i t h near ly the same chemica l shifts, resolution 
is often incomplete . T h e use of lanthanide shift reagents is a recent 
advance w h i c h goes far t o w a r d so lv ing the latter p r o b l e m : B y coordinat
i n g a rare earth complex w i t h the substrate molecule , protons are de-
shie lded i n inverse proport ion to the t h i r d power of their distance f r o m 
the coordinat ion site, a n d thus the signals are spread over a w i d e r range. 
T h u s N M R spectrometry can y i e l d in format ion about the structure, a n d 
even the conformation, of pure compounds of considerable complexi ty . 
M i x t u r e s , of course, confront the spectroscopist w i t h spec ia l problems, 
but even here the N M R technique can often dea l w i t h the quant i tat ive 
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228 A R C H A E O L O G I C A L C H E M I S T R Y 

analysis of, for example, mixtures of isomers more effectively a n d effort
lessly than can in f rared spectroscopy. It is this aspect w h i c h makes N M R 
spectrometry par t i cu lar ly attractive to archaeological chemistry. T h e 
archaeological chemist is often confronted w i t h very smal l amounts of 
complex mixtures. I f the mater ia l is organic , the first step is to establ ish 
its general nature : is i t a fat or o i l , a p i t c h or tar, a resin or gum? W h i l e 
such broad dist inctions as w e l l as the final identi f icat ion of the const i tu
ents can be made b y various ana ly t i ca l methods, we have f o u n d N M R 
spectrometry un ique ly useful i n a n u m b e r of recent studies. 

Hydrolyzed Vegetable Oil 

I n the N e w a r k M u s e u m there is a smal l glass flask w h i c h is dated 
as s i x t h - f o u r t h century B . C . w i t h a general provenance of Syr ia . It was 
f ound to contain a dark b r o w n l i q u i d . T h e contents were r emoved b y 
Rober t H . B r i l l of the C o r n i n g M u s e u m of Glass a n d sent to us for 
analysis. 

A n N M R spectrum of the substance dissolved i n deuterochloroform 
( F i g u r e 1) immedia te ly showed it to be predominant ly oleic a c i d (or a 
soluble meta l o leate ) , p r o b a b l y w i t h some admixture of saturated fatty 
acids. T h e signals can be assigned as fol lows. T h e tr ip let at 0.8 δ arises 
f r om three protons of a t e rmina l m e t h y l group attached to a methylene 
group. T h e large, b r o a d singlet at 1.1 δ represents 22 protons on m e t h y l 
ene groups w h i c h are not deshie lded b y ne ighbor ing sp2 carbon atoms 
a n d w h i c h are so s imi lar to one another that no measurable sp l i t t ing 
occurs. T h e i l l - reso lved peaks between 1.6 a n d 3.0 δ are caused b y 
methylene groups w h i c h are deshie lded b y ne ighbor ing s p 2 carbon atoms. 
T h e carboxy l group accounts for one such methylene group. Since the 

7 6 5 4 3 2 0 

Figure 1. Oil from Syrian glass bottle, sixth-fourth century 
B.C. 
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12. B E C K E T A L . NMR Spectrometry 229 

integra l i n this area indicates less than six protons, there can be no more 
than two other deshie lded methylene groups; hence there is at most one 
double b o n d per molecule . T h e two v i n y l i c protons of this double b o n d 
produce the s ignal at about 5.4 δ. T h e integra l of this s igna l corresponds 
to on ly 1.3 protons. T h e deficiency of deshie lded methylene a n d of 
v i n y l i c protons indicates an admixture of saturated fatty acids. 

O l e i c a c i d is the p r i n c i p a l fatty a c id of o l ive o i l ( 8 3 % ) , w h i c h also 
contains smaller amounts of the saturated p a l m i t i c ( 6 % ) a n d stearic 
( 4 % ) a n d of the doub ly unsaturated l ino le ic a c i d ( 7 % ) . T h e N M R 
spectrum of the archaeological sample was closely matched b y spectra 
of c o m m e r c i a l o le ic a c i d ( F i g u r e 2 ) as w e l l as b y mixtures of the a c i d 
w i t h its sod ium a n d potassium salts ( F i g u r e 3 ) . 

j ι ι ι ι ι 1 1 L 
8 7 6 5 4 3 2 1 0 

Figure 2. Oleic acid 

J 1 1 1 1 I I I L 
8 7 6 5 4 3 2 1 0 

Figure 3. Oleic acid containing 21 % sodium oleate 
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I n spite of its considerable age, one m i g h t suspect that the archaeo
l og i ca l mater ia l c o u l d have reta ined some unsaponif ied o l ive o i l , a n d we 
therefore attempted to establish the l imits of detection of the unsaponif ied 
o i l i n the presence of free fatty acids or salts. T h e N M R spectrum ( F i g u r e 
4 ) of the s implest t r ig lycer ide , t r iacet in ( the ester of g lycero l w i t h acetic 
a c i d ) shows the resonance of the four protons of the methylene groups of 
g lycero l as a mul t ip l e t at about 4.3 δ ( the m u l t i p l i c i t y of the s ignal is 
caused b y the magnet ic non-equivalence of the two protons i n each 
methylene g r o u p ) . T h e single tert iary proton of the g ly cery l group 
appears essentially as a quintet at about 5.3 δ. T h e latter pos i t ion is the 
same as that of the v i n y l protons i n oleic a c id , a n d the two signals cannot 
be used to d is t ing l i sh the g lycery l ester a n d the free fatty a c i d on our 
instrument. T h e N M R spectrum of fresh o l ive o i l ( F i g u r e 5) confirms 
this ; the v i n y l protons of the unsaturated fatty a c i d a n d the tert iary p r o -

Figure 4. Triacetin 

Figure 5. Italian olive oil 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.c
h0

12



12. B E C K E T A L . NMR Spectrometry 231 

A . 
8 7 6 5 4 3 2 0 

Figure 6. Oleic acid containing 10% olive oil 

ton of the g lycero l moiety co inc ide , but the s ignal of four methylene 
protons is c lear ly v is ib le . I n a synthetic mixture of o leic a c i d conta in ing 
1 0 % ol ive o i l ( corresponding to 0 . 5 % free g lycero l ) ( F i g u r e 6 ) , the 
g ly cery l protons at 4.3 δ are bare ly v is ib le as a d isturbance i n the baseline 
at l o w ampl i tudes , but after ampl i f i cat ion they are c lear ly identi f iable i n 
spite of the large amount of noise w h i c h is the pr i ce of e lectronic a m p l i 
fication. H o w e v e r , 5 % ol ive o i l ( corresponding to 0 .25% free g lycero l ) 
can no longer be detected b y our V a r i a n T-60 instrument. T h e l imits of 
detect ion cou ld be l owered substantial ly b y us ing a more sensitive 
spectrometer and a t ime-averaging computer w h i c h stores m a n y repeated 
spectral runs a n d prints out their sum; the signals g r o w i n propor t i on 
to the number of scans super imposed w h i l e the noise increases on ly i n 
propor t i on to the square root of that number , so that 100 repeated runs 
w i l l i m p r o v e the signal-to-noise ratio b y a factor of 10. 

T h e identi f icat ion of the ancient o i l sample was conf irmed b y other 
ana ly t i ca l techniques, i n c l u d i n g in f rared spectroscopy, t i t rat ion , a n d gas 
chromatography. A f u l l account w i l l be p u b l i s h e d elsewhere; our p u r 
pose here is to show h o w m u c h useful in format ion cou ld be gained f r om 
N M R spectrometry alone. 

Hydrolyzed Animal Fat 

A n o t h e r app l i ca t i on concerns the so l id residue i n a p i l g r i m flask of 
the t h i r d century A . D . f rom the R h i n e l a n d , w h i c h was also re ferred to 
us b y Rober t H . B r i l l . A b o u t 7 0 % of the mater ia l was soluble i n carbon 
tetrachlor ide , and its N M R spectrum ( F i g u r e 7) immed ia te ly ident i f ied 
it as a mixture of saturated fatty acids ( a n d their soluble salts) w i t h an 
average cha in length of 14 to 16 carbon atoms, corresponding to myr i s t i c 
a n d p a l m i t i c acids. T h i s average molecu lar we ight was obta ined b y 
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232 A R C H A E O L O G I C A L C H E M I S T R Y 

J I I I I I I I L 
8 7 6 5 4 3 2 1 0 

Figure 7. Fat from pilgrim flask, third century A . D . 

c o m p a r i n g the integra l of the t e rmina l m e t h y l group ( w h i c h is k n o w n 
to contain three protons) a n d the integra l of the α-methylene group 
( w h i c h is k n o w n to contain two protons) w i t h the integra l of the large 
singlet p r o d u c e d b y essentially i d e n t i c a l n o r m a l methylene groups of 
the saturated straight cha in . T h i s m e t h o d cannot be h i g h l y accurate 
because the signals used are too close to permi t precise measurement of 
their integrals. F u r t h e r m o r e the answer obta ined is necessarily an aver
age cha in l ength of a mixture ; the ac tua l compos i t ion must be establ ished 
b y gas chromatography of the m e t h y l esters. I n the present case the 
latter technique showed that myr is t i c a c i d is indeed the p r i n c i p a l fatty 
a c i d present. H o w e v e r , N M R spectrometry can be used very effectively 
to determine the cha in length , a n d hence ident i fy the ac id , of a single 
p u r e component after chromatographic separation; the m e t h y l ester group 
introduces a n e w s ignal at about 3.7 δ w h i c h is w e l l separated f r o m a l l 
other signals a n d can therefore be integrated precisely . It is k n o w n to 
conta in three protons. A comparison of its integra l w i t h the in tegra l of 
a l l the other signals c o m b i n e d is an excellent measure of c h a i n l ength 
as shown b y the example of m e t h y l pa lmitate ( F i g u r e 8) w h i c h shows 
an error of less than one proton. 

The Structure of Amber 

A n o t h e r p r o m i s i n g app l i ca t i on of N M R spectrometry to archaeologi 
ca l problems deals w i t h fossil resins. These terpenoid po lymers , the best 
k n o w n of w h i c h is amber , have p l a y e d a large role i n trade relations 
d u r i n g prehistor ic times since at least the neo l i th ic era, a n d the deter
minat i on of their geographic a n d botan ica l o r ig in can contr ibute to our 
knowledge of this ear ly commerce. 
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12. BECK E T A L . NMR Spectrometry 233 

Palaeobotanists have assigned the source tree of the B a l t i c amber of 
northern E u r o p e to an extinct species of p ine , Firms succinifera, on p u r e l y 
morpho log i ca l grounds but have been unab le to relate this tree to any 
l i v i n g p ine species ( 3 ) . T h i s assignment has l e d some investigators to 
the hypothesis that B a l t i c amber m a y be a der ivat ive of the p r i n c i p a l res in 
a c i d of most c o m m o n m o d e r n p ines—abie t i c a c i d (4). C h e m i c a l a n d 
in f rared spectroscopic evidence raises some serious difficulties w i t h this 
v i e w (5 ) but w i t h o u t be ing able to resolve the question. O n e c r u c i a l 
po int concerns the presence of i sopropy l groups i n B a l t i c amber. S u c h 
groups are present i n abiet ic a c i d a n d i n a l l the p o l y m e r i c derivatives of 
abiet ic a c i d w h i c h have been considered as constituents of fossi l amber , 
but they are absent i n the p r i n c i p a l resin acids of m a n y other possible 
source trees, i n c l u d i n g not on ly other conifers but also N o r t h A m e r i c a n 
a n d A s i a t i c pines w h i c h m i g h t w e l l have flourished i n the m i l d c l imate 
of the E u r o p e a n T e r t i a r y per iod . 

Unfor tunate ly , fossi l resins are largely insoluble because of their 
po lymer i c character, a n d a disso lved sample is a prerequis i te for a w e l l 
resolved N M R spectrum. W e have therefore carr ied out comparat ive 
N M R studies on the soluble pyrolysates of amber a n d of p ine resins. 

I 1 1 ι ι ι ι ι ι L J 
8 7 6 5 4 3 2 1 0 

Figure 8. Methyl palmitate 

T h e pyrolysis of p ine ros in yields p ine o i l w h i c h has l o n g been 
k n o w n (6 ) to contain large amounts of p-cymene ( p- isopropylto luene, 
b p , 1 7 7 ° C ) . W e have prepared p i n e o i l b y d r y d is t i l la t i on of c o m m e r c i a l 
ros in a n d fract ionated i t at atmospheric pressure into 10° cuts. T h e N M R 
spectrum of the fract ion b o i l i n g at 1 7 0 ° - 1 8 0 ° C ( F i g u r e 9) shows that 
p-cymene is indeed the major constituent present. T h e N M R spectrum 
of p u r e p-cymene has been reported ( 7 ), a n d its signals are prominent i n 
the spectrum of p ine o i l . T h e doublet at 1.22 δ, w i t h a coup l ing constant 
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234 A R C H A E O L O G I C A L C H E M I S T R Y 

of 7 cps, is caused b y the two ident i ca l m e t h y l groups of the i s opropy l 
structure, spl it b y the ne ighbor ing tert iary proton. T h i s latter proton 
accounts for the mul t ip l e t ( theoret ical ly a septet) at 2.85 δ. T h e singlet 
of the t o l u e n e - m e t h y l group appears at 2.30 δ i n pure p-cymene. T h e 
spectrum of the p ine o i l f ract ion shows two singlets, at 2.28 a n d 2.29 δ, 
respectively. E i t h e r m a y be the p-cymene m e t h y l group; the other is 
most l i k e l y caused by an admixture of the isomer m-cymene. T h e pres
ence of other isomers is also evident f rom the m u l t i p l i c i t y of the aromatic 
r i n g protons. W h i l e p u r e p-cymene gives a sharp singlet at 7.08 δ, p ine 
o i l shows sp l i t t ing of the benzeno id protons w h i c h again m a y be ac
counted for b y the presence of the meta isomer. B o t h isomers w o u l d be 
expected f rom the pyro ly t i c cleavage of an abiet ic a c i d molecule . T h e same 
signals of p -cymene are also present, a l though at l ower intensities, i n 
the N M R spectra o f the p ine o i l fractions b o i l i n g at 160° -170°C , 1 8 0 ° -
190°C, and 190° -200°C . T h u s N M R offers a s imple means of establ ish
i n g the presence of i sopropy l groups i n resins of the abiet ic a c i d type. 

J 1 1 1 ι ι ι ι L 
8 7 6 5 4 3 2 1 0 

Figure 9. Pine oil fraction, boiling point 170°-180°C 

O i l of amber obta ined b y destruct ive d i s t i l la t i on of B a l t i c amber 
y i e l d e d only a very smal l f ract ion b o i l i n g i n the range of 160° -180°C . 
T h e N M R spectrum of this f ract ion ( F i g u r e 10) lacks the prominent 
i sopropy l doublet . I n its approximate place there appears a characterist ic 
s igna l of three evenly spaced peaks. It cannot be a proper tr ip let because 
the distance between the peaks is only about 3.5 cps and because the 
intensity of the peaks is not i n the r e q u i r e d 1:2:1 rat io . I t seems there
fore l i k e l y that this t r ip le s ignal is mere ly an acc identa l super imposi t ion 
of a doublet h a v i n g a n o r m a l c oup l ing constant of 7 cps w i t h another 
qui te unre lated singlet. I f so, the doublet m a y st i l l be the result of an 
i sopropy l group, but the weights of the fractions a n d their spectra show 
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12. BECK E T A L . NMR Spectrometry 235 

8 7 6 5 4 3 2 Ο 

Figure 10. Oil of amber fraction, boiling point 160°-180°C 

that amber yields s ignif icantly less p-cymene than does resin. C u r r e n t 
w o r k on the isolation of i n d i v i d u a l alkylbenzenes f rom resin pyrolysates 
f o l l owed b y N M R analysis of the pure components m a y prov ide p a r t i a l 
structures for the constituents of B a l t i c amber. E v e n now, however , 
N M R spectroscopy has conf irmed that there are essential s tructural 
differences between B a l t i c amber a n d the abiet ic a c id resins of the com
m o n species of l i v i n g pines. These f ew r a n d o m examples i l lustrate the 
potent ia l contr ibutions w h i c h N M R spectrometry is able to make to the 
archaeological chemistry of organic materials . 
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Chemical Investigations of Ancient Near 
Eastern Archaeological Ivory Artifacts 

N. S. BAER 

Conservation Center, Institute of Fine Arts, New York University, 
1 East 78th St., New York, Ν. Y. 10021 

N. INDICTOR 

Chemistry Department, Brooklyn College, City University of New York, 
Brooklyn, Ν. Y. 11210 

The composition of buried bone changes with time. Hy-
droxyapatite, the major inorganic component, undergoes 
very slow exchange with ionic species from groundwaters. 
The nitrogen content decreases as the collagenous material 
is removed and replaced, in part, by inorganic salts. The 
rate of nitrogen loss is generally much greater than the rate 
of the exchange reaction. The results of carbon, hydrogen, 
nitrogen, and ash analyses for samples of ivory excavated in 
the Ancient Near East reveal a similar compositional varia
tion. In excavated specimens of known provenance (Ha-
sanlu, Northwest Iran; Nimrud, Iraq; and Acem Hüyük, 
Anatolia) the nitrogen content was ≤ 0.5% (except for black 
ivories from Hasanlu) whereas the nitrogen content of mod
ern elephant ivory is > 5.0%. The percent ash, as combus
tion residue, was > 80% for excavated ivory compared with 
ca. 55% for modern elephant ivory. The generality of these 
results for many samples has suggested the use of these data 
to develop criteria for the chemical examination of artifacts 
of doubtful provenance. 

A rtifacts a n d works of art have been carved f rom bone and ivory f r om 
prehistor ic t imes. T h e importance of these objects to art h is tor i ca l 

scholarship is w e l l documented . I n recent years, m a n y ivory artifacts 
have been recovered i n excavations i n the A n c i e n t N e a r East f r o m such 
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13. B A E R AND INDICTOR IVOTtf Artifacts 237 

sites as N i m r u d , H a s a n l u , A c e m H i i y i i k , a n d K h o r s a b a d . These carvings 
have attracted considerable art h is tor i ca l a n d archaeological attention 
(1, 2, 3, 4, 5). T h e excavated ivories range f rom w h i t e through b r o w n , 
grey, b lue a n d black. T h e mechan ism of color format ion b y the act ion 
of h i g h temperature has been descr ibed (6,7). I n this paper the quest ion 
of authent ic i ty is considered for ivories of u n k n o w n provenance sa id to 
be f r om the A n c i e n t N e a r East . 

I n 1958 the M e t r o p o l i t a n M u s e u m of A r t purchased a group of ivories 
sa id to be f rom K h o r s a b a d , ancient D u r S a r r u k i n , the unf inished cap i ta l 
b u i l t (713-707 B . C . ) for K i n g Sargon ( S a r r u k i n ) of A s s y r i a (2,8). C o n 
s iderable difference of op in ion exists among art historians a n d archeaeolo-
gists as to the assignment of these ivories to K h o r s a b a d . T h e r e is also 
some quest ion of their authent ic i ty as ancient Assyr ian ivories. 

C h e m i c a l methods of da t ing have been a p p l i e d to prehistor ic bone 
specimens w i t h v a r y i n g degrees of success (9, 10). T h e most notable 
example is the case of the P i l t d o w n forgeries i n w h i c h m a n y ana ly t i ca l 
methods were used (11, 12). T h e f luoride exchange method , o r ig ina l ly 
proposed i n the last century (13, 14) was re introduced for this p r o b l e m 
b y O a k l e y a n d has since f ound w i d e app l i ca t i on for excavated bone. T h e 
method depends on the g r a d u a l accumulat i on b y the spec imen of fluoride 
f rom groundwaters . Other systematic changes such as the var ia t ion of 
u r a n i u m , carbonate, n i trogen, a n d phosphorus content have been used i n 
conjunct ion w i t h fluoride data. T h e carbon-14 method has been used 
w i t h some success under spec ia l c ircumstances (15, 16). F o r the past 25 
years, chemica l analysis of bone for dat ing purposes has focused on 
changes i n the proteinaceous mater ia l . 

I n this work , w e have s tudied the change i n col lagen content, b y 
elemental analyses, for b u r i e d ivory obta ined f rom archaeological excava
tions. T h e sites ment ioned i n this study are g iven i n T a b l e I. T h e results 
of the analyses for excavated specimens are compared w i t h those for 
ivories of u n k n o w n provenance. 

Experimental 
Sample Preparation. Samples f rom objects were obta ined b y d r i l l i n g 

deep ly ( ca. 2 c m ) into the object, d i s card ing the i n i t i a l superf ic ial mate
r i a l . T h e amount of useable sample obta ined was general ly 2 - 3 m g per 

Table I. Locations of Ancient Near Eastern Archaeological Sites and 
Period Attributions of Specimens Examined 

Site Period Description 

H a s a n l u 9 th century B . C . N o r t h w e s t I r a n , Per i od I V 
A c e m H u y u k 19th-18th century B . C . A n a t o l i a 
N i m r u d 9th -8th century B . C . I r a q 
K h o r s a b a d 8 th century B . C . A n c i e n t D u r S a r r u k i n , I r a q 
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238 A R C H A E O L O G I C A L C H E M I S T R Y 

d r i l l i n g . W h e n expendable fragments were avai lab le , their surface was 
c leaned b y mechan i ca l scraping of the surface w i t h a scalpel . 

Analyses. Analyses of ash, carbon , a n d hydrogen b y combust ion , a n d 
n i trogen b y D u m a s or m i c r o - K j e l d a h l methods (17) were obta ined f r o m 
S c h w a r z k o p f M i c r o a n a l y t i c a l L a b o r a t o r y , W o o d s i d e , Ν. Y . 11377. 

Analytical Errors. E r r o r s associated w i t h these data arise f r om u n 
certainties i n the ana ly t i ca l methods a n d f r om impur i t i es in t roduced into 
or present i n the ivory matr ix . These a d d e d materials are either inorganic 
salts f r om groundwater r ep lac ing collagenous matter d u r i n g b u r i a l or 
organic mater ia l used i n the conservation laboratory to impregnate f r iab le 
specimens. 

T h e uncertainties for the ana ly t i ca l methods are as fo l lows : ash b y 
combust ion residue, ± 0 . 3 % absolute; C , ± 0 . 0 5 m g C ; H , ± 0 . 3 % abso
lute ; a n d N , b y D u m a s , ± 5 μ\ or b y m i c r o - K j e l d a h l , ± 1 μg (18). T h e 
large uncertainties i n the measurements of carbon a n d hydrogen l i m i t the 
usefulness of data for these elements for very smal l samples. 

E r r o r s associated w i t h inorganic salts arise f r o m the presence of 
a d d e d carbonate a n d nitrate. T h e results of l eaching experiments w i t h 
H C 1 to e l iminate carbonate indicate the presence of neg l ig ib le add i t i ona l 
carbonate (6, 19). T h e use of N 0 8 " insensit ive methods for ni trogen 
demonstrated the absence of measurable nitrates. 

M e t h o d s for strengthening fr iable ivory artifacts are descr ibed b y 
P lender l e i th a n d W e r n e r (20). T h e materials used w i l l l ead to h i g h 
carbon a n d h i g h hydrogen values general ly a n d h i g h n i trogen values only 
w h e n ni trogen is a constituent of the impregnat ing material—e.g. , soluble 
n y l o n , nitrocel lulose, etc. D i s c a r d i n g the superf ic ial mater ia l tends to 
e l iminate this source of error except i n v a c u u m impregnat ion . W h e n the 
treatment history of an arti fact indicates v a c u u m impregnat ion , solvents 
m a y be used to leach out the extraneous matter. 

Discussion 

Related Materials. T a b l e I I gives the results of e lemental analyses 
for bone, ivory , a n d re lated specimens. T h e mastadon, m a m m o t h , a n d 
ancient walrus sample analyses ind i ca ted reta ined proteinaceous matter 
i n composi t ion equivalent to that for m o d e r n elephant ivory . T h i s sug
gests that these materials w o u l d not prov ide a ready source of "aged" 
i v o r y for a m o d e r n carver seeking to dupl i cate the texture a n d compos i 
t i o n of ivory b u r i e d for w e l l over 2,000 years. 

Acem Hi iyuk . T h e data i n T a b l e I I I for these, the oldest artifacts 
examined , revea l a consistent loss of organic matter w i t h no detectable 
nitrogen. T h i s w o u l d ind i cate a complete loss of proteinaceous matter 
w i t h some res idua l free carbon. As prev ious ly reported (6), the presence 
o f b lue , b lack, or grey co lorat ion i n i vory has been at t r ibuted to the 
t h e r m a l decomposit ion of the co l lagen w i t h a consequent deposit ion of 
free carbon. Some loosely h e l d water was occasional ly present. L e a c h i n g 
experiments (samples m a r k e d A c e m H i i y i i k I V ) demonstrate the possible 
presence of on ly a smal l amount of carbonate. 
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13. BAER AND i N D i C T O R Ivory Artifact s 239 

Table II. Carbon, Hydrogen, Nitrogen, and Ash Analyses for 
Specimens of Ivory and Related Materials 

Specimen %Ash %c 

E l e p h a n t i v o r y (Africa) 53.32 16.25 5.52 
M a m m o t h tusk ( N . E . S i b e r i a ) 6 54.24 15.64 5.37 
M a s t a d o n 6 56.04 16.85 5.78 
Sperm whale tooth 66.02 12.28 4.23 
W h a l e bone (rib) 71.62 11.85 3.03 
H i p p o p o t a m u s tooth 60.36 12.64 4.25 
B o a r tooth (Ai tape , N e w Guinea) 65.57 12.25 3.86 
A n c i e n t walrus tusk ( A l a s k a ) c 60.46 15.16 4.75 
Beef bone d 68.68 10.94 3.52 

a A l l analyses by Dumas method. 
b Pleistocene Epoch, courtesy The American Museum of Natural History. 
c Fossilized specimen, courtesy The American Museum of Natural History. 

d Collagenous material extracted with boiling water for 2 hrs. 

Nimrud. T h e samples ana lyzed f rom N i m r u d were a l l w h i t e ( T a b l e 
I V ) . I n general , the ash content was approx imate ly 8 5 % w h i l e the n i t ro 
gen content v a r i e d f rom 0 - 0 . 4 % . T h e general loss of organic matter is 
again observed, though a smal l amount of nitrogenous mater ia l has 
surv ived . 

Hasanlu. These specimens f a l l into two dist inct classes : b lack objects 
a n d objects w h i c h are some shade of grey ( T a b l e V ) . T h e grey objects 
have compositions not un l ike the specimens f r om N i m r u d ( T a b l e I V ) . 
H o w e v e r , the b lack objects demonstrate a s ignif icantly h igher concentra
t ion of proteinaceous mater ia l . T h e w e l l preserved b lack object, H a s a n l u 

Table III. Analyses and Color of Ancient Ivory Specimens from 
Acem Hiiy i ik , Anatolia (19th-18th Century B.C.) 

Specimen 

A c e m H u y u k I 
A c e m H u y u k I I 
A c e m H u y u k I I I 
A c e m H u y u k I V 6 

A c e m H u y u k I V 0 

A c e m H u y u k I V e 

a A l l anlyses by Dumas method. 
b 20-mg sample. 
c 70-mg sample. 
d No data. 
e After treatment with H CI to remove carbonates. 

Color %Ash %c 

black-grey 78.43 2.65 0.76 0 
blue-grey 92.60 2.12 0.41 0 
grey-white 97.34 0.41 0.23 0 
white 98.86 0.38 0.09 0 
white 98.81 0.33 0.05 n d d 

white n d 0.22 n d n d 

V , descr ibed elsewhere ( 4 ) , represents our only example of an excavated 
ivory w i t h a n i trogen content greater than 1 % . T h e presence of free 
carbon seems to have protected par t ia l l y the co l lagen f rom the act ion 
of groundwater a n d bacter ia . T h i s observation is supported b y the gen-
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240 A R C H A E O L O G I C A L C H E M I S T R Y 

Table IV. Analyses and Color of Ancient Ivory Specimens 
from N i m r u d , Iraq (9th-8th Century B.C.) 

Specimen Color % Ash %c %H %N« 

N i m r u d I white 85.6 4.33 0.86 0 
N i m r u d I I white 82.2 4.39 1.21 0 
N i m r u d I I I white 82.3 5.45 1.18 0.39 
N i m r u d I I P white n d c n d n d 0.19 ( K ) 
N i m r u d I V d white 83.62 5.12 1.04 0.25 
N i m r u d V white 87.16 2.52 0.87 0.36 
N i m r u d V white n d n d n d 0.13 

a A l l analyses by Dumas method except when marked (K) for Kjeldahl. 
6 2.5-mg sample. 
0 No data. 
d Metropolitan Museum of Art accession number 59.107.9, fragment. 

e ra l ly better preserved state of excavated b lack i vory w h e n compared 
w i t h ivories of other color (21). 

Khorsabad. T h e " K h o r s a b a d " ivory specimens examined are de
scr ibed i n T a b l e V I . F igures 1 a n d 2 show two of the objects—a w i n g e d 
figure w i t h bucket a n d an open-work griffin. A n a l y t i c a l data for their 
e lemental analyses are presented i n T a b l e V I I . I n general , approx imate ly 

Table V . Analyses and Color of Ancient Ivory Specimens from 
Hasanlu, Northwest Iran, Period IV (9th Century B.C.) 

Specimen Color % Ash %c %H 

H a s a n l u I grey 87.15 2.36 0.65 0.53 
H a s a n l u I I white-grey 84.35 3.11 0.92 0.52 
H a s a n l u I I I grey 87.55 2.90 0.63 0.54 
H a s a n l u I V b lack 87.48 4.40 0.47 0.95 
H a s a n l u V 6 black 77.69 8.52 1.18 1.50 ( K ) 

α A l l analyses by Dumas method except when marked (K) for Kjeldahl. 
b Metropolitan Museum of Art accession number 65.163.21. 

2 m g of sample were used i n m a k i n g the analyses. Spec imen I I I , a f rag 
ment, permi t ted a greater sample size. T h e data are c lear ly comparable 
w i t h those for the excavated specimens f r o m H a s a n l u a n d N i m r u d . T h e 
h i g h ash values a n d general ly l o w nitrogen analyses demonstrate a con
s iderable loss of proteinaceous mater ia l . 

I n T a b l e V I I I , the composite values for a l l analyses, b y group, are 
presented together w i t h the analyses for modern elephant i vo ry a n d for 
an " A s s y r i a n " i vory of u n k n o w n provenance i n a pr ivate col lect ion. T h e 
results of the e lemental analyses for the K h o r s a b a d ivories are consistent 
w i t h those for the excavated specimens. Samples f rom the A s s y r i a n ivory 
f r om the pr ivate co l lect ion, however , y i e l d analyses w h i c h are not con-
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13. BAER AND i N D i C T O R Ivory Artifacts 241 

Table VI . Designations of "Khorsabad" Ivory Specimens 
(Provenance Unknown) 

Specimen 

K h o r s a b a d I 
K h o r s a b a d I I 
K h o r s a b a d I I I 
K h o r s a b a d I V 
K h o r s a b a d V 

Accession Number" 

58.122.7 
58.122.1-11 
58.122.1-11 
58.122.10 
58.122.11 

Description 

winged figure w i t h bucket 
d r i l l i n g f rom fragment 
chip f rom fragment 
griffin, s t r id ing open w o r k 
l i on , carved i n the r o u n d 

a Metropolitan Museum of Art. 

Figure 1. Open work ivory plaque, 
standing winged figure with bucket. 
Height, 15.5 cm; width, 7.9 cm. Met
ropolitan Museum of Art accession 
number 58.122.7. Reputedly from 

Khorsabad. 
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242 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. Open work striding griffin, deco
rated on both sides. Height, 5.4 cm; width, 
10.3 cm. Metropolitan Museum of Art acces
sion number 58.122.10. Reputedly from 

Khorsabad. 

Table VII. Analyses and Color of "Khorsabad" Ivory Specimens 
(Provenance Unknown) 

Specimen Color % Ash %c %H %N' 

K h o r s a b a d I white 90.4 4.1 1.5 0.5 ( K ) 
K h o r s a b a d I I white n d " n d n d 0.4 ( K ) 
K h o r s a b a d I I I white 84.2 5.2 1.1 0.2 
K h o r s a b a d I V white 83.3 5.6 0 ( ? ) 0.5 ( K ) 
K h o r s a b a d V white 81.8 2.9 1.4 0.4 ( K ) 

α Analysis by Dumas method where not marked (K) for Kjeldahl. 
b No data. 

Table VIII. Comparison of Composite 0 Values for Analyses of 
Excavated Ancient Near Eastern Ivory Specimens 

with Specimens of Unknown Provenance 

Specimen Date Color %Ash %c %N 

E l e p h a n t modern white 53.32 (3) 16.25 (3) 3.52 (3) 5.52 (3) 
I v o r y 

N i m r u d 9th -8th white 84.2 (5) 4.36 (5) 1.03 (5) 0.19 (7) 
century B . C . 

H a s a n l u 9 t h grey 86.4 (3) 2.78 (3) 0.73 (3) 0.53 (3) 
century B . C . 

H a s a n l u 9 th b lack 82.6 (2) 6.46 (2) 0.83 (2) 1.23 (2) 
century B . C . 

A c e m 19th-18th white 91.94 (6) 1.02 (6) 0.31 (5) 0 (4) 
H u y u k century B . C . 

K h o r s a b a d 6 u n k n o w n white 84.9 (4) 4.4 (4) 1.0 .(4) 0.4 (5) 
A s s y r i a n c u n k n o w n white 60.7 (2) 10.83 (2) 2.77 (2) 3.65 (2) 

α Composite value refers to the average of all sample analyses. Number of analyses 
appears in parentheses. 

b See Table VI for description of specimens. 
c Object of uncertain provenance in private collection. 
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13. BAER AND i N D i C T O R Ivory Artifacts 243 

sistent w i t h those for A n c i e n t N e a r Eastern ivories, thus far analyzed , of 
k n o w n provenance. 

Conclusions 

Elemental Analyses. T h e data for samples obta ined f rom ivories 
excavated at three Anc ient N e a r Eastern sites ( N i m r u d , A c e m H u y u k , 
H a s a n l u ) demonstrate a u n i f o r m behavior s imi lar to that of b u r i e d bone. 
T h e fundamenta l change is the decrease i n ni trogen content as this c o l 
lagenous mater ia l is r emoved a n d replaced , i n part , b y inorganic salts. 
I n this study, the ni trogen content was < 0 . 5 % , except for the b lack 
ivories f rom H a s a n l u whereas the ni trogen content for m o d e r n elephant 
ivory is > 5 .0%. T h e percent ash, as combust ion residue, was > 8 0 % 
for excavated ivory vs. ca. 5 5 % for m o d e r n elephant ivory . T h e l i m i t e d 
scope of this s tudy must be expanded to inc lude add i t i ona l sites, more 
b lack ivories, a n d a greater sample universe before such analyt i ca l data 
may be a p p l i e d w i t h confidence as cr i ter ia for the authent icat ion of 
ivories of u n k n o w n provenance. F u r t h e r w o r k is also needed to charac
terize more thoroughly the changes i n composi t ion accompany ing b o t h 
natura l a n d art i f ic ial ag ing of ivory . 

Additional Methods of Analysis. Several methods of analysis, other 
than those reported above, have been used w i t h v a r y i n g success to the 
relative dat ing and , i n some cases, to the absolute dat ing of bone. T h e 
l i m i t e d amounts of sample avai lable for analysis, t yp i ca l l y on the order 
of a f ew mi l l i g rams , current ly prec lude rad iocarbon a n d t h e r m o l u m i 
nescence dat ing . T w o other exchange processes observed i n b u r i e d bone; 
F~ exchange w i t h O H " to form fluorapatite, a n d the exchange of u r a n i u m 
for c a l c i u m i n the apatite lattice, should be considered. T h o u g h these 
processes are far more characteristic of the specific archeological site than 
is co l lagen loss, they should prov ide va luab le in format ion supp lement ing 
the changes in the organic components of ivory . P r e l i m i n a r y fluoride 
analyses on excavated ivories indicate considerable promise for some 
archaeological sites w h i l e others appear to be insensitive (22). 

T h e c r i t i ca l p r o b l e m of sample size a n d the l imitat ions imposed 
thereby on the accuracy of e lemental analyses, especial ly those for carbon 
a n d hydrogen , suggest the appl i cat ion of chromatographic techniques. 
A m i n o a c i d analysis m a y prov ide a superior method of assessing col lagen 
loss w i t h add i t i o na l in format ion regard ing the selective decomposit ion 
processes, sensitive to l oca l so i l conditions. 

Ivories of Unknown Provenance. T h e data for the K h o r s a b a d ivories 
are consistent w i t h the suggested age. These data do not, however , 
e l iminate the poss ib i l i ty of art i f i c ia l methods for s imula t ing the pat ina and 
texture, general ly a cqu i red b y long-term b u r i a l , b y chemica l extraction 
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244 A R C H A E O L O G I C A L C H E M I S T R Y 

of the col lagen of m o d e r n ivory . O u r experience suggests that such treat
ment effecting only l i m i t e d remova l of the col lagen is usua l ly accom
p a n i e d b y severe loss of m e c h a n i c a l strength. T h e data for the Assyr ian 
ivory c i ted i n T a b l e V I I I are not consistent w i t h those for any of the 
excavated specimens. 

Related Problems. T h e first quest ion to be resolved i n examin ing 
a n A n c i e n t N e a r Eas tern i vory object of u n k n o w n provenance is its 
ant iqui ty . Perhaps equa l ly significant is the quest ion of assignment to a 
specific archaeological site. T h i s p r o b l e m , as yet unexplored , m a y u l t i 
mate ly depend on the study of trace element distr ibutions for its technica l 
resolution. 

A t this t ime the most p o w e r f u l technique avai lable to study these 
problems is the art h i s tor ians styl ist ic analysis. T h e cooperation of 
archeologists a n d art historians w i l l be a prerequis i te for progress i n the 
technica l analysis of ivories. 
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Testing archaeological clays and 

sherds 37 
Thermal gradient furnace 25 
Thermal neutron activation 

analysis 11, 15, 22 
Thermocouple probe measurements 42 
Thorium 117 
Tin 27 
Tint of Chinese ink 220 
Trace elements in Sasanian silver, 

major and 22 
Transmission and scattering 

geometry 189 
Triacetin 230 
Turkey 52 

U 
Umayyad coinage 131 

V 
Valley of Mexico, Precolumbian . . 81 

terra cotta figurines and pottery 
from 81 

Variability of particle size 
distribution 223 

Vegetable oil, hydrolyzed 228 

W 
Wei dynasty 208 
Wet chemistry 175 
Whale bone 239 
Wood ash 106 

X 
X-ray fluorescence 11, 15, 175 

Y 
Yellow clay 52 
Youden plot 171 

Ζ 
Zapata, silver coinage of 142 
Zinc 27, 175 

The text of this book is set in 10 point Caledonia with two points of 
leading. The chapter numerals are set in 30 point Garamond; the chapter 

titles are set in 18 point Garamond Bold. 

The book is printed offset on Glatfelter Old Forge Enamel, 80-pound. 
The cover is Joanna Book Binding blue linen. 

Editing and production by Mary Westerfeld. 

The book was composed by the Mills-Frizell-Evans Co., printed by The 
McFarland Co., Harrisburg, Pa., and bound by The Maple Press Co., 

York, Pa. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
38

.ix
00

1




