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DEDUCTION OF PROVENIENCE OF POTTERY FROM
L TRACE ELEMENT ANALYSIS

I. Perlmén and Frank Asaro
Lawrence Radiation Laboratory
University of California

Berkeley, California

October 1967

I. INTRODUCTION

The work reported here was undertaken on the premise that pottery
clay from each area has a distinctive chemical composition. If this is so
the ubiquitous ceramics of archaeology can be assigned places of origin
independently of other characteristics such as style.: ‘

Others have had this thought;'in particular, the elaborate s£udy of
Mycenaean and Minoén pottery by Catling? Richards and.Blin-Stoyle(l)should be
mentioned. These workers employed spectrographic analysis and concentrated
on nine elements which include some of the minor constituents as well as such
major.elements as aluminum, calcium; magnesium and iron.

in the study to be reported here, we héve used neutron activation
analysis and have measured some 30 elements, but the approach is goﬁceptually
.similar. In both studies pottery itself was analyzed with the 6bjeétive of
deriving internal cdrrelations. This may be thought of as a classical
. archaeological approach which depends upon some distinctive‘uniformity within
an;area'applying bofh to the geoéhemical'history of the clay beds and to thevv
treatment of raw materials by the potters. In a parallel but separate study‘
which we have started we are attempting to obtaln 1nformatlon of another

kind which should help in the 1nterpretailon of the first. The guestions
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which we hope to anéwer}includéJ(l)?hd#xunifér@ in cdmpositioﬁ is raw.clay
within a discrete clay bed and within an area Qf supposed geochemical uni-
formity, (2) what happens to the composition in preparing it for making
pottery, (3)_whét happens dUring‘firiﬁg. This second apbroach is, in a sénse,
mofe fundamental but it is beset by a ;erious difficulty of a practical natﬁré.
There is a wealth of ﬁotsherds of known archaelogical context but it is
almost impossible to locaxevwith éeftainty the clays from which they were
made. The study dan still be made using modern matérials and from tﬁe results
one éan get some guidance in the interpretation of the ancient thtéry. ‘These
problems in the diagnoétic usé'of chemical makeupAhave been discasséd by
Shepard-(2> in her critiCél‘review 6f the’Catling, Riéhards and Blin-Stoyle
paper. | |

Tt was mentioned that we used neutron activitation analysis and
obtained data on more than 30 elements. Attempts have been made in the past

(3)

to uée this technique on pottery but the results seemed to be of limited
value. The difference lies in the recent development of equipment for
measuring gamma-ray spectra which is far superior to the best available at
- the time of the earlier studies. This dramatic change will Be described
further presently.

" The basic constifuénts of pottery clays ére kydrated éluminuﬁ
silicates metamorphized in the weathering of cértain igneous rocks. Within
the basic aluminﬁm.silicate structure'ére found some minor éonsfitﬁents
present to the brder_of a fracfion of a percént to se&érai.percent. The raw
clay used for pottery contains in addition to the clay miheréls, residual

components- of the original rock and other materials which are picked up
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during the transport of the‘cléy by surface water. Conversely, secondary
clay beds may be deficient in some of the components of the primary rocks
because of'éettling during.tfansport of the fine clay;barticles. - Finally,
tempering materials of one kind or another are delibefately added to the,clay

in order to obtain workable plasticity and to provide porosity and diminish

~shrinkage during firing.'

Although the major constituents of pottery clay'may well provide
clues as to -origin, results obtained through the years do not appear’very
encouraging. Attention was therefore addressed to the many trace elements .

which undoubtedly appear in any geochemidal_substance, clay included. The

‘technique, in principle capable of satisfying this objective, is neutron

activation analysis. Any element subjected to neutron irradiation haé a

finite (and fixed) probability of reacting with neutrons and at least one of
the'isotopes will be partially converted to a radioéctive form. In principle,
each radicactive specie is distinct from all others, and the measurement of

the distinctive radioactivity can be related quantitatively to the gbundance

of the element in . the specimen. As is true for any other scheme of analysis,

neutron activation-analysis does not measure all elements with equal sensi-
tivity, and as a practical matter there are a sizeable number for which the
method is not suitable. Nevertheless, where it can Dbe appliéd it is capable
of ylelding considerable accuracy and,vmost importéntly, a considerable
number of elements can now be determined simultaneously} Before turning to
how this is done on pottery, it is worth pointing out why neutron activation
analysis is unique in its sénsitivity to what we term "trace elements".

Speaking in general terms, - the compbsitioﬁ of rocks mirrors the composition

el
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of the earth's crust, and elgment51Which are rare in nature will be the trace
elements of rocks. It is just thése;éleﬁents which react most readily with
neutrons and_hehce_are mpst:sensiﬂi?ely.detected. .This fact has been used

to account for the cosmic abu@dénééstqf elements. At some stage in the gepeéis
vof e;éments they were subjected_to huge nuMberé of neutrons; those which react
readily were largely burnéd out converﬁing_to those which react slightly. For
the purposes of our analysis of pottery, this is most fortunate because the
radiocactivity fromﬁ£he handful of major constituents will not‘completely.maSK
that fromuthe_many trace elements. It will be seen that even with this fortui-
tous regglatory system the problems:aré severe enough.

The study reported here was conducted with.archaeological materials, .
but_the:methpdqlbgy rather than the possibie archaeological significance will
be stressed. A somewhat similar analysis has been maae by Gordon et al.(u)on
rock sampleé.vvFrom the start, we have received valuable guidance and encour-
agement from, archaeologists. Jay D. Frierman of U.C.L.A..ahd-Robert Rodden from
Bérkeley. These colleagues alsc selected the sherds with careful attention
to their archaeological cpntext. . They will of course play dominant roles in
the'analysis of thgmipformation in terms of its archaeological significance.
prefully such papers will be ready for publication in the not-distant future.

IT. NEUTRON ACTIVATION AND GAMMA-RAY SPECTROSCOPY

The measurgments.of the radiations from neutron-activated épecies
can be explained most simply by an example, and the element iron has been
selected. Iron as found in natﬁre is made up of four stable isotopes. énly
one of these, Fe5$,,reacts with neutrons to give a radioactive isotope suitable

58

for measurement. It turns out that Fe”” only comprises 0.31% of iron, and its



5. UCRL- 17937

'probability for reacting with neutrons is not very high. The result is that
iron is not detected with greaf sensitivity. This is a fortunate circumstance
because pottery contains about 4% iron, and if it were Strongly activated it
might mask a number of the other elements. The product of neutron reaction is
Fe59 which decays with a 45.6 day half-life and has a distinctive "spectrum”.
‘ Fe59.

Figure 1 shows‘a decay scheme for The‘diagram:indidates that
Fe?? decays to co”? by B -emission and that only a very small percentage (0.3%)
‘of the decay events goes directly to the'ground state of 0059. Most of the
decéy evénts lead to several distinct excited states. The €nergies (in million
electron volts) af which these lie above the ground state are indicated. Ex-
cited.states such as these very quickly lose their energies by the emission of
monoenergetic gamma rays;Thesé are shown séhematically'by the vertical arrows.
The energies are discrete as are the relative amounts to be observed, and these
constitute the gamma spectrum‘for Fe59.

| The process and equipment for measuring the gamma.-ray spectrum
might be described as follows:.

(i) Gammé rays impinge upon a "detector" which absorbs some of the
photons convertingmthe”energy of each into an electrical pulse proportional
to the photon energy.

(2) The electrical pulses are sorted electronically according to
size and accumulated in a memory circuit.

(3) When a large number of events have accumulated the stored
information can be read out.

Although not every photon enterS'thevdetector.and not each one

entering gives up its full energy, the system can be calibrated with standard
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radioactive. sources so.that the data may be,interpreted;directly in absoluté
nunibers of Ee59 atoms, A straightforward but tedious calculation tells one

how much iron was in the specimen irradiated with neutrons.

Nothing has yet been said about how faithfully the detector re§bonds

to.gamma-ray energy. Up to the présent_day almost all results feported’on

neutron activation analysis were based on measurements. with the sodium iodide

scintillation counter as the defector. Figure 2 displays the spectrum so

29

obtained for Fe””, and we see the five peaks corresponding to the five gamma-
rays. The parts of the curve lying below the peaks are of considerable
impdrtanée in gamma-ray spectrometry but will not be discussed here. —~If we

. \
- focus attention

on only ﬁhe two:prominenﬁ peaks at 1.095 and 1.292 Mev we

_ see that.theyvaie~quiteiwéll_resolvéd5 but the instrumenﬁ'gives a spread of
energies for each rather than a monoenergetic spike. This is a limitation of
the detector and is_given_quantitative expression by designating the width
ofvfhe peak, at the ;osition of half_qf'iﬁs maximum. :In this case the peék :
widths are abOut_75 keV ahd the separastion between the peaks is close to

°9 but that the spec-

200. Suppose now‘that we were not dealing with pure Fe
trum contained:m§pX other gamma-rays. We could only determine these.
accurately if each was separated by séveral peak widths from any other.
Without further elaboration of this_pbint,one can séy categorically that the
sodium iodide detector is‘unsuitabie for the analysis of a complex mixture
of elements such as that in pottery.

Starting a very few years ago the semiconductor materials silicon

and germanium have been developed as gamma-ray counters of superior resolu-

‘tion. Instead of a peak width of 75 keV, a gocd germanium counter can give

™
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-2 keV. The description .cf such countefs and the attendant sophisticated
electronics would take us rather far afield from our present purposes and
will be omitted.(S). It,may, however, be_instructive'tq show a part of the
gamma-ray spectrum of irradiated pottery taken with each system. The sectioﬁ
of the spectrum in Fig. 3 includes the two prbminent gé@ma rays of Fe59

already discussed.

The lower scan of Fig. 3 was taken Qith'our germanium'system and
covers about 20% of the energy range encdmpassed in a single measurement.,

The two peaks of Fe’”

are of course‘still geparated by 200 keV, but this
separation is now about 80 times the peak width. It is seen that pottery
also éhows a nurber of other peaks some of which have been labeled and others
uniabeled. VThe upper scan represehts the identical measurement with a good
gsodium iodide system. For a mixtﬁre as complex as this, such spectra are
quite unusasble because of the relatiVely poor resolution. The undulations
observed are the ehvelopesvover the most prominent gamma rays. It may be
mentioned in passing that fhe parts of the spectrum not shown here are much
more congested with gamma-ray peaks.
. IIT. ANALYSIS OF POTTERY

- Neutron activation analysis may be applied to virtually any kind
of material, but the optimum conditions afe set on‘the basis ofvthe radio-
activities which are.pfoduced.' The following prescribtion for analyzing
pottery was arriVed.ai-by considering not only the nature of activated
pottery but by the equipment at our disposal and, above all, by the require-
ment of automation to cope with the large number of ahalyses envisioned; In

- setting down this prescription it is hoped that the general outlines will Dbe
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intelligible to,thse who.have'nevervhandled.a prdblem-such as this, but.
iptefspersed will be a number of vital details which will only bé-understood'
by those already familiar with equipment and concepts relévant to gamma-ray
_spectra. | |

A. Sémple-Preparation :

" The surface of the sherd was eleaned over an area of ~1 cm2 using
-a sapphire séraper,_and the remainder was masked with tape to avoid contami-
nation from dust. ’A,arill was‘fashioned f?oﬁ a.rod of synthetic sapphire’
whose base could be placed'in the chuck:of an ordinary eiectric hand drill.
The first portion of the powdeyvdrilled waé discarded and then SUfficient
_more.powdervrémoved;to provide a sample of 100 mg. After showing on several
speciﬁené.thaf'n¢_weight loss resulted from. oven drying,:this step was |
eliminated. |

Approximately 100.mg of powder was weighed, mixed with 50 mg-of

cellulose aqg compacted intq g pill using a hand-operated hydraplic pfess
with stainless steel dies. The pills (1 em X 1.5 mﬁ) were wrapped in
aluminum foil and packaged in an gluminum capsule for irradiation. Each
batch contaihed'ig“§Qdition two pottery pills to which a measured amount of
gold chloride has been'added dﬁring.thé mixing stage to serve as the neutron
flux monitor; The material was dried befére péllets were pressed.

B. Irradiation And Measurement Schedule

Irradiations were carried out in the Triga Reactor in the University

of California‘Departmeht of Nuclear Engineering at a flux of approximately

3vneutrOns/¢mﬁ-sec, The initial irradiation of each batch was carried °
v was

out for 1 min in a plastic capsule and.gamma-ray analysis/started about 75 min

8 x 10%
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thereafter. Rach ﬁill was measured for- 30 min except for those containing
gold monitors for which 5 minucounting was sufficient. This irradiation and
measurement regime accentuéted certain radidéctivities with half-lives in the
range of one to several hours énd ﬁermitted éhe decay of those in fhe range of
a few minutes. This'choice eliminates the possibility of. analyzing for'alum—
inum and of.obtaining (ét beét inaccurate) values for magnesium and vanadium.

The elemental analyses which are obtained in thié cémpaign are
dysprosium, manganese, sodium,'and potassium. Samarium, strqntium, and
barium are also .obtained, but better analyées for these elements result
from thé\next é£ages.v-

| The pills from the 1 min.irradiation were repackaged and on a iater
day.reirradiated for a period of 4 ﬁours or, more recently, 8 hours. Because
- of the greatly extended irradiation time new monitors with considerably lower
amounts of gold were used. These samples wefe analyzed for SO'min each after
a cooling time of either 7 or 8 days. The principal reason for waiting oﬁé
weék is to permit the decay of the sodium radioactivity which is quite inteﬁse
and diminishés the accuracy with which lesser components can be determined.
This period of.ﬁaiting, rather than a laréer one, accentuates radicactivities
.

»with half-lives of -the order of a few days. The elements obtained here are
samaxrium, ytterbium, titanium, uranium, lanthanum,_bromine, arsenic, calcium,
and gold. Rather good numbers are also obtained for iron and scandium and
less accurate numbers for cesium, antimony, and europium. Howevér, all of
these latter elements are better determined in the final stage.

- The long-lived‘radioactivitieé are 5est'determined bvaaiting

until those mentioned above have diminished by decay. Consequently, after
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a further delay of at least two weeks the same pills are again analyzed with
a_ruhning time of_about 6 hours for each.. These measurements yield reepits
for antimony, europium, iron,\scandium, zinc, taﬁtalum, - eesium, nickel, :
Zirconium,’strontium, berium, hafnium, chromium, thorium, ﬁerbium, iridium,
and cerium. In all, 33_elements are determined covering most of the periodic
system and including almost all distinctive chemical.types.

| In. separate irradiations, known quantities of ali‘of the above
. elements ‘were irradiated and measured under identical .conditions. This.
standard procedgre for activation analysis/obviates the necessity for
vspecifying neutron cross sections which may vary from reactor to reactor,
1and aiso removes the necessity for knewing‘gammafray;dbundances and’counter»
efficiencies. The ﬁse of standard size samples eliminates uncertainties in
the eolid angle sﬁbtended by the detector. Finally, it is-not necessary to
know the neutron flux'in'the reactor as the gold monitors serVe‘to normal-
ize the difﬁe:ent exposures. These will be mentioned further ﬁhenvthe
accuracies of the measurements are discussed.

Table 1 summarizes whai/has been said about.the elements detected

", and gives further information useful to‘someone who wishes tordo similar
measurements. ' Also given is a eet_of results from a single piece of pottery

to indicate typical abundance values. We must stress that an error as listed

is not’the true-error but. simply that part which comes from the statistics
of radiocactive counting. Those'who.are,used to making such measurements
will see refleeted;infthesé'numbers the intensities of the photoelectron
peaks measured and the‘relation of theee intensities fo the backgrounds

under the peaks. . In some cases, the indicated. errors shown are & fraction of
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éne per@ent. Based upon independent measurements from duplicate‘Samples

: and_froﬁ'the agreement of gold mohitors we feel that it would be prudent to
séy that none of the abundances shown should be considered more accurate
than 5 percent.* vAt the expénse éf considerable labor, errors should be
reducible nearly to that of the statisticdl errors shown, but it is our
Judgment that’this is not worﬁhwhiie. Although not proved, it is quite
likely two. pots which.we'would classify as identical because they were made
at the same time from the samé clay bed would vary in compositiph by éeveral
percent. |

The validity of errors shown for those elements which have larger

*Evidence has accumuiated over the course of this project which casts doubt
on the cémparability of fabsolute" abundances obtained over a period of time
within the errors mentioned here. Although the origin of this drift is

not definitely gndgrstood we have enough built-in cross checks tQ permit
corrections tQ be‘méde. The nature Qf the problenlis such that, whatever the
cause, it can be eliminated by changihg our method for monitoring the neutron
flui. We propose to make up a "synthetic pottéry" of known compésition and
to use samples of this for monitors in each irradiation in place of the gold
pills., Each gamma-ray peék,can then be comparéd with the correspoﬁding peak
in the specimens being analyzed. This system will involvé‘minor changes in
data processing but will eliminate errofs introduced by shifts.in neutron

energy distributions and shifts in behavior of the analyzing equipment.
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uncertaintieé'afé also iﬁvqueétiOn but fof 6ther'réésdns.‘ A largé statisti-
cal error'implies in moét cases that’the peak”héighf is small compared with
the background. Suppose thaf the'peak:inﬂensity is l;OOO counts aboVé'é
background of 20,000 EOun%s} This measurement haé a statisticai error of
iZO%.“ The bagkgréund is the envelope:of1Compton distributiohs of all‘gamma-
rays and can chahge'slightly in height and,éhape depending'upon-variatiOns of
the constituents. 'Ifjat fhe'place we choose for background‘subtracfion'there
has been a shift of only 1%, this wbuld'intrdduée an additional 20% error in
our analysis. As experience is géined it will be possible to learnvhow t@
handle the baékgrdund‘problems more judiciously and such refiném;nts‘would
~indeed be worth théveffort_because fhe work only need bevdoﬁe once for all
measurements.

C. Data Accumulation And Processing

Gamma—ray‘spectra'are taken by repofding the number of pulses'
:corresponaing to a certain small energy interval in a storage unit called a
channel. The instru@eht used for the present study contains 1,600 channels.
The lower limit of pulse heights accepted and the pulse amplification can be
fixed; in this casé the lowest énergy accépted was 50 keV and the upper limit
1700 keV. AAcchdingly,'thé energy iﬁtefval per channel wés slightly greater
than one kilovolt. The detector employed was a germaniﬁm counter of approxi
mately 5 em> volume. The detector with its attendant electronics produced
gammé—ray peak widths of aboutFZ.S keV.for éhe higher‘energy-éamma—rays.

In measurements such -as thesé theieIWiLl be loWhiﬁtéhéity peaks of
value as well as stfong peaks, so in order fq accumulafé"staiistidélly valid

nunbers of counts it is desirable to count samples which afe highly radioactive.
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The stronger a sample is the more "coincidences" occur, a term relating to a
pulée starfing through amplifier and gnalyzer before récoﬁery frém the
previous pulse. Such pile-ﬁp pulsés must be rejécted as much as possible

_ becéuse they broaden peak widths and diminish the accuracy of the measurements.
Technical poinﬁs concerning thisvmafﬁér are the following: The irradiation
schedule outlined sbove was geared to produce sample strengths of less than
7,000 counts per second. In general, the correspoﬁding "dead time" of the
instrument.was 25% or less. The dead time and the count rate were recorded
.for each measurement, and a small cérrection factor:(detérmined empirically)
was applied to the péak intensities. The éeparate application of this cor-
-rection is a necéssity of the manner in ﬁhich the data are processed.

The processing of the data starts with the emptyéng of the data
storage unit onto magnetic tape.> This reproduces all of the information
stored in the 1,600 channels in form suitable for computer analysis. The
anélyzer was stabilized automatically by a digital threshold stabilizer which
éffectively held a preselected peak dead-center on a particular pair of chan-
nels. This stabllization means that from measurement to measurement the
positions of the Y§yipus peaks will not drift significantly, and the computer
méy be instructed to add specific channel data to obtain the peak intensities.
instructions are alsé given as to which channels are fo be used for subtrac-
tion of the background for eaéh péak. Different ways of handliﬁg the
background subtraction arise from the detailed shape of the curve in the
vicihity of a'peék énd the presence or absepcé of othér peaks nearby; A
nunber of baékground "options" evolved and the use of fhese became a part of

the computer program and instructions. The' dead time correction mentioned
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abové'fises in pért fr@m the faét thét at largé deadzfimES .thé bééks aré
broadened somewhdfvahd'éomé.ofbfhe stofed coﬁhts %illJappear.in'chéﬁnéls
ouﬁside bfbthbsé'which the Compufer is inétruéted>£6 ade For é feﬁreléménts,
‘thé_best peék'for ahélysié éohtaihedvsome counté ffom thé téil of nearby péaks}
Thé amount of this tailing depends upoh thé amount bf the élement broducihg
the inférfering peak. JThe éompﬁteriprogfém also included the éalcuiéfion of
how huch was to Ee subtracted from.the final abuhdance_of the élement in

terms of~thevabundance of the interfering element.

Ih addition to the;determiﬁation of the numbers of coﬁﬁté (peak.
intensities) for eaéh of the peaks analyzed,'thevcomputer progrém inéiuded
the calculations all the.way to the final pfiht out of the abundance of eéch.
element in the:pottery. .Those'familiar with tﬁese simple.but fedious com-
putationé‘ﬁill feéogniie the involvemén£ of the following factors: integrat-
ed.neutron.flux, abundance and cross_section'of the sﬁable isotope which be-
comes transmﬁted,‘abunaancébof the specific gammé ray from‘each radioactive
isotope, gedmetry factor and cbunting efficiency fof the detector, and decay
correctioh for the éctivéted specie.. Aithough all of these factors are
impliéit in any detefmination, éome are handled indirectly by use -of stan-
dards coﬁsis@ing of knbﬁn aﬁoﬁnts of the elements. For example, there is
within the calculatibn a product of the neutron cross section, gamma-ray
‘ . X
abundance and Counting effidiéncy.qf thg gamma ray--all constants for a parti-
cular gamma-ray apdvanalyéer assembly. In compaiing with a standard, any
two‘ofvtheSe may be fixed arbitréfily and the "errors" so incurréd absorbed

in the third factor. Since other workers would follow similar procedures,

“the ultimate analytical results should be strietly comparable even though
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(for example) the crosé sections employed are different.

Although.we have analyzed over 250 sherds at the present writing,
the. standardization process was deferred and is.not yet in final form. The
examples of analyses to be given are therefore unfortunately not absolute
values. Some of the constants which we shall detérmine by means of the
standards were taken froﬁ the literature, and'these can be at variance from
what we shall determine., For illustration, the values given for the element
lanthanum will not change relative to each other, but the absolute values
will have to be revised. By the same token inferences on the relative
amounts of different elements will have to be deferred. Only when meaning-
ful gbsolute values can be put down will it be possible to compare our
analyses with those done in other laboratoriesa

IV. STATEMENT OF THE ARCHAEOLOGICAL.PROBLEM

Before looking at some actual analyses, it may be well to set down
the presently conceived limitations on what the analyses could possibly show.
First, a few words should be said about the geochemical basis for judging
provenience of potter&. Considering the complexity of the parent rocks and
the sensitive fractionation possible in the formation of clay beds, it is
possible that no two sources of pottery clay will prove to be the same if a
large number of elements are compared. If so, then even a single source of
pottery clay may prove to be inhomogeneous. We can only conjecture about
this point at present because‘nothing has yet been done to explore such
variations. The reasons for temporarily ignoring this problem are very .much
the same as those stated by Catling, Richards and\Blin-Stoyle.(l) They, as

we, confined their attention to the finished pottery because it may be no
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simple matter to relate pottery directly to clay beds. ‘In most instances it |
might be quite difficult to satisfy one's self. that he is actually sampling
the sources from which the ancient'potters drew their materials. Further,
one cannot be sure how they processed the raw clay, removing‘some materiéls
and adding ofhers. There need be lesé uncertainty‘concerning>£he_problem of
vwﬁai hapﬁens to the'compdsitiOn during thé-proceSs of firing because this
matter couid.be explored by experiment.. Despite the complexities envisioned,
the.prdspects of getting meaningful information are by no means hopeless!
As ‘an example, some conélusions may be drawn én uniformity to be expebted
- within a clay bed by simply sampling and igndring'pottery aésociétion.

~ For the time being we are %heféfore relying-uﬁon_the«tféditional
approach in archaeclogy, that is, the deVelbément of interndl correlations
to establish the norm for uniformity.: Superimposed upon this is the
desirability of any‘exfernal cross checks which can be elicited. All in all,
this calls for a rather lengthy development in Which the bouhdaries of
reliability are set by an accumulative process rather than a definitive
settlement at one time.

One other.point should be mentioned which is perhaps unigque to the
type of analysis uhder discussion. ‘Much of the information obtained coh-
cerns trace elementsfpfesent-in the parts-per-million range. The inadver-
tent contamiﬁétion offour'specimens is a real prdblem’and must be guarded
agaiﬁst. ‘For-éxample, antimony found‘ﬁo the extent of 1 ppm corresponds
to an améuht of_dniy 0.1 microgram in a 100 mg. sample. If we employ
normal diligence, expérience has showﬁ thatlabnormal values do not occur

very often, but they do occur. Where such cases oceur, anviMdependent (
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sample should be run. A more difficult problem, and a more interesting one,
is the possibility 6fAcontamination-at the source. There is abundant evi-
dence tha£ ancienf peoples used a variety of substénces in concentrated
state: ores for metallurgy, pigments for decorating, Qosmetics, materials
for glasse—tb name a few. It is quite concelvable that pottery would be
contaminated significantly particularlybwhen a rich source of an element
corresponds with a trace element in the pottery clay. Evidence for this type
of contamination may be difficult to single out unless incidents are répetitive;
but where it is obtained one has information of archaeological value.

V. RESULTS

Some representative analytical results are presented in histogram
fofm in Figs. 4 - 8. It should be borﬁe in mind in viewing these thaf the
variations in content for a particular element-ffom a particular site cannot
be attributed to lack of precision in measurement. Some of the fagtors
which could cause such Variétions in pottery composition have already been
mentioned. In selecting data for these figures, some have been included
specifically to_illustrate these points. However, each set shown is com-
plete in the sense that no pieces of the type selected have been left out.
For example, all of our measurements of the red-ware and black-topped ware
from Nag' ed-Deir have been inc¢luded.

The particular elements chosen for illustration represent only
about one-fourth of those for which we have data. Among thoée omitted are
some, such as arsenic, which seem to be rather_chaotic, and others which
represent some of the.more prominent constituents of»clay. However, .some

15 elements not shownvare_probablyvas useful diagnostically as the eight
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‘which appear.
A brief deséription of the material examined follows:
(1) "Nag' ed-Déir”»refers.to a predynastic cemetary in Upper Egypt
;nd maﬁerials‘aré from the large Reisner Colleétibn in Berkeley. - The
selection of represéﬁtatiye_sherds.Was made*bbeobéft Rodden. Typolqgicaily
the sherds fell inﬁo.seve?al groupé.
(a) "Red-ware" (r.w.) or '"plum-ware" is characterized by a
fairly course texturé and a heayily burnished slipvof high iron content;
(b) ”Black%topped ware" (b:f.) is similar in composition
to the red-ware, and-the Aata for these types-have beén éombinéd;
(c) Decorated ware (dec.) refers to contemporaneous pottery
with a hard pink body deéOrated with red:pigmént. |
| (d). "Wavy-handled ware" (w.h.) ere all of the early tyﬁe in
which the handles are pronounged. In later evblutionary states this handle
degenératedw?nto a decorative motif. 1In large part; the compositions of
these specimens were the same as for the decorated ware and were so combined.
(2) "sialk" refers to the site in'nOfthern.Iran which had a long
oc;upation period.strgtching from 6000 B. C. to 1000 A. D. Maférials.repre-
sentative of mosﬁ'of the strata were seiected'by Jay Frierman and in’due
.course all the analytiéal results will be presented along with the igferénces
of archacological value. For the presént purposes we .are showing only com-
bined pieces from levéls III.6 and IiI‘Y which are often typologically iﬁdis-
tinguishable. |
(3) "AL 'Ubaid" is a site of southern Babylonia slightly inland from

the Euphrates River,_énd_th sherds are of approximate date 4000 B. C. These

*
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materials came from.the Collection at U.C.L.A. and were obtained by
Dr; Frierman.

(k) "Mycenae" is too well known to require description. The few
pieces so far analyzed were obtained for us by Df. Frierman and not all are
of known provenience.

(5) in Fig.,8 will bé\presented some data taken from sherds exca-
vatedvby Drf Dothan at "Tell Ashdod" in the sduthern coastal region of Israel.
These.also were obtained by Dr. Frierman. Ashdod was a Philistine citj of
about 1400 B. C. and the few sherds analyzed.fell distinctively into three
typological groups: (a) Philistine local, (b) Cypriot imports, (c) Mycenaean
imports. »

. In examining the data of Figs. 4 - 7 it should be borne in mind that
the present.stage of this study is not aimed at settling any archaeological
problem; Materials were selected whoserorigins are surmised fo be correét
and whiéh are typologically destinctive. Whether or nqt some of the spread
in values will ultimately prove to be an unplanned-for excursion into arch-
aeology we do not know.

First, a mere glance at the Nag' ed-Deir material shows that the two
categories which can be easily distinguished by visual examination are also
quite different in composition. We wish to point out, however, that we al-
ready have abundant evidence that such clear correlations are_not universal.
From»sites neighboring'oh Nag' ed-Deir in Upper Egypt we have typologically
similar specimens which are significantly different in composition and we have
found the intrusion (inadvertent) of a sherd in the Sialk collection which

!

has not been previously described but which definitely "belongs" to Sialk in
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itsthemical make up. Reiterating, it is not our purpose here to pursue suph
leads of archaeological_interest. Only one further poinf will be mentioned and
this relates to the few sherds designated."Mycenaeﬁf» Qf_thésé, three weré:  
exéavated'at'MWCenaeiand two (cross-hatched in the fighfeé}ivere'found on Kea.

Returning to the data, it 1s seen that:Nag'fed—Déir fea—waré”is.the
iowest.of all_in cesium and quite loﬁ in-thorium. On theTOther hand, this
particular pottery is the highest offéll in some othéf,elements not shown here.
Sialk ‘and Ubaid overlap in hafnium and lanthanum, afe somewhat different in
uranium and thorium, and are distinétly.differeﬁt in niCkel,,chromium and
éesium;_ Mycenae and‘Sialk are both high in cesium but;are:diétinctly different
in niékél and chfomium. Grstvcomparisons Qf this ﬁatﬁré can bevconﬁinued by;
. the réader and, as élrea@y menticned;‘could be done with‘many other elements
not shown here. The objectiye,‘howevef, is ﬁb pursue this matter in much
greater detail by applyingvit tq materials which are typblOgically indistin-
guishable or which hafe‘ﬁot been ftyped”-wifh éeftainty ;t all.

In Fig. 8 wevhavé analytical resultsvoﬁ 6 elements for three types of
sherds found ét Tell‘Ashdod} This is a-rather remarkable set in thatvthere
is virfually‘no overlap between any of tﬁe three types for any of the elements.
There were only 2 Sherdsvof-Mycenaean type. . The third, presented as a Cross-,
hatched marker, was Selected arbitrarily from a small group excavated at
Mycenae. Examination of-the other data {not shown here) produced 15 other
elements which had similar>differeﬁces not including elements which generally .
vary .coherently with those'selectéa. For.example, these 15 élements»did not
include any rare earth elemEnts becaﬁse this typé is already represented by

lanthanumnm.
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Heutron Activation Information for a Typical Pottery Specimen
Y-ray Abundance o y-ray Abundance
Isotope Half chosen of element Statistical Isotope Half chosen of element Statistical
Element Examined ILife (keV in pottery . 2YrOor - . Element  FExamined Life = (keV) in pettery error

Dy 165, 2.3h 95 1.9% x io‘é 0.05 x 10°° .*Eq% D2 1z.7y 1408 5.1 x 10?7 0.1 x 107/
Mn i c.6n 87 LB x 1070 0.16 x 107 co o 5.3y 1332 1.25 x 1077 0.0l x 1077
Ne, P, 15.0n 1369 1.020 x 1002 0.005 x 1072 Fe Fre  uga 1292 3.35 x 1072 0.01 x 10°°
X hay 12.4h 1524 2.0 x 10°° 0.18 x 1077 Sc *05.  gua 1120 1.210 x 1072 0.002 x 1077
sr 8Tms,  a.8n 389 3.1 x 107 o.b x 107% Rb 8 10a 1077 6.4 x 100° 0.2 x 1077
Sm 535 1.9 103 4.92x10°  0.01 x 1070 Ta 1820, 1154 1222 1.25 x 1070 0.05 x 10°°
Ti “Tae 3.4 150 . 3.06 x 1073 0.09 x 1073 Cs T3hes 2.0y 796 7.k x 1070 0.1 x 1070
Iu LT 6.74 208 7k x 1077 0.1 x 1070 Wi oo 714 810 9.4 x 1077 1.1 x 1077 N
b 15w, h.ozd 397 2.88 x 1077 0.08 x 107/ Zr Prr 66 568723 1.5 x 107 0.8 x 107 g
U E“ng 2 3& 278 1.12 x 1072 0.03 x 1077 Ba 1315, 1z2.04 ,h95 L.l x 107“ 0.2 x 107
Le 0, 1.74  15% 1.56 x 1077 0.01 x 107 HF lBle_ h2d L8z 2.96 x 1000 0.05 x 107°
Br 82pr 1.5 554 3.4 x 1070 0.3 xvlo’6 Cr “lor 289 320 1.38 x 10‘“"ﬂo.01 x 107°
As 76As 1.14 559 8.7 x 10"6 O.bh x 10'6 Th 233p, 27d 312 8.45 x 10'6 0.0% x 10'6
Ca “Tea 4.54 1298 1.31 x 100Y  0.06 x w07t b 1600, 224 298 2.9x 107 - 0.1x10
Au l95Au z.78 Llz 1.9 x 10’8 0.15 x 10‘8 Ce i, 3zd 1hs 1.90 x 1077 0.01 x 1070
Sb L35y, 604 1692 2.1 x 10°° 0.1 x 10°° Ir 192p, ua 316 <5 x 1070
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_ FIGURE CAPTIONS
Fig; 1 Decay Scheﬁerof Fe59
Fig. 2 Gamma_ray speétrﬁm%of Fé59 taken with a sodium iodide counter
R. I Heath IDO-16880-2 AEC Research and Development Report, Physics,
TID 4500 31lst ed. Avué;usf»,, 1964,
JFig3‘3 Pértial gamme, ray Specﬁra of pottery.Top curve{spectrum taken with good
‘KINaI detector,lower curve-spectrum taken with goqd Ge deteqtor.
| Fige 4 Césium.énd‘uranium comprifion of.potﬁery.éxcavated_ffom various sites.
” Cross hatchéd"data represénts pottery excavated at Kea.
'Fig. SvThofium and chfomiﬁm.composition_of pottery.ekcavated,frém various
sites; Crossrhafched data rep%ésénts pottéry;ekcavaféd‘at Kea;
Fig. 6‘Cobalt énd lahthanumncompoéition‘of pottéry eXEavated from various
sites. Cross hatched data represénts poftery“eQCavated at KEa;
Fig. 7 Nickel énd,hafhiumvcomposition.dfnpottefy eXcavated from various sites.
Cross hatched daté;repreéentS’pottery éxcavated at:KEa.
Fig. 8 Partial composition of pottery exéévated,at Teli Aéhdod. Cross hatch—

-

ed data represents sherds excavated at Mycenae.
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