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INTRODUCTION
The aréhaeologist'is concerned with the history of mankind, but his
vocation has infrigued the cuiious in all walks of life in a manner not
usually extended.to other branches of history.' Through,ihe years, the
scientist has not been immune to the peculiaf excitement surrounding this

pursuit. As the artifacts and concoétiéns of ancient man came to light,

s

scientists lént their analytical skill to determine what the eye could not
discern.v There was a rich array of materials awaitingvexémination. Not only
were mineralé, building maferials,‘metals, ceramics? and glass found in
abundance but diverse organic materials also survived for millenia in the dry
and sterile envirénment existing in such.places as thg Egyptian tombs. By
1926, the British scieptist Alfred Lucas was able to come out with a book

Ancient Egyptian Materials which has since been followed by three successively

enlarged editions.

The desire to know more of man's heritage was a powerful magnet which
drew scientists long before archaedlogy took form. As an example, the pervasive

affinity of Western Man to the Land of the Bible needs no better testimoniél than
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the publicatibns at the very birth of modern chemistry on the analysis of

waters from the Dead Sea and Jordan River (1). These analytical reports,

among the first on any natural waters, bore names such as Lavoisier, Gay-Lussac,

: Klaproth,band Gmelin.

» Much of the early work oﬁ archaeological materials had as thg objective
the identification of materials. A major turning point occurred with the
finding of Willard Libby thgt thg prodgction of carbon-1k by césmic radiation
in the atmosphere provided a "clock" whose time sca;e embracgd the period of
interest to archaeologiéts. This discovery was not oniy intrinsically impor-
tant but was pfobably a catalyst in directing attention to the wider array ofv
modern tecﬁniques which cculd be addressed to problems in archaeology.

The;mediug for publication of the present réview diptates that the
subject matter be based on technigues indigenous to the nuclgar sciences.
Conceptually, this.is én artificial distinétion but it is found that a
surprisingly large proportion of applications of écie;ce to archaeology do
indeed depend upon juét such techniques. It is diffi¢ult to congeive of a

"elock" based on chemical alterations which has the inherent reliability of

- one based on radioactive decay. In similar vein, there are broad problems

Ve .
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involving chemical analysis for which nuclearvtechniques-appear pre-eminently,
if not uniquely, suitable.

The subject of archaeometry is plainly receiving increased attention

and, with this, some perspective is developing on what is required to make
progress. In this field, it may be taken as a fact that one rarely knqws

g priori the vgriables with which one is faced. They can only be delineated
after painstaking testing éf lafge numbe;s of specimens. Stated succingtly,
one.can,only Know that five énalyses‘would‘have been sufficient after one-
hundred have been done. A misconception, slowiy beiﬁg di;pelled, is that
there is little incentive for achiéving high accuracy in measuring archaeolo-
gical materigls‘because'they cannot be-vgry uniform. What is now Rnown is
that some problems cannot bg solved gt all unlgss materials are sufficiently
gniform to-merit and demand gccurate mgasurements. Despite each such caveat,
many studies'havelbeen reported which ére imaginative and illuminating, and
all have.céntributed in the inevitable groping necessary to know the nature of

the unfamiliar materials with which we are concerned.
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PROVENIENCE STUDIES
(General Comments)

A lﬁrge part of archaeological inference is based upon a well-
established affinity between a particular cuitgre and the kinds of.structures
and artifacts which it produced. Objects have survived in large measure when
made of durable materials éuch as stone, fired clay, metals, and glass; some
were utilitarian,'othérs objeéts‘of art. ZEven the most gtilitarian artifacts
were, in some degreé, media for artistic expréséionfahd it is this aspect which
has permitted archaeélogists td.make finer and finer distinctions between
peoples separéted by'time or space.

' Employing elaborate systems:of classification based upon form,
decgration, and subtleties of workmanship, an expert will know where an
object was made (its Brovenience). The evolution of style also pro#ides a
relative chronology. 'It is unlikely that any archaeologist is completely
untroubled in usihg these methods because the circumstantial evidence upon which
théy rest must, perfofce, be incomplete in some measure. The importance of

establishing provenience stems from the rolevassigned.to movable objects in

learning of contacts between peoples. The nature of contacts and what motivated



o
%
%
L
P,
Ay
%%:
{
-
T,
”
o F
Lo

them are at the essence of human history, yet it often pfoves difficult to
define their exact nature even when the provenience of the objects is "known".
The evidence may be too meager, but also‘provenienCe itself lacks sharp defini-

tion when indistinguishabie artifacts, along with other material features of a

-common culture, are found over a wide ‘area.

vIn'some instangeS,-deductioné'of provenience can'be compromised by
what we might term "prejudicial accident". An archaeolqgiét may uncover a
new pottery repertory and label if according to'the excavation site. Later,
vesseis,of this type are found elsevhere and, in_the ébsence of substantial
evidence to. the éontraryé the;evére described as imports from the site where

first found. The logical fallacy of such a_deduction is apparent but it is

. not very productive to be critical of the practiéé when there is little other

evidence uﬁonvwhigh ﬁo.base an altgrnative;

It has been recogn;zed fgr somevtime thgt an'iﬁaependeﬁt me£hod of
establishihg:p?oyepience wQuid bé.gﬁ important adjunc§'to‘the traditional
method§ ofthg archaéologist.' Améng the"labbrgtory-methods which com¢ fo mind

are those based on the premise that the materials of which artifacts are made
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'&ill have distinctive.chemical éqmﬁositioﬁs reflecting their'placeS’of origin;
Such chémicalr"fingerprinting" applied to pdtté;y,.for example, assumes that
thé mineral progenitors and géochemicai conditioﬁé involved in ciay'formation
have resulted in'différent'chemicai ¢omposifions of clay in different places;
More prgciSély sfated, the'heterogeneity:eﬁcéuntered>in one source of clay will
be small compared with distinctions between sources. In principle, oﬁé could
find the clay beds used by ancient popters.and.determiﬁe provenience in an
absolute sense} If clay sources.cannbt be found, one.pan still hope to
accumulate qve?powering evidgnce for.prévenience frém the pottery itself by
analyzing 9.sufficient ﬁumber‘of'specimené.

It might bevwell to put in perspective‘the'réaliZéble”goals of'such
work as they hoﬁ appear. The Eapabiliﬁy ofvaetermining absolute (or neérf
absolute) provenience Yould hardly eliminate imagination andintuiﬁivg insight
from the practice Qf aréhgeology even in a‘limited:sense. It will correct
specific e#rorsvof judgment>Whi¢h cou;d be crucial in_certainvinstances, and
Pfovide a more detailed.view ofiwhat provenience means.. Th§ thential_impor—
_tanpe of this latter feature ;n pfbviding greater sco?e'and breéision to

arChaeological inférenée~shbuld nbt_be undereStimated,

-
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PROVEN’_iENCE OF POTTERY

The choice of an analyticalrmeﬁhod for "fingerprinting" pottery is not
arbitrary when one reflects upon the nature of the problem.

(1) In oonsideration of ﬁhe huge number of~potential clay sources
which could pertain to.a particular archaeologioal problem, one‘should determine
a considerable number of elements encompassing chemicol diversity.

(2) Manyiof these elements will be present only in trace amounts, so
the method mnst be sensitive.

(3) The accuracy required need be no better than the homogeneity of

‘each clay source, but the'whole;approach does not look promising unless clays

from one source are indeed homogeneous.
(4) A large number of specimens may have to be analyzed for a single
problem but these must be considered part of a muchvlarger framework encompassing

all possible problems relating to these materials. _One must envision the

- continuous growth of a cor?us of analytical information much as appears in

technical handbooks. To permit this corpué to grow.rapidly, the method must

not_be unduly tedious; and to allow for general use, the absolute accuracies of



must be known.

Neutron activation analysis involving gamma-ray spectrometry has

congenial attribﬁfes for just this problem. Its outstanding prope{ty in this
regard is ﬁhg~sénsitivity»éf actiyafion for'the trace elemenﬁs df the éarth.

In addition, modern equipmgnt for obtaining gamma—ray,spectra provides sufficient
resolution to obviate the neceSsitj for tedious chemical.separations. Under
cafefully controlled conditions, results using this method not on;y can be
reproduced with high preéision but it is possiple to know their abédluté‘

errors.

The'earliest.attempts on pottery analysis-by negtroﬁ activation were
se&erely handicapped in that they3oc;urredbb¢fore quipment édequate to the
tgsk was availablef This work was revigwedvin l963:by E. V. Sayre (2) and
oniy the references are iisfed here (3—6)7 Anoiher.puSIicaﬁion during the same
eré aimed ét seeipg whaﬁ,cdﬁlg be learne@-about certaiﬁ Mexican ceramics from
a single elément, manganese (7).

Others turned tovdifferent analytical methodé for fingerprinting

'pottery; notable was the work at -Oxford which employed optical spectroécbpy (8).

<
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This approach produced improvement in the array of elements which could be
detected and continues to be employed, but the technique lies beyond the
purview of this particular article.

The advent of germanium counters brought sbout a dramatic change in

the power of neutron activation andlysis. The first thorough study of what

¢ould now be aégomplished was published in abbreviated'form in 1967 (9) and in
greater.detail somewhat lafer (10). The central theme of this work was the
elucidation of.the errors inhereﬁt in analyzing many elements simultaneously,
and the controls required to minimize these errors. An important experimental
feature was thé formulation and calibfation of a composite standard to permit
?éak—for—péak monitoring of the gamma-ray speétra of‘the irradiéted pottery.
When the standards aﬁd specimens were packaged; irfa@iated; and measured in a
prescribed_manher, itvwaélfound‘possible‘to réproaucg'results to about 0.6%
where gamﬁg—ray counting stafistics did not othervisezlimit‘the precision.
Beyond this sma;l error, the preciéion of'measﬁrement:fof the.respective elements
dgpended upon counting statisties, and the'abséluﬁe adcurapiés depended in most

cases upon how well the standard had been calibrated,“Employing a particular
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- recipe for irradiation and coolihg times, it was found possible to determine

more than thirty elements, many with accuracies better than a few percent.

A consequence of a system of analysis which is so elaborate is the necessity of

computer data processing.

This same publication (10) also included a few case studies on the
uniformity of actual archaeological materials. Table l.éhows some data ffoﬁ
this paper illustrating contrasts between two pottery grqups whichlboth héppen
to be from the same site in Upper Egypt. Each value has its precision qf
measurement shown, whereas the.dispersion limits indicated_for the group
mean values are the standard deviations for the group.. It is ciearvfrom
examination of the data of Table 1 that these two groups are clea?ly distin;
guishable and that the.précision of measurement %s pot responsible for the
spread found in each group.

The uses of such groups for matters of prévenience depénd upon further-
selection and analysis of materials with a particular problem in mnind. If a
vessel is found elsewhere which is of interest in this context, one can tell

with some confidence whether or not it belongs to one of these groups. For a

R
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more discrete view of prdvenience, oné must examine a considerable -amount of
potteries‘of these styles from other sites tq spoy whether or not they are
chemically distinggishable. 1t they cannot be distinguished between two sites,
provenience ‘is iﬁdetermiggte to this extent.

It was stated earlier that the measurement of many elements might
provide the necessary éensitiie»disérimination among the myriads‘of clay
sourcesfv Implicit ih this assertion is the assumption that the various elements
&ill.functioh as independeﬁtYVariables. _The»data shown in Table 2 were extracted
from another publication (11) in ofder to présent some evidence on this point.
The étudy ¢oﬁcernéd an archaeo}ogical problem which wil%mbe returned to presently
but, for néwé attentidn is called to the first four columns only.

The numbgrs shown for a few elemeﬁts are group.averages of typologically
similar'wares from three sit§s in Cyp:u; and one in Israel; A careful examina- .
tion of tﬂese.data will reveal an gbsence éf coherence in variation of the
elements between‘different sites. ?or example, eyen the two rare earth elements

(lanthanum and lutetium) do not follow each other. The lutetium contents

from Palaepaphos and Kition are indistinguishable, but lanthanum values differ -
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by some 5 standérd deviations. Between Ashdod ahd Palaepaphos the lénthaﬁum
values are the same, but lutetium differs bj more ﬁhan 5 standard deviations.
The nickel contents do not follow iron among any inter-site comparisons. For | y
the particular elements selected for display here, Palaepaphos and Ashddd show
some general similarities but the hafnium values are gr§ssly,§ifferent; The
examination of la;ge amounts of data has led to fhe selection of some 18
elements for diagnostic purposes on the basis that they seem to exhibit this.
sort of random behavior.

The particﬁlar archaeological problem_mehtionéd (l}) pérfained to the
origin of the Philistine people. Mycenaeah IIIC1 wares, having élose.étyiistic‘
similarities with such wares from Cyprus, were'found at the earlieét'Philistine
stratum at Tel Ashdod and‘these were compared with similar wares from three
sites on Cyprus and with fypical Philistine wares from Ashdoa.(Table 2,
column 5).' The‘complete chemical profile showed that these Mycenaean IIICl wares
from Ashdod were made locally. nhe study thus far did not reveal_fhe origin of

the Philistines but did point up the perils of relying exclusively on stylistic

criteria in matters of provenience. Some more subtle but useful archaeological
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inferences did come from these "negative" results but will not be reviewed
here.

Another archaeological stﬁdy (12) centered updn‘the provenience of a
single sherd excavated in Cyprﬁs and thought to Be an imporf..'Considerable
importance was attached to this piece because it is oﬁe of few examples of
its type found in Cyprus. In comparing the analysis of this piece with
reference potﬁeryhfrom a number of sites possibly relat§d to this problem, it
was foupd that the vessel had been made where it was excavated. That is to
séy, it matched‘well a group of other wares from this'sife (of which there can
e littlg'doubt about locél manﬁfacture);-it'did‘not fit within groups from
other sites, including those frOmkwhich'it was thought to come. This finding
raises some provocative glternatives for arghaeologists: either people who
méde this style of pottery existed at this site almost 200 years earlier than
the bulk o% other evidence would indicate? or the chroﬂology adhering to this
type of ware can be off:by-almost 200 years. Bringiﬁg such issues into sharp
focus is probaﬁiy.whereblaboratOry provenience determinations will prove of.

great ufility. Other published work from this laboratory will be found through
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the indicated references (13-15).
. The work mentioned so far was done at one laboratory folloﬁing.a .oN b
particular analytical prescriptiop on which considerable effort was expended N

in understanding and controlling sources of error. Much of this effort was I

concerned with standards and standardization of operéting conditions. Other

papers handled these problems in somewhat differentbways and one (16) was

clearly exploratory as it dnly ailmed to show that the radioactivity from a
few elements differed between two pieces of pottery, each from a different
site.

Al Kital, Chan and Sayre (17) analyzed 41 stylistically related sherds 3

from several sites in Yemen and one in Ethiopia.‘ The method involved cdlibrated ;5

glass standafds.and yielded absolute valuesvfor eleven elements which they i
believed ﬁO'haye 10% accuracy or better. As seemé charactefistic of such
studies, fhey found a.few vell—defined chemical pottery groups showing corre-
lations and differences between sites, and sherds wﬁich.did ﬁot agree with

these groups or with each other. The objectives of this work were to establish

provenience. for pottery made according to visibly diffefent potters! préctices

and to see if any of these had been exported. They5were able to show that the
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* S
grass—tempered pieces from one site in Yemen all fell into one group providing

strong evidence that these were locally made, particularly since the vessels

“»

represented a considerable span vafime. Six sand-tempered.sherds differed
considerably from‘the grass-tempered Sherds of this site and two of them

agreed well with a group of four sherds (all that were analyzed) from a site in
Ethiopia. Along with archaeological evidence that sgnd—tempering was common

in Ethiopia for wares of'this type, one has ;ome basis for saying thesé had

! been exported to Yemen.

é  Another publicétion from Brookhaven National Laboratory (18,195>centered

about Fine Orange Ware, a luxury product found sparsely but over a wide area

in the Mesocamerica of the Mayans. It was hoped that provenience studies would
;e shed some light on centers of the Mayan culture and the collapse of the Mayan
civilization.

vPottery of this style covering several périods and. a wide range of

| sites were fournd to fall in a single chemical group with relatively few

exceptions, all from the eastern or northwestern extremities of the domain.

"Tempe;" is a non-plastic material added to clay (or already present in the

raw clay) to prevent Cracking during drying to firing;‘
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These exceptibns are surely of importance but larger numbers will have to be

found before a definite picture emerges. The relative homogeneity of the large

proportion of the wares is evidence for a single center of production for these.

Attempts to ;ocate fhi; place, by analyzing'common utiliﬁarian wares from a
number 6f sites, proved uﬂavéiling so far. Apparently'the clay source used for
this fipe ware was not commonly used.for‘others." (It might be mentioned
veditorially that, to e;tablish proveniénce rather convincingly, one does not
need to find many instances in which the potters lapsed from their normal
practices in_this'regard).

Sometimes archagological problems'come up'which hihge upcn the
identification of‘é.Single sherd or two with much of thé.world éé_the arena.
It cen be sppreciated that a good deai of luck would be required to find'the
proveniencevaf‘first try. Sif Francis Drake is supposed to have landed at a
spot in Northern Caiifornia? dutifullyvcalled Drake's Bay,‘as one stqp in a
trip which took hiﬁvafopnd the globg. ﬁxcavationg at Drake's Bay produced two
egrthenware sherds which showed some resemblance to a coarse-ware made.in

North Devon during the sixteenth century.
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The authors of a paper_¢oqcerhing this problem (20)bdétermined the
compositiqn'of these pieces and a cdliection'of 10 Devop‘sherds from a kiln
site. Thesekwares includgd both coarse-ware and a fine decorated type
éharacteristic»of the period. ‘It was shown?that the Dévon coarse and fine
wares were made from thévsame clgys and that the Drékeis Bay pieces did not
originate heré nor were they like each othe;. The study also included analyses
of ?eiated'Pottery from Jamestown, Va, and other settlegents of Colonial
America. Among these yere foﬁnd specimens thaﬁvlikely did come from Devon
and others which did not. The study illustrates well fhe complexities which
can arise in work of this kiﬁd and hoﬁ a single objectivevcan fan out into

i ' many .

A broai problem which continues to hold the attention of a considerable
number pf scholars has to do with the Greek Late Brohze Age. This period saw
~the rise and dispersion of the Mycenaegﬁ civilization and the pottery was mérked
by an unusual degrée of stylistic homogeneity over a large territorial expanse.
Plainiy, the sp?ead of this civilizétion during a time ofvgreat turbulence had
important causes and results, ygt-mény fundémental questions rémain unanswered.

Catling has outlined the necessity for a more detailed view of pottery prove-
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niences and uﬁdertooklfo examine this problem by employing-emission spectros-
‘copy (8).  The ﬁechnique pfoduéed interesting results but left wide.ranges of
pottery ipdistinguishable. Tt is still notvclear Whether this is a shortcoming
of the method df analyéis or isvinherent in.the potfe;y.

Harbotfle (21) measufed ten elements'ih'20,sherds of stylistically
homogeneous ﬁaterial from Mycenae (Greece) and from Kﬁossos (Crete) employing
neutron activation analysis. These same sherds-had previously been'anélyzed
spectroscopically at Oxford (8). Although only one third of the elements were
common to both studieé thére was agreement where such overlaps existed and
nothiﬁg Vas'founa amopg the.other eleménts that produced,cbntradictidns. Both
stgdies led'to-thg’cbnclusion that materials frém egéh éite jere rathgr
homogeneous»and tﬁe potterieskfrom two site;;could be @istiﬁguishgd.

The BerkeleyvlabOrétéry has anélyzéd some 800 pieceé of Mycenaean.
wares from maﬁy sites but the resulﬁ; have not begn publishea.nor completely
assessed. This study is mentioned here bécause;it can add some perspective.to
the pfoblem at hand. - It is not poésible’nor_p;pper to-review this unpublished
work here other than té say that some perplexing features turned up and to

suzgest caution in assigning provenience before a great amount of data have

i



-19-

been takenvand’asseSSed. We do not question the-differences between Mycenae
and Knossos reported in the published work but wish to point out that similar
differences appear among Mycenaean wares all excavaﬁed in Greece._

Before leaving the subject of poptery provenieﬁce it shogld be recalled
that most of the anelytical work cited has employed neutron activation.
Whether or not ether methods‘are.suitable has only been alluded to in expressing
doubt'that the aecuracy and sensitivity of emission spectroécopy are equal to
fhe task. X-ray fluorescence analysis has'alse suffered some debilities in
analyzing ceramics but there havelbeen some recent changes in.ﬁechnique which
alter this pictufe drameticaily. The ability to obtain hiéh aecuracy depends
upon meticulous.techpique in sample preparation‘in order to minimize absorption

and enhancement effects and a number of recipes have been offered which cannot

be reviewed here.

A major advance appeared with the introduction of non-dispersive x-ray
analysis employing silicon and germanium counters developed for the anaiysis

of nuclear radiations (22). Attention is called to a detailed review by

- Rhodes (22a) of non-dispersive x-ray analysis, and radioactive sources for

excitation, whieh appeared before'semicondﬁctor counters of very high
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: resoiutidn;wereIavailablef_ In the confentioﬁéi apparatus Bragg scattering is
employed tovdisperse fhe excited x—fgysnbefore détectioﬁ and theré reéults a
great loss’in détection efficiency. The high resglﬁtipn.semi—condugtor
detectors can resolve x-ray energies in a'mikedvbeam'and‘the only loss is a
‘modest éttenuéﬁion from the solid angle between t@e specimgn and thevdeﬁector.
. The initial publication (22) also employed a radibactive source (such as
2hlAvm'm.:i.xved YQrays and x—rayé)'to excite x-rays in the.specimens’instead of
an'x-ray tube.source. Although a system'such as this can be used to good
effect (23) the weakness of a radioactive source negates some qf the sensitivity
inherent in the analyzing system.' It might be.mentioned thaf the system
employing-a.radigactifé source is compacﬁ and can'be}pbwéred’by an automobile
'battery,;theréforeﬁas applicatibns in.field work'(2h).

Further édvanceé in detectors,(2§)'and the deyeiopﬁent of a lower- '
power x-ray tube (26) (?o replace thé radioactive source) have now resulted
ig an instrumepf of great enough sensitivity to permit analysis in the parts-
per-million range. The accuracy readily attainable in applications to pottery

can be seen in Table 3 in comparison with data on the same specimen from neutron

activation (27). The agreement is seen to be quite satisfactory and for a
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number of elements (Ni, Cu, Zn, Ga, Rb, Sr), the x-ray fluorescence.results

are more eccurate} 'For perspective, it should be mentioned that these parti-
cular elements are those rather pooriy determined by neutron activation
whereas such elements as Al, Na, Sm, La, U,'Co, Se, Ta, Hf, Th, Cs,'and others,
are accurately determined. The point'to.be made is that x-ray fluorescence
analysis has attained both accuracy and sensitivity for minor and trace
elements, and eome further improvements may be expected,

It should 31;9 be mentioned,thatlcopventipnal x-ray fluorescence
ﬁethbds can;give accurate values on-ceramics_if sample preparation is
figorously controlled and attention is eonfined to relati?ély few elements.
Picon et al (28) have published reselts on important preblems relating to
Terra Sigillata. from sites in France end came up wifh some convincing archaeo-
logical inforﬁation. The point to be made here, however, is that some of the
same specimens,were.analyzed;by neﬁtrqﬁ acfivetion enalysis in the Berkeley
Laboratery and resultsvagreed within e#periﬁentel error for those elements

wnich could be inter compared.
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PROVENIENCE OF OBSIDIAN - . | |
Obsidian,va lecénic glass, lends itself to flaking technique as does

flint and was much used for fashioning arrow points and other artifacts. Points

of obsidian and other artifacts are often found far from any known sourées, SO

one may infer'that:theré wéé sizeablé comﬁercé in the'gaw materials or finished
‘products. In order to-trgce.thesé contacts, the.determination of.obsidian
provenience becomes the primary goal. A number of methods havé-been tried for. |
characteriziné obsidian but therfirét thorough studies employed 5pe§trographic

analysis (29,30). Although these publications merit careful study, they fall

beyond the purview of this review énd will be mentioned but briefly.
Obsidian artifacts and SOurée'météfialsjﬁéfevselected frOm sites

covering the Mediterranean Basin,‘aVbahd from:Anatolia to Lake Vén,'and a

number of others as far removed as Ethiopia and Slovakia (29;30). Substantial ‘ 25

progress was made in aSsigning provenience but there was considerable disper-

sion in compositionvpf materials from each place with the attendant ambiguities
which sometimes resulted. Data on only a few elements were found suitable for v
making correlations. As already statéd under the discussion of pottery prove-

‘nience, it is not easy to tell whether such inhomogeneities are intrihsic to the |



1

(24

materials or are due to the inaccuracy of spectrographic analysis.

A later study (31) undertook to remove certain ambiguities by doing

' fission track counting. This device adds an independent criterion for

distinguishing obsidians siﬁce it determines the age of a flow, and often the
uranium content is measured éccurételykalthough this is not needed for dating.
Materialévyere chgsen»frqm MelosfépdGiali in the Aegeén Sea, from the Toka]
region of Hungary, éﬁd f;om AcigBlvin centralenatqlia;—nbne of which could be
clearly distinguiShed'ermfthe.spéétrographic_analySis. Only 11 samples Qere
analyzed in all and it was.found that ages of n 2 million years and v 8 miilion
yearsvappeared both.in.ﬁhe.Aégean and in central'Anatolia; The two samples
from Hungary ééreediwiﬁh ¢ach.other and gave a'differentvage. When the uranium
contents were included as a chemiqal variable, all of these'rggions were

distinguishable. Finally, a test for provenience was'made on three samples

‘frbm a mesolithic site in southern Greece and these agreed very well with the

dominant obsidiaﬁ.analyzed from Melos. Théy clearly did not agree with the
obsidians from Hungary and Anatolia. If this evidence for importation into
Greece from'the'Aegean does not have to be modified, the important fact is.

established that over-seas traffic existed at least by the beginning of the
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seventh millenium B.C.

It is reasonable to expect that chemical fingerprinting of obsidian

=N

would be less laborious than the comparable‘ébjective épplied to pottery.
J ‘ ) .

Obsidian flows are re}atively'féw in gumber, andvabsblute provenience is more
easily gchiéyable begause these;sourcés aré not neariy’so obscure as clay
sources; Furthermore, fhe chgmical composition of tﬁé obsidian remains
ﬁnaltered in the'hands of'the grfisan; whereas raW,ciays are refingd and:some—
times foreign materials are added. Finally, geochemists have provided some
analytical‘e?idence that an obsiaian'flow'can be quite uniform in composition.

‘The question of how uniform is.an obsidian flow is fundamental iﬁ
chémi;él fingerprinting'because thisbrelateg to the easé.of distinguishing
.different soﬁrces andvélso defines the accurady requ;red to take advantage of
ihtrihsic differences. It seems obvious that one cannot know what to expect
and ﬁhat ca;efgl sampling and analysis must bé undertsken to léarn the parameters
pertaining to eacH7SOurpe of interest. Table L gives éome of the results ;
obtained by Bowman et al (32) on 19 sgmples taken from four regions along a | ¢
flow ig Napg Cbunty, Calierniaf. The analyses were done.by ngutron activation

under carefully controlled conditions. -Each entry in Table 4 is the mean value
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for the l9'samples and the standard deviation from the'mean. The standard
deviations vary considerébly from element to element but in each case the

spread can be accounted for by the precision bf measurement for that element.
For those elements in which the précision ofvmeasuremeﬁt (counting error) is as
low as 1%, the dispérsion of composition'is similariy low. Maﬁifestly, this
ﬁbsidian flow is extremély uniform. . Griffin et ai (33) published analyses on

a number of obsidian sources and among these wererthreg pieces from Napa County.
They determined relatively few elements (Table L) agd with the exception of

lanthanum the agreement with the results of Bowman is not bad. However, their

results show considerably greater spread which is an inconsistency if the

samples came from the same source. In this paper (33) the authors do not state

'clearly what accuracy of measurément they assign to the different elements.

Anofhef group_of obsidians from Borax.Laké‘(LakéCouﬁty, California)
ﬁere analyzed by Bowmen et al (32,34) agd showed quite a different picture.
The;e was gonsiderable Variat;on in composition.among thev33 obsidian specimens
and these were placéd into lO‘grdups, graded according to iron coptent which

varied from 0.67 % 0.0i%'to 1.88 £ 0.03%. However, there was a remarkable
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coherence between all of ﬁhe elements. If any element is plotted against iron
(for example), the curve is linear over the éntire range and the dispersion

of the data points from the least-sqﬁares line can be shown as a band covering

+ the RMS deviation. These bands are shown for six elements (among
many) in Figure 1 taken from Reference 34. The fiﬁe;data'points'also shown

in Figure 1 refer to five arrow heads of gréat antiquity excavated at Borax

Lake. It is not a surprise to find that they were made locally but it is
interesting to note that all fall in the region of lowest iron content. It

should also be noted that if artifacts were made from any other obsidians from the

flow, it woﬁld be just as easy to assign proveniencef__ ‘ : | ;fg
There is spme‘earlier gxperimental'e&iéenCe by Sﬁephenson'et al.(35)

von BoraxiLakeiartifacts bearing on thi;_point. These authors employed X-ray.

fluoreécence analysis and»feported-yariébility in comﬁosition of artifacts

put did not_éoﬁvert their dgta,to actual elemenpai‘abgndances. They did give

values for other bbsidiané analyzed by Bowman et §14(3h)and it 'is possible to -

normalize the measurements. - One group of 7 artifacts proved to have an iron

content of 0.65 * 0.05% which corresponds well with the five artifacts shown
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in Figﬁré 1. Another group of 9 artifacts had-iron = 1.Qh i_0.0T%, a value
which is qonsiderably higher_than fougd in Borax Lake'aftifacts by Bowman et al
(3&); The same publicétion (35) also gave data for manganese and these were
converted tq manganese = 118 % 15 ppm and 186 * 24 for the two groups. These
will be found to'lie on the irbn vs manganese sequence of Figure 1 and show that
the ahéient artisans at Borax Lake did indeed.use obsidian with a range of
cbmpositions;'

‘The data cited above show that, at least in pfinciple, it can be dangerous
to base provenience upon a single sample or two obtained from a source. It is
an ‘open question as to Whethgr any source will be as unifofm as the Napa County

flow, show coherent_variafion as‘found at Borax Lake, or display still other

‘patterns. Particular care is necessary where one region may have multiple

- flows of different geological history.

" Gordus and co-workers Have analyzed large nuﬁbers of obsidian samples
by neutron activation; Théy_have adcpted a simpler scheme 6f analysis than that
jﬁst-reviewed; measuring relatively'few elements and‘relying.for.interpretation
on ratios of §ertain elépents. One of the interestingvproblems concerned the

origin of obsidian found in the Ohio Hopewell mounds and related sites principally
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in the Mississippi River basin (33;36). For reference.materiéls'they saﬁpled
heavily from sources in Yellowstone Park énd lesser numbers’ from flows in
Califernia apd Oregon among ethers. Proveniencevdeductions were based on
sodium toemengahesevfatios supplemented b& eome other elemental ratiocs where
fhere ﬁasambiguify; .They,coneluded that the Hopewell obsidiané came from
Yellowstone Park aﬁd not from any of the others tested.‘ In aﬁother publieation
(37) hean values and ranges are given for.seven elements in obsidians from the
Yellowstone region, a site.in Me#ico and three sites in California. All of
these date help support the above cbnclusion.
Another important study concerned the trade of obsldian'ih the Near

Easﬁ'durihg'the ancient perio& which spenged the appearance ofeagriculture
,(36,38)7 .Tﬁoiﬁell known areas.ef jolcenism lie in Central Anetelia and'iﬁ
eastern Turkey areund,Lake Van, andvseveral sources from each"had been
classified by Renfrew and co-wofkers (29,30). Gordus et al found members of
these groups at various sites.in the Levant and observed-a complex picturevof
.ehanges in trade patterns as a function of time. One region in which were
found artifacts of imperted obsidian is the Jordan Valley, believed by some

'scholars,to be the seat of domestication of wild‘graine. - The tracing of

b



obsidian trade.routes as earlybas 7000 B.C. suggests thgt the spread of agri-
culturai arts may have followed the réutes of obsidian trade.

in addition'tg the x-ray fluorescence data-cited ianeference 35,
another group of publications have aﬁpeared which usgdjthis technique (39-L42).
A1l of these are concerned in large part with obsidiaﬁ sources and trade in
Mesoamericé and two (L41,42) involved considerable nu@bers of samples. The
study by Jack and Heizer (42) included 151 artifacts collected from the single
site; La Venta in Tabasﬁo, México. Only thrée elements (Sr, Rb,\and Zr) were
used for diagnostics and it was possible to separate the obsidians into five
groups, three of which containéd a very large proportion of the specimens. As
for proveniénce, only a véry féw SOQrce samples were analyzed: one from Pachuca
in Hidalgo, Mexico; two from‘Ixfepeque an@ bne from E1 Chayal in Guatemala.
Twenty-nine artifacts from La Venta matched thg Pachuca source, a finding which.
supporfs earlier evidence based on a very few samples‘(39). A few of the others
could possibly have come from the Ggétemala‘sources, 1eavipg,the large majority
of the La Venﬁa artifacts still unplaced.»

The paper by Stross et él (41) reported on 63 samp}és frpm.3h éites

in Mesoamerica. The analytical data were segregated into only three groups
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based upon Sr-Rb;Zr ratios on a terniary diagram. Forvsuch a wide-range

problem it is difficult to know what such groupings mean even thoﬁgh they ]

LI

are well separated from each other. The authors are well aware of the difficulties i

of interpretation, nevertheless the paper should be read by those interested
in the archaeology of this area. One curious finding in this work concerned

an artifact found in Lovelock Cave, Nevada which could be placed in one of

these Mesoamerican groups.

Particular attention is called to another study on Mesoamerican obsi-

dian trade because of the care with which a particular archaeological objec-—

tive was coordinated with choices of artifacts and source materials (43). About

200 artifacts were chosen from a single area (San Lorenzo Tenochtitlan, Veracruz)
which happens to be removed from any local source of obsidian. The samples i&
were selected to emphasize the rise of the Olmec Civilization (v 1150 B.C.)

but also included materials of the Pre-Olmec and Post-Olmec periods as late

as 1200 A.D. Source cbsidians were drawn from 25 places covering the east-west

volcanic band of central Mexico and the highlands of Guatemala. he

e

Provenience was determined with relatively few elements measured

principally by x-ray fluorescence. The authors (43) were able to discernb8
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sources for San Lorenzo mafe{ials but someIUS artifacts could not be placed
within any of the 25 sources tested. The level of intensity of obsidian trade
as a function of time was.determined as was the appearance and disappearance
of pgrticqlar sources of supply. It is of interest to note that, although the
closest possible source-to San Lorenzo was well represented, large numbers
belonged to sources 800 air kilometers to the northwest.and to the southeast.
Another intriguing finding was evidence that in an earl; Pre-0Olmec period,

obsidian was obtained from places which apparently had no local settlements at

the time.



. ~32-

PROVENIENCE OF GLASS

The cénscious'production of glass was practiced in Egypt some 3500 years
ago and there is some evidence that the technology is considerably older.
Artistically and technically, objects of glass embody distinctions which make
them eminently sﬁitable for archa§ological inference. Althouéh glass-making
is a sophiéticated form of technology, there is g sﬁfprising paucity of the
physical remains of glassmakers' tools and factories from ancient times (L4).
This factor has éontributed to the large gaps in knowledge concerning glass
provenience.

‘Analysis_of gncient.glasses by.canentional chemistry, optical spectros-
copy, and different forms of microscopy have yielded much information on
different general formglations aé well as the methbds for producing variogs
colors and other optical effecté. In a broéd sense, these measurements have
revealed much about glass-making practices in different eras and areas, but if
glass objecﬁs contain more detailed clues, thgy are lafgely untapped.

The quest for comjosifional characteristics.which couid earmark specific

points of origin is not a light undertaking. A glass is formulated from at
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least three:réw components which could very Vell comevfrom diverse sources:
the quartzvor other material fér SiO2, the alkali and lime componénts, and the
minergl colorént. Thg trace elements of each of these.can provide clues but,
when mixed, thé'problem of sorting out clueé becomes ﬁulti-dimensionél. If

neutron activation is applied to this problem, some technical difficulties are

'encountered; Many glasses have high sodium content, and antimony in the

."percent range" is not uncommon. The existence ofvhigh levels of sodium
reduces the sensitivity for determining short lived radioactivities, and antimony
places in the spectrum many iﬁtense»y—rays with half lives of 2.8 and 60 days.
Exploratory work has appeared (45) aiming to cope with these technical
problems. In this study, which was addreéséd to medieval sﬁained glasses,
samﬁles we?e irradiéted and before gamma-ray analysis2 the sodium and antimony
were removed by che@ical separation. If thése‘séparatiops-can be made clearly
and without ﬁndue ;abor, the ability to gxtract detailed information frqm glasses
should be gnhanced;
Another study (hé),cpncernéd giaés beads found_in.Sﬁb-Saharan Africa
which were -analyzed by non-dispersive x~-ray fluorescence. (Tﬁe same paper

refers also to unpublished data obtained by neutron activation on the same
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materials.) The particular beads in ihis report were of a type termed "dichroic",
exhibiting a blue ';olor by reflected lig.ht and'yeilop}'bi transmitted light.

Thirteen elementé were de#ermined on 27 sbgcimens and it was found that
the beads could be placed into twé‘compositional'groups? 'Groub Bbconsisted of
lead glasses (v 30% Pb) whergas Gfoup A had Pb = 0.65%. Such'glasses can be
distingﬁished"simply by spécific gravity measuremeht but there were other
distinctions of importaﬂce.> A1 of Group B Were.véry high in arsenic and
relativeiy high in barium, whereas Gfoup A beads were higher in manganese
and cobalt.

Information'wasﬁobtained on the distribﬁtion‘ﬁf these Beads.among
different.éites in West Africa and there:apﬁégfgd élso~é'correla§ioﬁ with age.
Groﬁp B beadSVWere féundvin contexts belonging roughl&.tb 1000 A.D., whefeas
Group B beads are apparently much never. The earlier ?eriod coincides with
that of Arab trade.in this region\?et the.authors-mention that the compositiops
of these beads ha?e some relation tq European‘mediéval glasses analyzed by
others. This sfudy seems to be a gooq start in learning hov these beads'wgre
introduced into West Africa’buf at this stage informatibp is‘lacking on known

source materials.
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Glass provenience studies based upon stable iostope ratios are

discussed in a later section of this review.
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PROVENIENCES OF COINS AND OTHER METALS
When we léave the ”garthy" materials such as ceramics ana obsidians
. and turn‘td‘thbse which were altered by mah, the problemé of determinigg
proveniénce by technical means éanvbecome mofe éevere. Metals can be native
materiais, as with thevprecious élements, but can alsé be refined.from qres
iﬁ whichicase therg isvan obvious drastic alteration. The use of #race
elements in‘provenience studies involves deductions based upon those eléments
.which inadvertentlyiaCcompany the mefal during refinement. Further; there is
_thg problem éf ailoys.in which case>0ne is dealing withiparticuiar recipes used
by differenﬁ_artisahé, and the ccmponents éf the alloys may have come from
different ores or eveg'ffom the:remélting of.previously used metals. 'Othgr_
'éomplications wi;i be ﬁentibned peiow.

Thevtechnical aspects of.analyzing metals‘mqst contend with massive
concentfatiéng of the principal elemen£vqr e}ements. This présents a serious
handicap for a téchnique such as neutron activation in'whichvthe Comptqn back-~
ground introduced by major-constitgeﬁts can strongly.diminish the accuracy
of measuring the photqelectric—peaks éf.minor’constituents. Furthermofe, the

intensity of the neutron irradiation may have to be kept low in order to stay
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within the.capacity of the pulse~analysis éQuipment.. This particular set of
problems is n§t so éevere in analyzing materials such'as pottery because the
major constituents activate weakly of not at all if slow neutrons are used.

COiné'haVe an important role in.a?ghaeolcgy because they likely
represented a govérnment monopoly and Can.be identified with discrete regnal
periods gnd the hisﬁor& sufrounding these. It should be recognized that
artifacts foupd ﬁith coins also Become dated rather sharply. It is important
to trace the coinage metal itseif ﬁo ifs origin because patterns in commerce
and discontinuitiesvin these patferns-can tell ﬁuch.abqut relgtions between
various ciﬁies'and those who contrclled the metal sources;

A large number of publications have appeared éoncerning origins of
coinage metals and the reading of these will emphasize the difficulties alluded
to. Since‘we-éﬁall not bg réviewing these individually} we provide é list

of publication titles, their references, and brief descriptive statements:



Ref. uLT.

Ref. L8.

Ref. L9,

Ref. 50.

Ref. S51.

the first use'of neutron activation on archaeological materials.
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- LITERATURE CITED
"Non—destructive analysis of ancient metal objéctsﬁ;
Qualitative test for gold, silver and'copper in Gaulish coins; probably
v
"Neutron activation as applied to tfage element determination in
pottery and coins"..
Outlines method for defermining gold and copber in silver coins;
applications in Ref. L49.
ﬁCold and copper traces in early Greek silver".
Resﬁlts on 133 coins, expahded upon in Ref. 50—52.
"Gold on copper traées in early Greek silver - IT".
Resuitsvon 315.coin§ from séyerél sites in'Gréeée, Sicily and

Southern Italy.. Expansion of work in Ref. L49.

“"Neutron activation analysis of ancient silver coins".

Expansion of study in Ref. h9 and 50; moré detailed description of

methodology.




Ref.

Ref.

Ref.

Ref

ref.

Ref.

52.

53.

. Sk,

.+ 55,

5.

oT.

¥
.
&
[
"2,{‘

[ oy
e L%

s
LW
e,

.

o

e

-39-

"The.Composition of Gféek Silver Coins: Analysis by Neutron Activation”.
A mdnograph discﬁssing in detail results of Ref. hQ—Sl and presenting

a historical interpretation.

"Activation analysis of silver by using g»radium—beryllium neutron
squrce".

A ?apid method of silvér determiﬁation‘applied ﬁo Japanese coins.
"Gold.and.copper traces iﬁ late Athenian silver".

Neutfon activation_applied to. coins of the late Hellenistic period

(2nd and 1lst centuries B.C.).

"The silver content of Diocletian's early post-reform coins".

Analysis of 39 coins from two mints employing neutron activation and

x-ray fluorescence.

"Determination of silver content of Greek coins by neutron activation".

"Non~destructive radio-activation analysis of Norman and Suebic coins

of Italy".

Gold coins anaiyzed for gold, silver, copper.



Ref.

Ref.

Ref.

Ref.

Ref.

. Ref.

58.

59.

60.

61.

62.

63.
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"Neutron activation analysis of silver in some late Roman copper

coins".

 Analyzed 147 coins minted in many places.

"Anélysis of'electrumvcoins";

Cépper'content of gold;silver alloy called electrum @easured by
neutfon activation,

"The Coinage of Cyzicéne".

Neutron activation aﬁa}ysis for'gold, silver, and copper in

electrum coins.

"Neutron activation_analysis.of Roman coins from 250-500 A.D. Part I".

Roman copper coins analyzed for silver, gold, and antimony..

""Part II" Analysis for silver, gold, antimony, cobalt, tin, and indium.

"Non-destructive analysis of ancient silver coins'".

Neutron activation determination of silver, éopper, and gold in

silver coins; x-ray fluorescence determination of lead.

"Coins: Heutron activation analysis of Norwegian medieval coins".

Neutron activation determination of silver, copper, and gold.




Ref. 6k. "A quantitative non;destructive analysis of silver coins by neutron
ac#ivation".
Silyer coins minted in'Berne in iSth and l6th cenﬁuries. Measured
gold, copper, silver in 373 specimens.

Ref. 65. "Qﬁ&ntitative non-déstructive neutron activation analysis of silver
in coins".
Silver content of 49 Islamié coins as a fﬁnction of date.

Ref. 66. "Ndn—dest?uctive activation analysis of ancient coins uéing charged
particles and fast neutropS".i
Analysis of 142 gold, silver and copper coins of various types. In
addition to gold, silver, copper, aﬁd lead values, zinc, tin, nickel,
arsénic, antimony, aﬁd iron also determined on copper coins.

Ref. 67. '"Method of anaiysis By activation of ancient coins with fast neutrons”.
Determiqatioh of gold, silver, and éopper with stated accuracy.

Ref. 68. "Investigation of the.silver content of Réman coinagevby neutron
activétion analysis”.

Silver content of 700 coins as function of minting date.



Ref. 69.

Ref. TO.

“hoo

"The metal contents of early Serbian coinage".

Silver coins of 13th and 14th centuries analyzed for gold and silver

by neutron activation.

"Non-destructive'analysisrof silver coins: A study of Sasanian and

- Umayyed coinage".

Some 1400 coins analyzéd for gold, silver, copper using neutron

activation.

o
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The simple listing of titles does not imply homogeneity of archaeological
conséquence but rather that, technically, the analytical information and how it
was obtained did not differ greatly in most of the studies. Since this review
is aimed mainly at aéquainting phy;ical scientists with the development and
evolution of techniques, there is little to be gained by elaborating upon small
differences. Most of the studies employed sibw—neutron activation analysis and
only the major constituents - goid, silver, and copper - could be'discerned.

For thése, information wa; obtained on sources'of coipage metal from minor
elements variations, evidence for ailoying practices, and inferences on
debasement of precious metals which épﬁld bg cofrelated with historical events.
Scholars who a?e.concernéd with ﬁhe relations of coinage>§o aﬁcient history are
probably alréady aware of theSe'studies.” Only one of the studies (66) employed
charged particles‘and fast neutrons in order to atﬁaiﬁ gfeater flexibility in
determining‘the major'constiﬁuénﬁs, and fo bring'out,minor elements and those
not activgted by slow neutrons.

.The technical aifficulty of 6btaiping detailed trace element information
on metalsvnon—destrdctifely ﬁsing neut?on actiVation has 1éd Meyers and Sayre (71)

to undertake cherical separation of the major constituents. Working on Sasanian
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| silyer objécts;.they removed 0.5 mg sampiés, and after irradiation and
dissolutiop; the copper, ggld, and silver were removed by ionic exchange
with cuprous iodiae ér éilver iodide. They then found that theyAcould deter-
mine semi—quahtifatively.lh'trace elements,. This analytical scheme should help
greétly invgiviﬁg greéter latitﬁde in“p?ovenience étudies. The obvious
 advantage in réméving the majér constituents is‘aﬁcompgnied,‘of course, by
" the added labor of the procedure. If applied to coins and other tiny.objects;

one also has to COntend with the resistance against defacement in removing

a sample.

Since the trace elements which occur in.éopper or other metallic objects.

must first'ekist.in the ores, it'is }eagonable to turn ﬁg o?esAfor some
uhderstanding of Vhi;h ele@ents’éxist ﬁhgreig and whét happens:to fhem'dgring
émelting; A different gpproach on provenience determination of copper oﬁjects
is based on such consideratiéns (72,73).' Native coppér metal was analyzed.as
were ores of "okidized":typeé (oxides and carﬁonates)fand "reduced" types

(sulfides). Terras

(D

rtative ore samples were reduced to the metal with carbon
under simulated primitive conditions and the incorporation of impurities into

- the copper metal was measured. From this, it was found by spectrographic
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analysis that such elements as silver, afsenic, beryllium, iron, antimony, and
lead were found in large part in the'métal. Principal reliance was placed upon

neutron activation analysis in subsequent measurements. Tests were made for

15 elements including silver, mercury, iron, scandium, cobalt, antimony,

selenium, and chrqmium. For eachvore type, a frequenéy table Qas presented
showing how mgny samples weré represenﬁed in successively decreasing levels of
concentration.for each element.' Ea;h table combined world-wide éources of the
particular ore type. Similar-taﬁles ﬁere pr;sentéd for artifacts which were
grogped according to géographical region:  Near East, Egrbpe, South Americg,
North America;

Although 350 ore sampigs end 100 artifacts were analyzed, the authors

(72,73) believe that this was inadequate to show what this approach can accom-

plish because the materials were drawn from too wide a geographical range. They

-were able to show that trace element levels in native copper are different than

- those which appear in metals extracted from ores and some differences in artifacts

between different gebgraphiéal areas. Because of the vastness of a program

which would simultaneously establish local compositional profiles over the world,
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tne azutnors conclude that it might be more profitable to study intensively
discrete provlems of a local character.

Repofts on the analysis of other metals employing neutron activation
‘have been sparse but attentioﬁ is called to a study of ancient‘bronzesv(Th);
a steel sword (75), a gold orngment>(76), silver apd éilded—silVer art‘u
objects (77,?8)7

Thé utility of aqéurate non—disperéive x-ray fluorescence analyéis is
shown in data obtainea by Giauque‘<79) on meﬁal art objects of thevYoruﬁa
culture of Wgsf.Africg.v The predominant metal ﬁsed wés 5rass (Cg—Zn alléy),
of which 27_objects'ﬁere analyzed. The;e coﬁld.be divided iﬁto 9 compositional
groups,ltwo.with eleven members and several with only one. Oné of fhé gréups :
of eleven contéinéd all ofAthe_65je¢ts with detectablé cadmium for which ﬁhe7-
mean value was about 80 ppm. Thié is not an artificial grouping because the
level gf detectibn_for cadmium was sqme lo;times lower. Another gro#p of four.
objects had thé only detecﬁable ﬁickel, in :ac_iditior.l to other disti.ngui‘shi.né |
characﬁeristics. In additién to tﬁebbrass objects, one was found to be a ﬁinv

bronze, one was 97% zinc, and two were lead-tin alloys. All of these resultg



were appended to a publicatién on Yorubé ért‘forms and, unfortunately, no
evaluation appeared as to what the analytical data had to say about Yoruban
histo?y or technology.

Further discuséion on the pfovenienge of.metals willjbe found in a

later séction having to do ﬁith stable element isotopic ratios.
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" PROVENIENCE FROM ISOTOPIC RATIOS .

Lead Iéotdpe Ratios.. The classical.methqd of déting roéks from lead
isotopic ratios'depends Upon the radiogénic-components from thorium and uranium
'decay. fo the extent that different sourceé of lead ores.reflect different
geologigal hisfory, it is possible to relate lead~-containing artifaéts to
places of origin. Brill and Wampler-(BO) hgve examined ore samples from é
number of sites énd lead artifacts from g much wider array, aﬁd have made
groupings according:to isotopic ratios.

The'aufhors show tHat galenarore specimgné and lead ingots found at
widelyrseparated,plaées sometimes fall into the same compoéitional group. There
can be little doubt>ﬁhat'6re a;”ﬁeii'as lead'ingot was gﬁvartic;e of commerce,
therefore such_occurénces are_nOﬁ unexpected. :Where_tﬁis oceurs it is ngtural
to assign provenience'according_to thése memberé obtaiﬁéd in prdkimity to a
well—gnown mining site.. However, it:is always possible, gnd_eveﬁ probable, that
there are differeét geographiéai sdﬁrces yhose léad isotope patterns will not.be
distinguishablef The authoré also pre#entveviden¢e that diverse_sourées of lead
wefe used in one locality for ggking.artjfacts and that there could have been

blending throughvremelting of artifacts.
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fhis initial study was folldwedvby more extensive measurements ih
which the precision and acéuracy of the mass spectrqmetry ﬁas’imﬁroved (81).
It was pointed outvthétvisotopic ratios which are good to about 0.1% are néeded _
.if the maximuﬁ,ambunt_of ipformation is to be obtained. This report (81)
includes a discuséion of measu;ements made in fhe‘initial study, hence is the
better source of informafion on this subject.

Four main lead types wefe discerned, énd lead from a number of arti-
facts did'nqt fiﬁ into thesg groupé. Provisionally, provenience was assigﬁed‘
to the four types: Laﬁrion (Greece) - Group L;.Derbyshifé (England) - Grouva;
Rio Tinto (Spain) - Group S; po%Sibly Italy - Group X. .These deductions were
based u?on soﬁrce o?es aS'vellvaé from-ev?dence'dn archégOIOgical materials,
Large numberg,of the'értifacts.could'bevaséigned'gmong these groups, and these
consisﬁed of lead-containing coins, other brgnzes, and-glasses covering a wide
geographical-area‘and'a 1opg time spaQ{  How¢ver,,the accuracy of thg measurement;
brought intovfocus questions as td_yhat atcompositional group really means.
-This problem sée@s always ﬁo arise when accuracy is»highr

One may define an'assemplage‘of»materigls asba "group" vhen the

compositions are reasonably compact and are distinctive from others. When the
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dispersion within g group'cannot'be'attribuﬁea.to expéfimgntal error; the
v Questioh arisés'as to what causes the dispersion. It was noted, for example,
that in Group L lead from bronze objects there was a general vériation in
compositjon vhich correlated ?ithstylisficichronolbgy; This might mean that
all came frovaaurion-oreg,:ﬁut gtbdifférent contact layers, apd it might.élso
be evidence for diffgrent mining sites Wifh similar geological history.
ThiSIillustration.is-taken from a numbgr 6f puzgliné’featurés which
arose in this study. vSuch_findiggs should not be considered discouraging;
rather, fhey.permit one to devise experiments systematically to elucidate the
Acomplexitiesvof ancient trgde pattern§ previoﬁs;yvhidden from view. The
authors discuss the possible historical meanings for a number of ﬁhe individual

glass and bronze spécimens which they énalyZed.  Another publication employing

the same technique determined‘érigins of Roman lead pipes uncovered at a number

of sites in Western Europe (82). Significant differences were found, and for
some specimens, provenience was assigned.

Carbon and Oxvzen in l{arble. The interest in the provenience of marble

goes back almost a century but the identification of sources has provéd to be
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elusive. Particulafly in the Greek worid, mafble was quarried extensively for
buildings, statuary, and vérious forms of insgriptions. The solution of many
prbblems in Greek archaeology retain some annoying gaps through the inability
to know, with great.confidénce, wherg marble céme from,

Petrogréphy and morphdlogy-havé yielaeéiusefﬁl results in particular
instances.but do not seem to be applicable broadly. .Studies of the chemical
compositiop’of marble havg nof been exhaustiVe but do show that the calcigm
carbonate lattice offers‘a hostiie eh&ironment‘for the incorporation of other
elements., The calcium carbonaté'seems to be extremely‘pure and levels of
foreign elements thefein are dwarfed by those in intrusivg materials. This,‘
in itself, does not negate'the’possibility of fingerpri#ting ﬁut experiment

seems to show that these intrusions may be chaotic in a single quarry (83).

C and 18O - 16O ratics

-~ Craig and Craig (84) have determined the 13

012
from a numﬁgr 9f Quarfying'sites iﬁ Greecgiahd #he'Aegean gnd have shown that
theée tyo parametgfs‘pérmit ideﬁtifiéatién_éf thesevseyerél SQurces. On;y in
marbles from.Naxos;'where two diStinctive'ﬁypes were characterized, waé'it

found that there is some overlap between one of thesé groups and that from

Mt., Penteli in Attica.
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The authors\alé@vangiyzed fen aréhéeological speéimens éf strﬁctural
marble, vFi#e of these'couid be piaced among-three sources, énd thé other five
have no coupﬁérparté é@ong the soufée-materials so far analyzed. It is
interesting to notg that ;dgé results of hisforiégl éénsequeﬁce have Alrgady':
_come‘from thié:smali Sampling. 'Oﬁe intriguing-finding ﬁaé the appearance of
two digtindtive marbiés (neither yet plééed with reépeét,td provenience) in the
immediateivicinity of'one.structure,"ﬁhe Tholos of Epidaurus.

The dgté are expressed in’pafts4?er1thousand for the deviation of the
isotopic ratio relative to asﬁandérdf(per;mil differenc;). For example, the

13 ; 18

values for a typical Pentelic marble are ~~C, 2.63 % 0,05 and ~ 0, =7.90 * 0,05;

tﬁoée for a‘Pgiian marble afg 130, 3.89_i'0.05 and ll80}, ;3;10 + 0.05. The error
limits represent the preciSion.of meésurement but the sp;eads in &alues for the
v respective ;ouxces ére only shown~graphi¢ally in the téport (85). The authors

discuss ﬁhé geologicglvantecedentsvof isotopic vgriations aﬁd call atfention to

the possibility .of compositional "coincidences" when only two variational

parameters are employed.
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Oxygen Isotopes in Glass, ‘Brill (81) has reported on studies aimed at

using 18O to 16O ratiecs @deistinguish glasses. Experiments sﬁowed the isotope ratios
in glas;es cogld,be calculatedvfrom those of the ingredients when the glasses

were made undér a variety of conditions and with different ingredients. It was

' al;o shown that for compositions epcountered'in ancient glasses tﬁe isotopic
ratio'wﬁuld largely reflect that of the silica-bearing component even though

th¢ alkalis had considerébie variability.

As for analyses oﬁ gn?ient glasses, th¢ per-mil differences showed
con;iderable variations among 75 specimens gnalyzed, although it was neithér
éxpegted ﬁqr found that manifesﬁly unrelated glasses were éil different., One
interesting expefiment”concerned waste glass (cullet) excavated in an ancient
factofy site.at Jelemié in wesﬁern Gg;ilee. A #ypical cullgt piece had a
per-mil différence_of 180/166 ffom a‘mean—sea—wgter sﬁahdard of 14,64k, The
authors obtained good glassfmaking_sand from fhé nearest likely sourée some
24 km awgy. This gand cqniainéd lime _( in the form of shell bits) and silica
in about the proportign fou@d in Jelemig cullét, andiin this sand,‘ﬁhe SiO2

and Ca0 per-mil differences were respectively 10.93 ahd 29.02, They assumed
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that Wadi Natroun in Egypt was the likely source of ;bdé, for which a mean
value of 39.77 is reported. Choosing amounts of Si02,,CaO and Na 0 so as to
simulate Jelemie glass they calcﬁlated the per—ﬁii diffgrence as 14,55 for the
mixture. This number is in excellent agreement with that found in Jeiemie
cullet, 1k.64,

The authors point out the limitations of one;parameter measurenents
to settle questions of provenience broadly but believe that this particular
technique pan often be used efféétiveiy where specific archaeological questigns

arise,
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DATING.

Historiéal récords, stratigraphy, pottery sequgnces and other tools
used by the archaeolqgist, historian or art historién have pfovided a
chronologicel framework for many of the studies in théirbfields. Mbst of
these "recordé of time" are based upon_infgrential patterns,‘and even
writings are often beset with ambiguities.» The‘pervasiVe need for telling
time has léd to the development of several methpds which, in large measure,
are independent of fhe personal Jgdgment whiéh goés into the classical
methods of archaeology gnd art history. jSome»of these techhiques have

achieved considerable refinement and have been extensiveiy‘documented (85-89).

Radiocarbqn'Dating."Certéinly tﬁe most‘wideiy used>of these methods
involves the measurement of radiocarbon (th) in organic residues. One recent
issué of Ra@iocarbon (90)vlists 83blaboratories currently making such measure-
ments.

This ‘techm’;que,= whichvwas bfilliantly céngeived and developed initially
by Libby (9lf9h) and his associatés; provides ideally a reliable guclear
clock for events ﬁa#ing p}gce up to 6Q,O0O or 70,000 years. ago. In.actual age

determinations, however, there are many complexities’ the archaeologist or art
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historian shouid'considér before decidipgrwhether, or ts what extent, C
dating wdulq be useful for a particulér problem. That th dating haé had
tremendous impact on arghaeology was vividly preSented_by Renfrew (95) in his
popular hiéto'rical aesc'ri_ptibn of ité effect on Eur:oééan prehistory. First,
however, we will discuss briefly the general concept‘df radiécarbon'dating.

The historj hés élréady begpjpresented_in detail by Libby (96) and Berger:(97),
the methodology by Ralph (98), the_éccuracy has been‘aﬁalyzed by Neustupny (99),
and the costg'ang other problems by Barker (100).

Caibpn dioxide in the atmospﬁere contains a nearly steady stgte con-
centration’of»radiOaétive'luC w?ich.is continuogsly prqducéd by secondary cosmic
.réys intergcting WiFh.atmosphgrip nitrbgeqf The qopgéntration élehp is ven&
minute, mv10—12.of.tot§1-atmés?hériévcarbon, but itvcan'be'measured seﬁsitively
by cbuntiﬁg ﬁhe beté partiéles.from ;hC radioactive décay. The particular
interval in wbich é livinglérganism assimilated atmosphér;c CO2 and then died
or becane inactijebrépresénts the stért ofvthe "clock", and the decay of the

1LC records the time elapséd,‘;The calculated age'should depend only upon the-

, - L. ’ ) :
measured proportion of 1 C in the carbon of the specimen, and the initial level

-~
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of.%hc as inferred from reference materiais (notably tree rings) having reliable
dates deterﬁined independentlyf Age calculations ﬁade in this way yould have
the yirtue of presenting absolute dates but they are not generally employed
because of‘disagréement over which reference cu:vevis'most.reliable._

Most pgbliéhedvradiocérﬁon dates are baséd upon a set of conventidns

which are known to be arbitrary but, when used, put all dates on a common

basis (101). To obtain a real age, these radiocarbon dates must be modified

éccording to the‘caiibrationrcufve considered most acceptable by the individual.
The conventions mos£ often embloyed are the following; Radibcarbon date§ are
given in years before thé’fresent (B.P.) where the "present" is defined as
lQSO'A.D. The_hélf-life of'lyC-iS‘taken to be 5568 years although the best
value.is currenﬁly 5730 * 30 years. The_th atméspheric concentration in the
past is-arbitrarily éssumed to have been cgnstant andrto be equal to 95% of the
lhc concentratioﬁ.in an 6xali¢ écidprimafy standardvsupplied by the National
Bureau'of'Standards. Wood éf a knownvégevis often used a secondary standard

as the supply of the oXalié acid standard is about exhausted (102). There are

other conventions concerned with fractionation of the carbon isoctopes which

- will be mentioned briefly later.



Uncertainties”in an absolute time scale revolve basically about the
question of the atmospheric C levels in the past.‘ The variations with time
have been measured most accurately by radiocarbon datingvof tree rings (103,;Oh,

109-111) whose ages have been determined by dendrochronological studies. A

living tree such as the bristlecone pine can be measured throughout its ring

sequence, and by mefhods of déhdrochronology the range can be egtended to still
older trees which haye long since fallen. Fergusbnbfqr examplé has developed ;3
a TL8l-year chrondlogy for bristlecéne pine (114) and recently (115) ekgénded
it to nearlyﬂ8200»years.

Calibration:cdrves for different parﬁs of thg Northern Hemi;phere E%
are thought to be the samei(lQG) although some discfépaﬁcies hévé been reported
for Japan (112).. Theré appéars'to beva'smaii”latitudek(lOé,llBj effect and a
slightly different calib;ation'éurve'(106) should'ﬁe_used for fhe Soufhern

_Hemisphere; It is anticipated that the present calibration measurements, ' o

1%

~ which go back 7000 radiocarbon yéars; can be extended to 10,000 (115) or perhaps
even 15,000 (116) radiocarbon years.
Figure 2 shows the calibration éurve of Suess (103) for the period ‘ o

between‘lBSO_A.D; to 5200 B.C. in the Northern Hemisphere. The accuracy of the
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curve is given as better than 100 years for the period from the present to 2000 B.C.
and better.than 200 years from 2000 B.é. to 5200 B.C. Because of the windings or
- kinks in the curve And the uhcertainty in its exact shape thére can be considerable
uncertainty in fhe measurement of some single radiocarbon dates, As an example,
a radiocarbon date of 4400 * 100 B.P. covers a range of about 3400-2950 B.C.
(A different range of 2950-2500 B.C. given by Suess (103) fof fhe same example
may have been & typographical errorf) The type of uncertainty can be reduced
by more precise measurements, additional measurements1on material of different
ages but related‘déndrochrbnologically or stratigraphically, and by considering
the-célibration points themselves rather than the cﬁfve.
‘An example of very pfécise datinngas given by Ferguson et al (117)
on three timbers from the Thayngen and Burgischisee-Siid Settlements of Swiss
Lake Dweliers. ‘These timbers were part of a well deyeloped "floating" tree-
ring ch?onology; i.e., the ages of the different pgrts of the timbers were
‘known reiafive.to-eééh otherf The radiocarbon‘ages of samples covering about
a 200 year sban'were measured with an gccu;acy,of‘about 35 yeérs. By graphically

matching the pattern of these radiocarbon ages with that of a cdmparable-number
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of bristlecone pine samples qf known absolute age, the "floatihg" trée-ring
sequence couldvbe dated within a standard deviation of 25 yearé. Consideration
of pdssible local variations'in ihC conteﬁt of 4k or s per mil, édded an'error of
*+30 years for an ovéfall error of *40 yearé; Ferguson et al were able to
coﬁcludé.thét the middle Thay#gen Séttlement-was constructéd in 3TOO + LO B.C.
and.ﬁhe lower one in 3760 + 4O B}C. Without the calibration daté, these dates
- would have been 800 years too low! Staﬁistical treafment of the same.data by
‘Clark and Renfrew (118) gave a value of 3690 + 40 B.C. for the zero point of
the trge ring calibratioh compared‘td 3635 + hOIB.C. for the graphical analysis.
(fhe:value of 3670 B.C. for this zZero pointAih the caption of the figure in
.reference'liT is §fobably a typographiéalberfof (118a).)

Ayéimilaf type of analysis has been made of two "flogtipg" tree—fingv
sequences;froﬁ the_Neolithié siﬁe of'Auvergier (lQ3), wﬁere construction ages
of 2710 and 2450 B.C. were foﬁﬁd for the t;wo. settlements (io3,119). Statistical
A ?nalysis (;18) of this data gave values up to 170 yéaré older than found by
_ Ferguéon et al.
'Sqmetihes stratigraphic information.canvremove'ambiguities of ‘radiocarbon

dating occasioned by wiggles in the_calibration curve. ' Vogel (120) discussed
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three carbon samples from'a stratigrgphic sequence atbolifantspoort in the
Transvaal, ‘Each of the samples would give two datés, iﬁ one case separated
by almost 200 yedrs. One of the ghoices for each sample was removed with the
aid of the stratigraphy, leaving Qates 1850 + 20, lTSQ‘i 50 and 1695 + 20 A.D.
for the th?ee levels. Thus, given proper materials, radiocarbon dating in

concert with calibration curves can give dates of high accuracy.
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Calibration Before 5000 3'07

Other methods of caliﬁrétién deriﬁing from varve' counting (121-123) or
pollen diaérams (124) go back further in time but.are not as precise as tree-ring
calibrations.’ Figure 3 wag taken:from an artic;g by Taube; (122) and shows tﬁe
change of the th level in thg atmosphere as a function'of time for the period
4000 to l0,000 years B.C. By studying the rélétive th content of ancient trge—
rings of uncertain abso;ute age, Vogel (124) éonéluded somewhat differently that
the lhc 1evéi was nearly constant between 5000 andv6000 B,C., and Stuiver (123)
has deduced from varve coﬁntingvthat the th level ugderwentvonly a small
'decline at 6OOQ 3.0. followed b&vanother maximum at éOOO B;C. As ag.example
'9f the d?ffgrence implied by the Taube;vand Stuiver chrénoldgies, a conventional
radiocarbon_déte of 9OQO B.P.,wOuld correspond to a tfue dafglof'% 7000 B.C.
with the Tauber.Calibratioﬁ and.~ 8000 B.C. with-thét of Stuiver._ Measurements
now in pfogress on.wood goénglback to v 62OQYB.C. (115) should helé remove this

uncertainty.

r o : . :
"Varves' are seasonal sedimentary strata deposited during the period when

glaciation of the last Ice Age retreated.
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Calibration in Modern Times

The rise of industrialization in the EO#h century and the consequent
dilution of the atmosphere with fossil carbon caused a decrease in the th level
(125;126) (Sueés.effeét); This tren@ was reversed by the nuclear bomb
explosions. Figure I shows the gtméspherig th level in very modern times as
given by Olsson and Klasson (127). A convenﬁional.radidcarbon_calculation
corresponding to the maximum in the curve (N‘1963'A.D.) would give an error
of "~ 5600 years,

The need for calibration.peasurements'in the post-bomb period has also
been confirmed by measu;ement.qf,qrgapic materials. Walton et gl (128) measured
the ;hC levél-in.malt;whisky madeifrom barley in the pogé—bomb period. - With
.very little ambiguity the exact year of the»g?owth of_the ﬁarley could be
determinéd.. They éalculaﬁed the mean luC level dﬁring the barley growth periods
from data similar to that.inuFigure L, Theif resulting averages are ;hovn in
Figure 5 along-with'meésﬁrements of five malt.whiskies. .Measurements on carefully
'preserved seeds of known growfh dates also demonstrate the bomb related

enhancenents (129).
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Dating Materials

‘Certainiy one of the mosiléfuciél needs for accurate radiocarﬁon
dating is suitable materials (129a). Nesputniv(99) considers the uncertéinties in
the age of wood at the time of uée ﬁhe greatest obstacle for better radiécarbon
daﬁing. Fof so—éalled clasé A (99) materialé’such as grains,’érasses, clothy
twigs and othér short—lived éubstapces ﬁhich a;g gsed within a8 few years after
growth,_there is‘no negd for'suéh'g ”g;owth" gorrection or allowance. Michael
and Ralpﬁ (l3O)Iéombil§a data on 18 measurements of short-lived Egyptian material
from 1200-32OQ B.c."Fr9ﬁ théir_graph thevéverage_deviation ffom the historical
values of the“fadidcafbonvda£¢s gfter éorréction from a table of calibration
' factors was lQQlyears. This is exéellénf'agréement_asithe average"gxperiméntal
_error vas N'8O.years.gnd thgfav§rage historical error was v 75 years. 'The.ﬁse
of a tabie, héwgygrs may caﬁse some complications gs,‘Qf necessity, it avergges

the kinks in the calibration curve in the various time ranges and makes the

s

evaluation of errors difficult'(l3l)."~
Berger (132) and also Edwards (133) have reported on very precise
{

~measurements made on Egyptian samples of well-known historicalvages going back

to Vv 3100 B.C., In rnany cases both laboraﬁories made measurements on the same
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samples. For 16 short-lived materials (class A), the average deviation between
the results of these two independent laboratories is 130 years, i.e. 65 years

from the averége values. The deviation of these average values from the points

" on the Suesé calibration curve shown in Figure 2 is v 50 years and about evenly

distributed on both sides of the curve. This is excellent agreement and well
within the expe#imental errors. Berger et al (134) mgde measurements on six
mgdieval parchments of known historical dates. The calibrated th dates along
with errors overlapped the historical dates satisfacﬁorily, but because of the
windings of ﬁhe calibration curve there were two or'sometimes three calibrated
dafes corresponding to a single radiocarbon measurement.
For class B materials.(99) such as charcoal from hearth or ovens,
the ages of thé materials when burned could cover several @ecades. Vogel (135)

found that his radiocardon Egyptian dates (136) when corrected by the Suess

curve were on the average azbout 50 years‘older than true dates and implied the

difference might be due to this effect.
Among the radiocarbon dates reported by Berger (132) and by Edwards (133)

for the ngptian samples of known age were eight from wood or charcoal which both
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laboratories had run. Th§ average deviatioh of their_dates from each_other

is 100 years, i.e. 50 years from the average values. The deviafion,bfvthe
average valués from thé Suess calibration points is.l25 years, and ;n seven out of
the eight casés the corrected radiocarbon haif—livés are too old. This behavior
contrasts with the measuremepts on the short-lived-material discgssed earlier

by the same laboratories and may indicate the wood or charcoal was on the

average v 100 years old when used.

It is also possible in areas where wood is scafce that old wood
may have been re-used many:times and'hence cause errors of several centuries
(99).

With long-lived materials (grdﬁp c (99)) éuch as wooden beams frog
largg buildings, errors @f hundrgd_of years can be introaucgd if it is not
known from which ?art of.thé tree a partiéular saﬁple came. vOn the other hand
if the poéition of the w@od sampigvcan be established ip the chroﬁolééy of
the tree from vhich it 'c'é.me,v‘th.en the dating of different vparté of the beam
can result in unambiguous true dates of the wood., These dates 5? coursg'
reflect when the tree was fe;led which ﬁas not necessa;ily when it was used

in a given constructicn, .
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" Berger (97) haé obtained exceilent agreement (within’30.years) on a
number of comparisons'with known historical ages of COnstruction timbers. Horn
(137) presented a treatise on radiocarbon dating ffom an art historiaﬁ's view,
which exp;aiped in deféii‘the radiocarbon dating of a number of buildings for
which the traditional methods of the art historian were not adequate.

Fletcher (l38),lin his discussion of timber-~framed medieval Cruck
cottages, reported that ah ambiguous radiocarbon date on a Harwell Church
tie beam was resolved by another measurement on a part of the beam some 60
annual rings from the fir;t.

Bones offer considerable probléms in daﬁing becagse of the exchange
of their mineral Carbongfe withkthe e#vironmeht. Bones which are:extremely
well-charred sbortlx after death are considered to give reliable dates (98)
but Tamers and Pearson (i39) have dispuﬁed this.  Measurements on the bone
protein, collagen (139-1k41), give more reliable dates than the carbonate
fractions but these often gre aiso'tqonrecent (142).

Many otﬁer materials.containing_carbon have been datgd such as shells

(141) end soil layers (1L2). Tamers (142), for example, dated a paleo-indian
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animal kill site as 13000 * 2000 year old from radiocarbon analysis of soil
layers. This may have in addition a calibration error of the order of 1000

years for reasons discussed under varve counting.




B

Some P?oblems.inflhc Dating

" There is a need for interlaboratory comparisons of lhC data to
justify precise dates (99).. Save-Soderbergh and Olsson (143) compared the
th obtained by different laboratories for the same samp;e and for the same
types of sampie; If solid-carbon counting is excluded (because of difficulties
in counting technique) the different laboratories obtained the same date for
measurements on the same sample. There was soﬁe scatter, but this was con-
sistent with the listed standard deviations. Cn the other hand, dates of samples
of similar material sometimes scattered much more than expected from the listed
measuring_errdrs. This would'fend to ipdicate that the diécrepancy might be
in the processing or choice_pf wood rather than in.thé actual measurements of
the different laboratories.- As mentioned earlier, the results of Berger (132)
énd of Edwards (133) agree verj wéll, almost'within their counting errors.

Carbon isotopes can Bg fractionated by growth processes and by laboratory

13

tréatment, i;e., the ratio of th to 7C to 12C in plants may be different from

13

o _ 4 : _
the atmosphere. The effect on l-C is estimated to be twice the effect on "°C,

which can be measured by mass spectrometry. Berger (97) and Willis (1LL) among
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othe?s have disgussed the measutements and calculation of the fractiodnation
effect. Errors of 100 or possible 260 Years can be made on wood Samples if
this effect ié'nbt measured. With short-lived materials the errors can be
even larger, up to 250 yearé.'

The physical_and'chemical pretreéfment~of the vari§us types of sampies
prior to measurement and the necessary quantities of.starting material has been
discussed by Raiph (98). Acid and base treatments of wood are common (106) to
remove soluble carbonates apd humic acids, More stringent chemical and physical

treatments are needed for other types of material such as bone (140).
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Thermoluminescence. Besides radiocarbon measurements the most prominent

of the nuclear—relaﬁed dafing techniques involves ﬁeasurement of accumulated
thermoluminescenf energy. The primary advantage’of this technique is that the
measurements can be made on pottery, a material assogiated with the vast
majority of archaeoldgical problems and upon which so many of the conclusions
of archaeologists rest.

Théée measurements’likewiée utilize a nuclear clock which in this
caSe comes from the ﬁatufal radiocactive decay pf the uranium and thorium
families and hoK. The radiation from these decays is expended in part in
the pottery fabric,and a smail part of the ehergy is stored as trapped charge-
carriers in the crystal lattices of thé mineral'inclusions. 'Heating causes
the energy to.be released as'photons; This annealing process started the clock
when the clay. was origipally firgd gnd is the means for releasing the accumulated
energy at the time of measurement.

Thé intensity of these éhotons or thermolﬁminescence (TL).is measured as

a function of temperature, and peaks of TL are observed at different temperatures

corresponding to different»depths of the charge-carrier traps. Although some
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of the low energy”traps de-excite at room temperature and hencebare not
suitable for storing energy over long periods of time, others do not de-excite
until temperatures of more than 300°C are reached. These higher energy traps

>

have lifetimes in excess of 10 years aﬁ ordinary temperetures agd'hence will
not decay sigpificantly over a period of a few thousénd'years.

There are two different}methode (ihS) for making accurate absolute
measurements on pottery or other clay materials which wefe developed at the
Research Laboratory for Aréhaeology af Oxford University. These tecﬁniques
in.v.olve‘ either the use of only the fine grains (146-148) from'_pottery or only
the laréer quertz inclusions (lh9,l50L' Ziﬁmefman (146) measured the TL datee
of fodrteenbeherds from five archanlogical:contexts offknown dates. Only
fine graine of pottery,werevused, v 1-8 micronsvin size; which emphasized
the TL due to'the internal alpha radiocactivity over radiations from the
surrounding soi; and cosmic rays. Many correetions and calibrations were made
to determine thevradiatieﬁ dose raﬁe contributed‘by the samples and the

environment. Examples of these are corrections for the loss of radon from

the sherds, absorption of radiation by water in the éherd, calibration of the




TL response as a funétion of the alpha particle energy, and calibration of
the response to beta particles. In addition it was found necessary to make
substantial and variable corrections for the non-linearity of the TL response
with res?ect to the radiation dose. These corrections varied from -15 to
+45% of the TL age. The average.deviatiog of the fourteen TL dates from the
known archaeolégical dgtes was 9.5%, If the TL dates within a given context
were averaged, the average deviation was on;y 6%,

If this accuracy éan be‘improved, it should be of use in the calibration
of th dating. In this respect‘it is interesting to consider the TL dating
of three upper paledlitﬁic lumps of fired clay (151) found in Doln{—Véstonice,
;zechoslovakia. With the techniques Jjust described, Zimmgrman=and Huxtable
_found dates of 32,500 , 35,300, ana 30;500 B.P. with an.average value pf
33,000 B;P; and a probable error of 3060'yeaf§. lhc.éonventional dates from
thebsameicontext were 28,300 = 300 and 29,0$b + 200 B.P. If TL work can be
done with a standard deviationvof abouﬁ 5%) in tﬂis region, it will begin to
giVe useful éalibratiops for thé nore bfecise th measurements,

While the use of fine grains in TL datihg does rendgr the environmental

dose rate less important, the large surface to volume ratio emphasizes spurious
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TL surface effects. In the inclﬁsion teéhnique (;h9) graips of.w.loo'micfons.
in size are treated with hydrofluoric acid which;leayes intagt only the éuartz:.
grains.. This acid treatment_aléo feméves'the ogter layer‘of thé quartz which 
is the region that.contains"clay impur;tieé and radiation damage due ﬁo-alpha
particleé. Thévremaindér of the grains haveronly been damaggd by'béta and
gamma-ray gctivity and are insénsitivé to the alpha dosé.ﬁnsince the méterial'
is pure quartz the TL peaks are well d.efinéd,. one at 375°C which is suita’bie,-.,
fpr accurate dqting and.one.at 3é5°C:w§ich is‘not; The‘envirbnmenta; doée'

rate was determined frém a'naturél flﬁorité phoSphbf:whiéh was lefﬁ,in the samé
soil environment as the sherds for a ygar;  This phquhqr has'a.sensitiyity
'th times gfeﬁtgr'than qﬁartz. .The beta dosg f?om the poffefyﬂwas‘measured with 

crystals 5f the flourite apprqxiﬁaﬁely:th§ sam§ size as thévquartz inclusions.
In addition careful measuremeﬁtsﬂ;efe maae of the non-linearity of .j

the TL response to artificial radiation. As wifh the fine;grain technique

these corrections wefe large"and variable, and.ranggd from 0 to 55%. For 22

sherds the average deviation of the TL from the known archaeological ages was

only 5.4%.
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Aitkenvet ai (1&5) ha&e:récommehded tﬁat whénever possible both fine—gréin B
.and inclusidn te§hniques éhouid b§ uéed.tb serve as-ipdependepf checks on the
TL pethqd.ﬁ These authors also p§i@£ed oﬁi thét the‘usé of both tipesvdf
measuréments on’matefial from a sﬁerd can elimihate the énvironmentai radiaﬁion
" as a parameter.

.v This PrchQure1V§é useg bylf;émihg et gi (152)_in an investigatiop of
Etruscah:wall;painfings on térraeotta in which the enviromment ofAthe burial
Chéﬁbers.was;uncgf#ain; For'fwb samples of_khbﬁn excafation contexf; the_TL‘_’
' daﬁes Qere 485 + ééd B;é. and.570 £'26O B.C. in goéd agreemént wif# théve#pecte&
:age}:_Five_other terracptta_sampleé froﬁ differént-paintinéé, howe&e%, had
%akimum ages of_2ﬁ_£6j539 ?eérs_from.the fine-grain techniqué._ Use‘of the
inclgsion techniqﬁe‘reduced the raﬁge of these maxima to 12 to‘188 years, and
the authors céncluded tyese paintings were of modern-origin.

The greateSt‘ﬁsé.éf TL @atiﬁg’hasvipdééd been in the testiﬁg of the
vauthenticify of artifaéts. Fof this type of measufement high precisiog is
not'eséegtial.and less»experimenﬁal‘effortvis necessary. Raiph
and Han (153—156) measufg only,fhe'amounﬁ of alpha radioaétivityin

a sample, the natural TL and the TL induced by a known artificial dose of
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radiation, The proportionality constant relating these qﬁantitiesvand the
sample age is determined by similar measurements on artifacts of known age.
This technique has worked satisfaétorily for authenticating a number of
objects (153). A cup from Hacilar,vTurkey éave a TL date of 5100 B.C. in good
agreement with the known age of the ancignt site,.while on the other hand
several_supposedly Etrusdan statuettes turned oﬁt to be Vv 100 years bld.

Aitken, Moorey and Ucko (157) mgde authenticity tests on 66 sherds
exhibiting the style of pottery from an‘ancient site near Haciiar.- Although
the authors found only 18 of these objects which could be classed definitely
as cld from the TL measurements, there was some quesﬁion as to whether an
ancient pilece might have been refiréd recently and hence lost its TL. Aitken
et 21 made use of a recently observed effect (158,159) pertaining to the
guartz-inclusion technique to help resolve_this question,

There»i; a peak in the TL of quartz at 110°C which de-excites in a
few hours at rocm temperature. MNevertheless, even though the TL has decayed
tne quartz retgiés a menory of the total amount of radiation that has been

trzpped at this energy. This memory is evidenced by an increase in the TL




output bf the 110°C peszk for a.given artificial dose rate when the sample has
been heated to 500°C before the dose was applied. Th¢ physics of this effect
has been gis'cussed by Aitken, Thompson and Fleming (160). With this technique
 Aitken et al (157) were able to show that 27 of the k8 artifacts with low TL
response could not be objects sé&en millenia old which had lost their TL

through refiring. Seventeen of the objects could not be measured in this way
presumably because there was little ér no quartz’present and four of the objects
had additional complications. However these‘were showﬁ by other measurements

to be of doubtful antiquity. The authors concluded from all of their measure-
ments that'only 18.of the 66 objects were genuinely qld.‘v

- Other authenticity studies whose contents are indicated by their

titles are: The thermoluminescent authenticity test of some "Six Dynasties'"

figures (161), Thermoluminescent authenticity tesing of a Pontic amphora (162),

and Thermoluminescent dating of a terracotta of the Nok Culture, Nigeria (163).

Some of the other recent TL dating measureméents have been made on
Japanese (164) and Danish (165,166) ceramics. It is interesting to note that

although Mejdahl (165) used a rather low energy TL peak at " 270°C for his
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measurements, he waéAab}e.to conclude‘py éomparison.wiﬁh known.archaeologica;
ages that fading of this TL responsevover the life ofkpoftery was not sefious.v
Winter (167) in a descriptive review on TL has tabulated and classified
all of tﬂe wo;k rglative to TL datigg pf pottery up to 1970. Each work is
._su;cinctly éummarized with fespéct to.number of'spegimens; archaeologiéal

attribution, and notations relevant to techniques and results.
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Fissioh'Track Dating. ' The technique'for dating minerais and.éome

other materials by exposing to view the tracks lefﬁ by fragments of spontaneous
uraniﬁm fisgioh has been reviewedkip this series in 1965 (168). At that time,
a'single publication had éppeared pértaining td thg Qatingvof man-made
glass (169).

The method is not inherently difficult but its accurac& does depend

238

upon the reliability of the half life for spontaneous fission of U, uniform

~ control of the etching process for bringing out the tracks, and the uranium

content of the glass (168,170). Man-made glasses are not generally susceptible

to dating because fhe uranium content is too low in proportion to age. At a

5

typical level of 1 ppm,:the.glass would have to be 10° years old in order to

provide 100 tracks in a. scanning surface of reasonable size.

It was only at about the yegr 1830 thaﬁ urgnium'wégldeliberately added
to glass ts give it a greenish yelloy‘color. _The first pub;icétion.(l69) on
on fiye such glasslébjects showed Vefy good agréepent between fission track
dating and the ages know from other evidence. _A caﬁdlestick containing 0.617%

uranium vprovided the date lBhO‘inO, whereas the date specified by stylistic
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criteria was 1850-1860. A glass known to have been poured in December 1943,
gave a date 1945 * L.

Another s£udy (170) dated four Early Victorian glasseé cohtaining
0.16 - 0.25% uranium and also gives a careful evaluation of etching techniques.
The authors'célculated their results on the basis of two "beét values" for

17

the spontaneous fission half life, 1.00 (#0.03) x 10" ' years and

8.5 (£0.8) x 10-°

years, and found dates 1789 * 19 and 1816 * 22 for the oldest
object. Giving credence to the evidence that uranium glasses were not made
before 1830, the& suggeéted that thé shorter half lifevis more reliable., It
should be noted that if an object were subjected to neutrons at any time, the
dpperent age would be older than its true age. Tﬁe qosmic—ray induced fission
appears to be negligibly small.

Attention is also called to‘archaeologically important applications
op uranium-pcor materials which are very old. Fossil hominoid man remains
in Olduvai Gerge were found embedded in volcanic tuff containing datable
pumiée (171). Tne result was an age 2.03 = 0,28 million years, which conforms

well with the age given by another method. Dating can also be accompiished

~on more recent materials with low uranium content if one successively bares and
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etches sufficient surface (172,173). Some glaze containing 3 ppm uraniﬁm‘from a
Japanese bowl gave an agg of 520 % 110 years based on 25 tracks found in scanning
71 cm2 of surface. Moré agéd mgterials were dated wiﬁh equél-or better accuracy
and demonstratg the diversity of available archaeological materials (172,173).
Included were slags, zircons segregated from baked earth, pottery, and tiles;
obsidians which showed clear evidence of having been subjectéd to high
temperatures from destruction of a building by fire.

. Attempts are being made to overcome the lack of sensitivity of fission-

track dating by observing imprints left by the a-decay process (1T4,175). The

trajectory of the alpha particle itself has not yet been made visible but the

heavy-ion recoil does provide a high enough density oflionization. The "tracks"
appear as shallow pits after etching and are fherefore not as easy to identify

as fission tracks, and there arevofher complications because one is not dealing
with a single gmitter. It has also bgen found that visible pits can be developed
only wheﬁ several élpha decéys have taken place at one Site,_that‘is, wﬁere

the immediate parent of a short—lived decay sequenc¢ ha; undergone decay.

Finally, only certain host materiais have so far yiéldéd visible pits and
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glass is not among these, Despite the difficulties and limitations so far
encountered, the method is worthy of further effort because it is intrinsically

more sensitive than fission-track dating by a factor of several thousand.
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Other Dating Techniqﬁes.: Although there.ére a humber of othef
scientific methods of dating archaeological.artifacts,_oﬁr descripﬁions have
perforce:been limited by the scope of this review to nuclear-related techniques,
and by spacé.limitations to only those ﬁethods whichAhave received thg‘wiaeét
use in archaeological studies. Neveftheless, it should be worthwhile to mention,

albeit only in the briefest way for a better perspective, some of -the other

'methods.

Archaeomagnetic dating (176), which is not nuclear-related, is concerned

‘with the magnitude and direction of the earth's magnetic field at the time a

‘clay object was fired. The technique can be used on an object such as a kiln

Vhése'directioﬁél ofientatiOn has not been distgrbed. It Shéuld obtain more
prominegce as betﬁer calibrations are maae with samples of known age.

A number of dgfing techniques of primary interest to ?he.geologist
have application to archaéology in the time periods of lO5 énq more years.,
Some of thése involve argon growth from potassium (177), helium growth from
granium (178), thermally—stimulated—cgrrent‘megsurements (179), and electron-

spin-resonance measurements (180).
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AUTHENTICITY OF OIL PAINTINGS
Neutronvactivation analysis has been appliéd to the study of paint’ - »
pigments with some success in establishing age, provehieﬁce'and sauthenticity ’ 1
of an oil painting.

 Vhite-lead (2 PvCO, - Pb(OH)2) has been used extensively since the

3
Middle Ages as a ground pigment mixed with an organic binder, usuelly oil, ﬁo
prime a canvas before painting.

The techniques of lead purification have changed during the past
centuries and analysis of the impurities has been used to determine the
approximate date of manufacture at a particplar factory. Caution must be
~teken to obtain a sample of-the wvhite lead uncontaminated by traces of other
pigments which may be present in.the painting. Houtman and Turksﬁra.(IBl) have
egamined white lead from known Dutch and Flemish paintings dating from 1510 to
1909, pigment factories from about 1820 to 1963 and paint factories in 1960..
One mgm samples were irradiated for 4 hours with lOll neuts/cmz-sec along with
Cu, Ba and Mn standards (half lives less than 13 hr.), and similar samples were

irradiated for 11 days at a higher flux with Sb, Ag, Hg, Zn, Co and Cr

standards (half lives greater than 2 days). The inherently poor energy
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resolution of 3" x 3" Nal detectors necessitated chemical separati§n of the
activated samples before counting. The lead céncentration was determined spectro-
photometrically. Their results are summarized in Table 5. They observed a
siénificant drop in the amount of Ag, Cu, Hg and Mn in white lead manufactured
after 1850 whereas the Cr content decreased after 1650 and the Zn and insoluble
Sb increased sharply about 1940,

Lux and Braunstein (182) and Lux et al (183), in collaboration with Kuhn (18L)
using a.similar procedure analyzed the white lead f?om 16th and 17th Century
Dutch and 16th Century Venetien paintings and féund that the trace element
compositions were different in the two regiong.

Bearing in mind the variation seen in trace element compositions
according to region and time, proper authentication would require compiling
a library of analyses of carefully documented paintings with which to compare
statistically the painting in queétion. Hopefully the use of large germanium
detectors can eliminate the laborious chemical separation steps. Then, in
addition, if a white-lead standard with impurities of knowh chemical composition
is irradiated at the same time and counted in the same way a8 the samples in

question, most systematic errors in the measurement can be eliminated. Also



~86-

eliminating the chemical separation would allow the same samples to be used
in both the short and long bombardments,

Another technique useful for studying the age (18th and 20th Century)
of white lead or other lead-containing substances has been developed by

Keisch et al. (185) and Keisch (186). This method takes advantage of the radio-

active secular equilibrium of 210Pb and 226Ra present in lead bearing ores.

During refinement the 226Ra is at least partially removed leaving the 2lon

present to decay with its 22 yr. half life. If thecoriginal separation was not

complete the 210Pb will again reach equilibrium but with the lesser amount of

226Ra left in the lead. By careful chemical separation and counting of the

210 210 226

Po, (fhe 138 day daughter of Pb), and the Ra, "old lead" can be
distinguished froﬁ recently ?éfinedvlead.

Figure 6 is Keisch's dating curve. The solid line is calculated
assuming a separation factor of 100. The separation factor is the ratio of
the initialr2loPo to 226Ra. The dashed and dotted lines represent the limits
on the ordinate for probabilities corresponding to one and two standard

deviations respectively. One finds that for samples somewhat older than 80

years the actual data points are lower than the calculated values because of
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incomplete separation of the Ra. The errors of measurement increase rapidly
as (1 - g—g-) approaches zero, thus giving only a lower limit to the age
for the older samples.

Conventional X-radiography is a non-destructive technique used for
studying some of the internél structure of paintings. The X-radiograph will
show the density and distribﬁfioh of the white lead ground pigment and other
pigments containing high atomic number elemepts present in the painting although
in some cases they may obscure each other. Iﬁ.general, such pigments are made
from metal oxides, sulfates, chromates or sulfides. The pigment burnt umber,
for example, contains.iron oxide, manganese dioxide, and clay; emerald green
dontgins both copper and arsenic; and vermillion is mercuric sulfide. In
contrast, the lake pig@ents which are obtained by precipiﬁating aluminum
hydroxide in the presence of an organic dye, do.not absorb x-rays sufficiently
to be visible.

In an gffort to study in more detail the internal structure of paintings
and the composition of pigments, Seyre and Lechtman (187,188) end Lechtman (189)

have developed the technique of neutron activation autoradiography. This non-

destructive technique can reveal the development of the painting, elements of



_88_
the artisﬁ's style, the o?erpainting of areas on‘the canvas and the pigments
common tg the grtist's palette and allow observation of some low atomic number .
elements obscured in X-radiography.

In this method the entire painting is irradiated for gpproximately
20 minutes in a thermal neutron flux éf 3 X 109 neutrons/cm?-sec. Organic
materisls such as canvas, support, paint binder, varnish, and white lead
are not strongly.activated. The-activated atoms of the elements in the pigments
have characteristic half lives, beta-epergy distributions, and gamma rays.
Following irradiation the painting is placed in contact with x-ray film which
is sensitive tobthe beta particles emitted by the activated atoms. Subsequenf
autoradiographs reveai an ever changing picture relating to the dominant
radioactive species remaining.

This sequence of films allows a partial identification of the elements
by their half life. Separation of two elements with similar half lives but
different beta pafticle energies can be obtained by using an appropriate
absorber between the film and the painting. Equsure times approximately equal
to the time after irradiation are neceséary for a satisfactory autoradiograph

and longer exposures are needed if an absorber is used., If further discrimination.
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between elements is necessary, individual portions of the painting can be
spot-checked by gamma-ray analysis with germanium detectors,

~ When paintings are irradiated under conditions which exclude most fast
neutrons and gammaffays, they are subjected to gbout 200 rads ﬁith an additional
75 rads or so broduced subsequently by the radioactive decay. This is a considerably
higher dosage than the 1-20 rads routinely used for x-raying paintings.'bHowever,
a careful study of the effects of radiationion paintings with respect to color
stability, brittleness, and solubility of paints ins.various solvents showed no
sigpificant changes even at 6000 rads (189).

Cotte; and Sayre (190) have used this technique in authenticating paintings
aftriguted to Ralph Blakeléck. They were able to establish criferia for the
characterization and identification of Blakelock's work. The autoradiogrqphs
reveaied that two of the six paintings studied had partial signatures which had
been overpainted with Blakelock's signature. These tyo paintings also did not
show the characteristic style of the other four and one contained pigments not
seen in the others. A restored painting could contain pigmentsAother than those

present in the original but it is unlikely the restorer would alter the signature.
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Although none of these techniques alone is necessarily conclusive in.

authenticating a painting, when several of them appropriate to a particular

problem agree, it inspires confidence.
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ADDENDUM
A number of reports have come to our attention too late to be

incorporated into the review. One of these is an interesting study of the
trace elements in faience beads by Aspinall and co-workers (191). Another,
by Aspinall and Feather (192), was concerned with the mining &nd distribution
of pre-historic flint in England and the Continent. Another paper on flint
using neutron activation was that of deBruin and co-workers (193) which dealt
with mines in the Netherlands, Denmark, and Frénde: Cesareo and co-workers (194)
showed the utility of a mobile x-ray fluorescence apparatus (radioactive spurce
and proportional-counter detector) in analyzing paintings and enamel work which
had to be examined in situ. A study by Poole and Finch (195) employed #—ray
fluorescence analysis to determine the provenience of post-medieval pottery.
Two papers (Séhweizer and Friedman (196); 0ddy (197)) compared analytical
results on coins obtained by different techniques. Sampson and co-workers (198)‘
‘used thergoluminescence dating_of Colombian pottery to choose between conflicting
dates which had been obtained by the radiocarbon method. Another paper on

thermoluminescence (Goksu and Fremlin (199)) dealt with methodology.
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Some topics wﬁich.could well fall within the framework of this review
‘have been omitted for one reason Qr another. As an example, Mossbauer
spectroscopy studies pertaining to the iron in pottery will likely provide
useful archaeological inforﬁation but the results published so far may besﬁ

be described as "exploratory" (200,201),
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Table 1. Two groups of pottery from Ballas in Upper Egypt

Fe(%)

Mn Lu La Th
BAL 1 1151+18 .502¢,016 32.86%.37 6.51%.06 6.80+.06
BAL 2 | 1269:19 .51311016 31.33+.34 6.12+.06 6.65 +.06
BAL 3 1209+18 .555+.,016 33.28%.36 6.96+.06 .8.20i.06 |
BAL 6 1178+18 .525%. 017 30.90%.36 6.60+.06 6.49+.07
BAL 7 1250+18 .53k+.017 32.96+.36 6.81+.06 6.91+.06
BAL 8 1228+17 .521+.016 33.52¢.36 6.95+.06 7.60+.07
BAL 9 1059415 .489+.016 31.54+ .34 6.73+.06 : 6.79+.07
BAL 10 115416 .511+.016 35.66+.36 6.34+.06 | 7.72+.07
Mean (1187+77) (.519+.022) (32.76+1.67) (6,63+,35) (f.lS:.?I)
BAL 12 3507 .362£,01L 37.69%.37 4.59%.0k 9.90+.05
BAL 17 36515 .334+,013 35.33%.33 u.un.og ‘ 8.86+.06
BAL 18 38715 .334%,013 38.32+.36 4.18%,04 10.08+.06
BAL 20 L10%5 .325%,013 38.95%.37 b.55+,0k 9.70+.06
BAL 21 37245 .389%,014 40.27+.39 4.62%,04 10.18#.05
BAL 22 3351k .378+%,013 40.61*.39 4,58%.0k 10.0L4+,06
BAL 2k L5kt .379%.01h 37.48%.36 L.71%,0b 9.32+.07
Mean (;82£h5) (.357+.033)  (38.3841.99)  (4.52+.19) (9.73+.55)

»
Data abstracted from ref. 10.
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Table 2. Provenience of Tel Ashdod Mycenaean IIICl Wares
(%) (5) ' (1) (2) (3)

AsH(Myc) AsH( Phil) ENK (Myc) PPAP(Myc) KIT(Myc)
Fe(%) 3.73£0.26 3.99+0.06 4.92+0.15 3.90%0.22 4,14+0.33
La 29.8+0.6 29.3£1.2 24.5+0.9 28.1+1.8 18.3%0.7
i,u 0.473£0.023  0.427+0.032 | 0.337+0.018 0.303%0.023  0.282+0.030
Ni 45515 59+8 27239 88215 15629
Hf 14.4821.23  13.Lh*1.94 3.11%0.18 .3.17%0.19 2.67+0.26

Unless indicated by "%", values are in units of ppm.

Dispersion limits are standard deviations for the group mean values.

The pottery groups indicated by ENK, PPAP, and KIT were excavated of

Enkomi, Palaepophos and Kition in Cyprus; ASH refers to Tel Ashdod in Israel.

The symbol 'Myc" refers to Mycenaean IIIC1 wares, and "Phil" to Philistine

ware,

A

A '
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Table 3. Comparison of X-ray Fluorescence and Neutron Activation Analysis

X-ray Fluorescence

Neutron Activation

Ti
Cr
Mn
Fe
Ni
Cu
Zn
Ga
As
Rb
Sr

Pb

11k

L7

301

55

60

Lo

29

58

123

31

6%

ppm

ppm

.05%

ppm

ppm

bpm

Ppn

ppm

ppm

bpm

ppm

I+ 4+ 1+

I+

1+ I+ + t+ 1+ I+

1+

.02

.01

.78%

115 ppm

40.9 ppm

1.017%

279 ppm

60 ppm

59 ppm

bl ppm

30.8 ppm

70.0 ppm

145 ppm

H+

+

I+

1+

=+

1+

I+

I+

.03

0.5

.012

20

2.2

6.3

22

)
Data taken from ref.

27."
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Table 4. Neutron activation analysis of Napa County obsidian

Bowman et al(32) Griffin et al(33)
(19 samples) ' (3 samples)

Th | 17.93 + 0.23

U 6.85 + 0.06

Na(%) 3.37 + 0.05 3.7 + 0.h4
Se 2.86 + 0.0k | | 3.4 £ 0.4
Mn 149 + 3 173 + 22
Cs . 15.5 + 0.3

La 31.3 + 0.6 ° 57 + 3
Fe(%) 0.92 * 0.02 : 1.0 £ 0.2
AL(%) 6.4 + 0.2

HE ' T.57 + 0.25

Ba 432 + 14

Rb 202 = 6 143 £ 23
Lu | 0.622 * 0.015

Ta 0.93 + 0.06

Cr 6.7 + 1.0

Numbers shown are in ppm unless designated "%". Each entry is the mean value

for the specimens and the standard deviation of the group.
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Table 5. Impurities in Duteh White Lead

» Ag Cu - Hg Mn ‘ Cr | Zn Sb
Period insol.
(ppm) (ppm) (ppm)  (ppm) (ppm) (ppm) (ppm)
1500-1650 18-27 150-220 3-7 70-110 225-500 0-60 <0.01
1650-1850 18-27 150-220 3-7 70-110 0-35 0-60 <0.01
1850-1940 0-5 . 0-60 0-1 0-12 0-35 0-60 <0.01
1940 0-5 30-110

0-60 0-1 0-12 0-35" 600-6000
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FIGURE CAPTIONS
Fig. 1. Variation diagram of obsidian from Borax Lake, California and data

on several early artifacts.

1k

Fig. 2. Caption: Conventional radiocarbon ages (Tl/2

C = 5568 years,
0 = 1950) of tree~ring dated wood plotted against its tree-ring date for the
period 5200 B.C. to the present., This figure was taken from ref, 103
"Bristlecone-pine Calibration of the Radiocarbon Time-Scale 5200 B.C. to
the Present" by H. E. Suess.

Fig. 3. Deviations between corrected varve years and conventional and corrected
1k .1k e . .

C years; and calculated atmospheric C activity in per mil deviations

.1k 0 s th ..
from the atmospheric C level in the 19 century after the birth of
. 14 wlh " :
Christ (A ~ 'C values). The corrected C years" curve is the same data
with a lb'C half life of 5730 years. This figure was taken from ref. 122 "The
. . lh . "
Scandinavian varve chronology and C dating’ by H. Tauber.
. .. 1k v . .
Fig. 4. Per mil =~ C excess over natural concentration (A) at Abisko and on

Kapp Linné. Points given with statistical errors are determined at the

Uppsals th laboratory. Points given without statistical errors are determined
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at Heidelberg th laboratory but collected through Uppsala Laboratory.

Values from 1965 corresponding to contaminatioh at Abisko are not included.

. This figure was taken from ref. 127, "Uppsala Radiocarbon Measurements X"

by I. Olsson and M, Klasson.

Fig. 5. vCorfeletidn between»lhc concentrations in whigky and atmosphere.

This figure;wasﬁeaken from ref..128, "Carbon-lh Concentrations in Environmental
Materieisvend their Témporal Fluctuations" by Walton, et al,

Fig. 6. A "dating curve" for white lead. Circles'}ndicate values of [1 - Ra/Po]
fo? samplee of known age. Such values may be_used to discern old and modern
white lead end‘might be used to discern white lead of the 20th century,
19th century, and 181 century. or earlier. SF, "Separation Factor". iThis

figure is reproduced from Keisch's article: Science 160, 413-15 (1968).

Copyright'l968, American Association for the Advancement of Science.
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CONVENTIONAL RADIOCARBON DATES IN RADIOCARBON YEARS BEFORE PRESENT
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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