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®YIIKH.— Putting together of statues from fragments with
the help of thermoluminescence, by George N. Afordakos *.
*Averowddn H70 1o *Anadnuairod x. Kaloagog *AdeEomovdov.

INTRODUCTION

Putting together of statues from fragments is usually routine work
in archaeology. If however the pieces must be selected from a large
number of fragments their joining becomes difficult and the archaeolo-
gist in many cases would like to have additional information. This in
certain cases can be supplied by determining physical qualities of the
fragments involved [1]. In an extensive investigation of the thermo-
luminescence of marble samples from a large number of quarries in
Greece [2] it was found that these thermoluminescence qualities might
be of help in solving the archaeological problem mentioned above.

Under the term «Thermoluminescence» natural sciences describe
the emission of faint light by certain materials when heated. This light
is produced at certain sites of the solid material where, either a distur-
bance of the regularity of the crystal lattice occurs or foreign atoms
happen to be present. These points of disturbance which are called cen-
ters, can become excited by a number of agents as cosmic radiation,
radioactive inclusions etc. Upon heating, the excited centers loose their
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excitation energy by emitting light. Thus if the material is gradually
heated then at a certain temperature the light emitted becomes intense
but only for so long until all centers have become de-excited. If the
sample contains a variety of types of centers, then light is emitted at
various temperatures each of which is characteristic of the type of cen-
ter involved [3, 4, 5]. The results of such experiments are called glow
curves.

When the effect is investigated on a sample of marble as obtained
directly from a quarry, the emission is described as natural ther-
moluminescence (NTL), because the excitation is due to the
natural causes mentioned above. It is clear that, after heating the sam-
ple for the first time, all centers become de-excited, so that upon a second
heating no light is emitted.

After the first heating the centers can be subsequently excited by
an artificial exciting agent (as for example X-rays) so that the lumi-
nescence can be repeated. This type of luminescence can be named
artificial thermoluminescence (ATL) and can be repro-
duced as often as desired.

A third method of investigation is also possible, called mixed
thermoluminescence (MTL). In this case the material is irra-
diated with X-rays before any heating. Upon heating a glow curve
appears with the peaks of the NTL and ATIL. Usually the NTL peaks
are enhanced.

As mentioned, each type of center becomes de - excited at a certain
temperature. The investigation [2] showed that samples from different
quarries contain different types of centers. This led, initially, to the idea
that it would be possible to determine the quarry from which a sample
came. However it was noticed that the quality and the distribution of the
centers was not uniform over the whole area of the quarry so that such
a determination would not always be secure.

On the other hand if the sample were taken from adjacent points
of the same block of marble, no such differences arose.

This observation leeds to the possibility of determining, if two
fragments of an object of archaeological value belong together. As will
appear from the following presentation, an answer can only be given in
a negative sense i. e. when the two fragments display different T'I, - qua-
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lities one can definitely state that they not belong to the same piece. If,
on the other hand, they do have the same qualities one cannot exclude
the possibility of their belonging to different articles (statues etc.) but
both of them having provenience from the same quarry. Even this
information can, in some cases, be of help to the archaeologist.

In order to evaluate practically the extent of such help, a number
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Fig. 1. Thermostat.

of samples from Archaeological Museum of Athens was investigated and
the results are described in the present paper. Before giving these results,
a short description is given of the experimental apparatus.

EXPERIMENTAL

The material was initialy investigated in the form of a small block.
Later, it was found that a small quantity of powder (about o,1 gr) was
sufficiant. Such powder can be obtained from the drilling to which
archaeological fragments are subjected in order for them to be held
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together. This powder was wetted with water, so that it adhered to the
surface of a thin metal substrate.

This substrate was placed ina thermostat (Fig. 1) that could be
heated under vacuum up to 250°C. The heater of the thermostat could
be regulated so as to heat the sample at a rate up to 20°C per minute.

Before the main experiment the sample was subjected to a tempe-
rature of 250°C in order for NTL to be expelled. After bringing it back
to normal temperature it was irradiated, with X-rays for 1o minutes,
through a window covered with a thin Al foil. The X-ray tube (Fe anode,
35 KV, 10 mA) was held at a distance of about 20 cm from the sample.

Upon heating the light emitted was detected with a photomultiplier
EMI 6255 S which could detect any radiation from the extreme red
(0,65 u) to the UV (0,2 u). The current was amplified in a d.c.—ampli-
fier (Keithley picoameter No 410) and recorded on a paper chart.

The temperature of the sample was measured with a iron - constan-
tan thermocouple which was in contact the surface of the powder layer.
The vacuum of the thermostat was better than 10—2 Torr.

In Fig. 2 we show the glow curve of the MTL from a sample of
Arachova marble and in Fig. 2b the corresponding ATI,. The tempera-
ture gradually increases from right to left.

During the experiment the chart advanced at a velocity of 30cm/
hour. The temperature was constantly measured so that a temperature
curve could subsequently be drawn on the chart by hand. In this way the
temperature at each point of the experiment can be easily determined.
The ordinates of the figure correspond to the current of the photomulti-
plier. (The autografic recorder produced rectangular ordinates and not
curvilinear as the printed lines on the chart might suggest). As the
temperature increased, thermoluminescence appeared showing peaks at
temperatures depending on the type of the experiment. The material
was not heated beyond 300°C, because the photomultiplier was sensitive
to infrared black —body radiation that is emitted at higher tempera-
tures. This is the reason of the increasing background on the left end
of the figures.

The initial step on the right which appears upon opening the opti-
cal shutter shows a faint phosphorescence of this material.

ITAA 1974
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RESULTS

In order to determine the amount of credibility that can be given
to the method, powders were compared obtained by drilling holes in a
block at two adjacent points. At this stage of the investigation we want
to draw attention to the fact that the N'T'L,, which would be the simplest
type of experiment, as it would not need the help of X-rays, might not
always give idendical results when comparing two powders from the same
block. Such differences must appear when the heating of the powder
during the drilling procedure is not exactly the same. If the pressure of
the drill is different in the two cases, the results will be different as the
samples will have been heated to different temperatures and thus they
will have emitted part of their NTL during the drilling process. This
same objection holds for MT'L,. The above reason necessitates the compa-
rison to be made with ATIL measurements. All checks showed that ATIL,
results from adjacent drillings of a block give the same results within a
few percent. They have furthermore the advantage that the ATL expe-
riment of a given powder can be repeated as often was desired.

In Fig. 3 a and b we reproduce two ATIL glow curves taken in
sequense from the same powder obtained from the torso of an Antiky-
thera statue. In table I we give the temperatures of the first and the
second peak. We notice that they differ only by 2 resp 7 degrees. In the
fifth column we give the ratio of the intesities of the two peaks. We
notice that they differ only by 5%.

TABLE I
Results of ATL glow curves.

Fragment Tige | Tine I, I, I, /I, | Fluorescence
Torso from Antikythera 97 225 49 25,56 1,90 18
Second experiment of

above sample. . . .. 95 219 44 24,5 1,80 18,5
Leg from Antikythera. 99 226 33,6 | 17,5 1,91 15

Arm from Delos . . .. 153 222 4,8 1,0 4,8 3,4
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In Fig. 4 we reproduce the ATI, glow curve of a piece of marble
belonging to the leg of a statue found at Antikythera. Its results are
given in the third line of table I. We notice that the values of T, Ty
and I,/I, coincide very well, within the accuracy of the method, with
the values obtained for the torso of Antikythera, thus indicating that
the two marble fragments came from the same quarry.

R e e e e e e e e
=== — S e e ey T =
.= 8% X 2 =X RS L — 2 5 X B, ¥ L Coin 2. =
A \ L 3 X \ L 5, A 3\ 5% AN “ \\ X‘ \\ v\\;j\;
R e s R e e = e
o \7* BY \ L% N 2\ -‘\ \-vﬁ X .Y 0 F: D A
X Do, % L7 X X A | \ X X A\ LS 1 \ Ls \ \
= i, T e pa X O AL RN X N
R S, (R i, -aints S  To— X . X
EEmmmne e
x X 1 i X Dt hY et 01 X A Y T
Emeee—e e it
\ S5y
e e e e e e
X \ { T Y
Mt \ \ T
i° e
1  § — T T T
11 ] i ) \ A
{ { % 13
1 1 ! 1
e e
= e e S e !
t, FRr ey !
{0 R i
k— x -
! .
e
[
I
| 41, iL 21 I\X ]
'__JL_ ) === I I H
= 23 i ] ] 1
=T
S Q0T 2] | ] ] ]
oo e : i I’—— : i
4 _l_. == '{__i_ £ ==
o 11‘_1 == lgl;bl’iji———‘:iy ' e —
= 0 = —
T 1 £ X1 7 i T
7 TN I 7
—— s
‘X" i 1
S D 905 C— s, e —
o ¥
F X
A = 77

Fig. 4. Leg from Antikythera.

The intensities of the peaks are given in columns 3 and 4. These
values should only be considered as giving a qualitative indication of the
intesities of the peak and must not be used as a criterion for the compa-
rison with data of other samples. This is due to the difficulty to insert
the powder samples to exactly the same position in the thermostat with
exactly the same dose of X-rays. The ratio I,/I, of the intensities is
found to be a more reliable criterion.
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A further qualitative means of judjement is the fluorescence i.e.

the light emitted from the sample at room temperature during the exci-

tation with X-rays.

On Fig. 5 we reproduce the ATL curve from the arm of a statue
found at Delos. By comparing the Delos sample to those from Antiky-
thera we notice that the first peaks appear at different temperatures,
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Fig. 5. Arm from Delos.

clearly beyond the error margin, thus indicating difinitely the difference
in the two materials. The second peaks happen to appear near each
other, so that they cannot be considered as an indicator of different pro-
venience. However the ratio I;/I, also gives a completely different
result. Also the fluorescence intensity, although only a qualitative crite-

rion, is very different.

The above presentation describes the results of single glow curves
Actually the ATIL of each sample was repeatedly determined. The ver-
dict for the comparison of two fragments depended on the comparison of
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the mean values and fluctuation of T, T, and I, /I, of each fragment.
Some of the results given above have been qualitatively described
in a letter to Nature [6].

SUMMARY

The thermoluminescence of marble samples was investigated in
order to determine the possibility of ascertaining if two samples belong
to the same block.

About 0,1 gr of powder from each block was sufficiant to determine
the temperature at which the glow peaks appeared. Reliable results
cannot be obtained from samples upon their first heating. This is due to
the fact that the marble powder is heated to an unknown extent by the
drilling process. Powder samples from the same marble block give iden-
dical results if the «artificial thermoluminescence» is investigated. To
this purpose the material must first be heated until all thermolumines-
cence has been expelled and then irradiated, for a given time, with
X-rays. The subsequent heatings then give results that do not depent on
the drilling procedure.

The method is of value to archaelogists, because in certain cases it
can exclude the possibility of two fragments belonging to the same block.

The degree of the accuracy of the method can be evaluated from
the data on three powder samples.
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HEPIAHYIZ

Eic mv nagovoav 2oyactav dueketitm 7 deouoguraiysia paguaoixdv doxt-
uiwv pé onomdv vo moodioguodii xata wéoov dvo paguaguxd delypato mooéoyov-
Tou &% 10U adTol TEMd) oG,

ITodg tolito mapeoxevdodnoav delynato éx xévewg (megimov 0,1 gr Exactov)
nol EMigOnoay of «xopmvlor Adppewe» odtdv. H hapPavopévn xapndkn xata
v medtyy FHouavowv tod dowuuiov dmotekel v @uoixNyv deopno o -
tadvyeitav (POD), v 7 Aapfavopédvn petd Ty mEdTNY VEOUAVOLY %ol %OTO-
v gviapéoov dxtivoPolticemg ué axtivag X, dmotedel Ty teyxvm TRy V€ Q-
nogotavyetav (TOD). Moospoowréga xolvetar 1) ueréty tijg TOD, xad’
Goov 1| POD mdavig v &xn Enmoeacdiy Adyw Jegudvoewg tob doupiov xata
v daduasiov Apeng adtol (tedanua, xéyyo x.A.x.). *Exugostétwg % TOD
évog domutov elvan @awvépevov Emdeyduevov Emavdimpy xatd BovAnoty, dote va
gvotorxovral péoatl tipal TV petgovuévav peyedav ndEnuévng dxofelag.

‘H pédodog dvvaton va yonowwomomdii eig v *Agyaodoyiav, magéyxovoa
uiav medoderov Evdelky, Mg modg v duvatdimra dvo doxpiov va ocvvavirouvv
elg t0 avto Tépayog.

Ex t@v dtogpdowv Emdevvouévav xaumvddv Adupewng sivar duvatov va
xoLdolv ta opdipoata pde Exdotng ueToNoems, wg xal 6 puéoog O6pog avtav. “Ex
Tiig ovyxoloewg TV péowv Sowv 8869n dmdvinoig eig odtnua tob *Edvixod *Ao-
yatoroyixod Movoeiov meol Tob €av cuvavixovy 2 Joavopato pneod xal x0QUOD

gvoedévra eig vavdywov mAnoiov tdv ‘Aviixvdfowv.
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