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ESR spectroscopy is one of the physicochemical techniques used
to characterize archaeological white marbles and obtain informa-
tion about their quarries of provenance. This is done by measuring
selected spectral features of the Mn®" impurity ubiquitously
present in marbles and developing a statistical classification rule
from the variable vectors measured for a significant number of
samples of known provenance (the quarry database). Now we
show that the overall variability exhibited by the same spectro-
scopic features decreases rapidly with the linear dimensions of the
sampled block and can be used to distinguish fragments belonging
to the same piece of stone from those simply originating from the
same quarry. Application of the method to the seven marble panels
of the Donatello pulpit in Prato (Tuscany) shows that they have all
been cut from the same single block and their different degrada-
tion must be ascribed to differential weathering and to the differ-
ent conservation treatments undergone in the past. The limits and
possible drawbacks of the method are also discussed. © 2000
Academic Press

Key Words: ESR; marbles; provenance; fragments assembly;
variance.

INTRODUCTION

Within the Mediterranean world the tradition of marble

carving dates back to the Vth millennium BQ@)(Much later

the use of white and colored marbles for sculpture and archi-
tecture became extremely important in the Greco-Roman ¢

ilization. During the Roman imperial period marble was

visible sign of social and political prestige and a comple¥@ues of th

quarries of provenance. Several physicochemical techniqus
from neutron activation analysis of trace elememst6 the
determination of the carbon and oxygen isotope rapsnfay
give partial answers to this problem. However, it is now
generally recognize®( 10 that reliable results need the com-
bined use of several methods as well as of petrographic a
art-historical information. Furthermore the multivariate natur
of the problem must be exploited by defining proper classif
cation rules based on statistical analysis of the variable vectc
measured for the quarry samples. In the field of marble pro
enance ESR spectroscopy, primarily based on the measuren
of selected spectral features of the Mimpurity commonly
present in marbles, may give an important contribution, whic
has been recently reexaminedl{13.

A second question frequently posed by archaelogists and
historians and often overlooked in the scientific literature dea
with the possibility of identifying joining fragments, namely
marble fragments originating from the same piece of stone
opposed to fragments simply belonging to the same quarr
Such information, when available, may allow us to recogniz
forgeries and later restorations, detect different stages of tl
manufacturing process, and monitor the reassembly of lar
artifacts.

Intuitively we may expect a physicochemical parameter t
xhibit a smaller variability within a single block of specified
imensions than within the whole quarry. In fact, using the
€°C and™®0 isotope shifts, it has been possible tc

organization was developed for its commercialization. Marblé§2Sseémble Greek stelae and identify incorrectly associat
were brought to Rome from throughout the Mediterranedffdments 14). However, later work has shown that the vari-
basin, where more than 50 quarrying sites were actively eility of the isotope shifts within a marble block is usually &
ploited @, 3). Therefore investigation of this material is substantial fraction of the all-quarry variability, making frag-
relevant archaeological problem which, dealt with also on€ents association extremely uncertai6,(1. Such difficulty
scientific basis, not only may widen the knowledge of thenight be overcome by exploiting the multivariate nature of tht
artworks we inherited from the past, but also may shed light goblem. In the following a solution has been attempted b
the technical skills indispensable for extraction and workingsing the simultaneous overall variability of a set of spectrc
and may contribute to a detailed picture of the economicg¢opic variables. It may be added that, although results fro
relationships and trading routes between different countried=SR spectroscopy have been employed, the underlying id

There are two main problems facing the study of archaeappears to be more generally valid and might be extended
logical marbles. The first, which has been the object of activ¢her measuring techniques or different materials for whic
work during the past decade$<6), is the determination of the similar problems exist.
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INTENS =
(rawh*w,, %)
(gain*mass*MA)

-

DOLOM =
hp/(hc *hp)

FIG. 1. Room temperature, X-band, powder ESR sample spectrum of marble. Satellites due to dolomite are clearly visible. The definition and de
of the six ESR variables is schematically given. (Reproduced with permission fron1Bef.

THE MARBLE SPECTRUM AND THE CHOICE Some of the variables do not correspond to conventional

OF ESR VARIABLES defined spectroscopic quantities. However, they make the d:

collection step easier and faster and have been used con

The ESR spectrum of marble is primarily due to traces of thfently in this context. The DOLOM variable was estimatec

high-spin Mri* ion substitutionally diluted into the lattices offrom the relative heights of the MD and CC spectra. Since, i
calcite or dolomite (the rombohedral double carbonaife dolomite lattice, MA substitutes C& as well and the

CaMg(CQ).), which are the main constituents of marblegypstitution ratio is variable, this means that the variable DC

Therefore, three different spectra may be observed correspopgiy; although related to the amount of dolomite in the sam

ing to the paramagnetic ion entering the*Caite of calcite ple, does not coincide with it. In addition the variable value

(CC spectrum) and the Caand Mg" sites of dolomite (CD was obtained by measuring peak heights and not areas

and MD spectra). The three spectra are well known and hq}ﬁ?egrals. Similar problems arise with the variable INTENS

been described s_everal times in the Iiter_atgrb, (9. Theirg he choice of the low-field line of th#, = 5/2 doublet was
and metal hyperfine values are rather similar, but they can L,%de simply on the basis of better line resolution and larg

easily distinguished on the basis of largely different values . |
the axial zero-field parameteily| = 8.1 mT for the CC fihewidth. Both DOLOM and INTENS do not measure abso

spectrum and 0.32 and 15.2 mT for the CD and MD spectrlgte concentrations, but simply represent easily measurable a
y i %?mparable concentration-dependent parameters.

respectively). Figure 1 illustrates the frequent and importal . . . . . .
example of a calcitic marble containing a small amount of The total intensity obtained by double integration of the entir

dolomite, clearly detectable as satellite lines flanking the matRectlum 1S strongly correlated with the variable INTENS, bu
doublets. The satellites are due to the MD spectrum, wher&Qatains useful a'dd|'t|onal'|nformat|on in that it is related to th
the CC lines are buried under the main spectrum and are har’cﬁﬂ?zl paramagnetic intensity of the sample and not only to tt
detectable. Mn“" concentration. The last two variables, SPLI and SPREAL

Of the many variables which can be extracted from the ES#€ concentration-independent parameters and introduce a dif
marble spectrum six were chosen and are schematically defi§8¢ type of information. They are related, respectively, to th
in Fig. 1. They are the dolomitic manganese (DOLOM), theero-field splitting term and to the electron-nuclear hyperfin
manganese intensity (INTENS), the total intensity (INTEGRparameter. As such they probe the symmetry and total strength
the linewidth {.), the spliting of the high-field doublet the crystal field around the cationic site and, hence, the effect
(SPLI), and the total extension of the spectrum (SPREADje formation processes and origin of the particular sample. Frc
The choice of the six ESR variables followed criteria which trihis point of view use of thegy value as an additional variable
to balance the ease of measurement with the potential discriveuld certainly be helpful. However, in the case of the’Mion,
inating ability have been discussed in detail elsewh&Be 19. its variability is so small that reliable measurements would protf
However, a few comments are due here. ably require an excessive experimental effort.
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A final point concerns the possible effect of pressure shocksessed as percentages of the whole quarry value are repor
caused by grinding, on the spin-Hamiltonian parameters aasl a function of the block dimensions. Qualitatively similal
intensity of the MA™ signal. Careful studies have shown thaplots are given by the other six quarries. Inspection of Fig.
pressures of the order of 1 Gpa or the shock caused by drillimggicates that , although the variability of a single ESR variabl
besides introducing several paramagnetic lattice defects, nmgy decrease regularly with the block dimensions (see fi
considerably lower the intensity of the Nnspectrum 20). instance the behaviour of the INTENS variable), much mor
Manual grinding of small amounts of marble (50—100 mg) isften the single-variable variability within a block, even a
probably the mildest procedure for obtaining the powdelgmall one, is a substantial fraction of the entire quarry value. |
material necessary for the measurements. In spite of thasldition many inconsistencies are present andahealues
grinding is expected to contribute to the overall experimentidund for small blocks may be roughly equal to or even highe
error, increasing the variability of the measurements. Addhan those found for larger ones or for the whole quarn
tional work is in progress in our laboratory to quantify thiSimilar results confirm previous literature findings6) and
effect. make extremely uncertain the possibility of associating marb

fragments on the basis of the values of single-variable var
THE METHOD FOR IDENTIFYING JOINING FRAGMENTS abilities.
Despite this it may be reasonable to assume that the infc

Since the variability behavior of the six spectroscopic varmation sought is, in fact, present although masked by noise d
ables defined above may depend on the particular quarry ia-experimental errors, inadequate sampling, and similar re
vestigated, seven different quarries were sampled with the asons. Use of a parameter accounting simultaneously for tl
of screening a reasonably large number of cases in geograpverall variability of the experimental variables may dampe
ically distinct locations. The sampled quarries are Tacca Biuch noise, bringing to light the required information. A way o1
anca (Seravezza), Polvaccio (Torano, Carrara), Canalgradadeng this is simply to use the all-variable product of the
and Fantiscritti (Miseglia, Carrara), Fossacava (Colonnattandard deviations. More rigorously, and taking into accoul
Carrara) in the large lItalian quarrying district of the Apuamariable correlation, the variable’s covariance matrix may b
Alps, Logiotatis (Kinidaros) in the Greek island of Naxos, andsed, i.e., the square root of its determina®l)( Such a
finally a modern quarry within the historical quarrying districparameter, hereafter called totalreduces to the simple prod-
near the Roman town of Aphrodisias in Western Anatolia. uct of standard deviations introduced above (prodtcter

About 20 samples were collected from each quarry so asuncorrelated variables. In our case the linear correlation coe
be representative of the entire working front of the quarrficient for the ESR variables, taken two by two, is usually
which usually extended from 30 to 100 m in width and 10 tbelow 0.30. The only exception are the INTENS and INTEGF
20 m in height. In addition, and for each quarry, 10 to 1variables which, measuring related physical quantities, a
samples were collected from three artificial single blocks astrongly correlated~0.90).
fragments of approximate linear dimensions of 1 m, 50 cm, andindeed Figure 3 shows that all the sampled quarries, with tt
20 cm (hereafter referred to as large, medium, and smakception of Canalgrande, exhibit a decrease in variability, ¢
blocks). The entire external surface of the blocks was sampledpressed by the totatparameter, which is not only substan-
with the maximum distance between samples being almdisii and regular, but also remarkably similar. In Fig. 4 the
twice the linear dimension of the sampled blook'd of the average of the totakr values for the six quarries is plotted
edge length in the case of cubic shape). In the case of Caraainst the square-rooted inverse of the approximate line
grande and Logiotatis no medium block was sampled and fdimensions of the quarries or blocks. Nonlinear fitting of the
Aphrodisias only the small block is available. In addition @xperimental data points indicates that they follow rathe
single sample from Polvaccio (hereafter referred to as Snglptlosely a simple exponential decay law.
repeatedly reprepared and measured, has been used as a ref@n going from the quarry to the blocks the decrease i
ence to check the reproducibility of the technique. variability is about one order of magnitude and seems larg

Therefore the experimental values of the six variables mesnough for the purpose of fragment association, although b
tioned above were measured for a total of 369 sampléaeen the blocks discrimination appears unfeasible. The Sng
grouped into 25 quarry or block data sets. Subsequently it waal-o value is at least two orders of magnitude smaller wit
verified that the dolomitic content often did not change at aléspect to the quarry and shows that the method is satisfactor
within a single set and was not a suitable variable choice feeproducible. The results of the Canalgrande quarry are dif
this study. Table 1 lists the mean values and the correspondaudt to explain. They may be due to the fact that a gener:
standard deviations obtained for the remaining five variablesodel for decrease in variability cannot be put forward. /
for each set, whereas the variable DOLOM will not be mersecond, and perhaps more likely, possibility is that samplin
tioned any further. was not carried out properly and the available data are n

The general variability behavior exhibited by the ESR varrepresentative of the effective quarry variability. Unfortunately
ables is shown by the sample plot in Fig. 2, where the standarelv sampling of Canalgrande has not been possible and,
deviations ¢) measured within the Fossacava quarry and egresent, we must conclude that fragment association
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TABLE 1
Mean Values and Standard Deviations (in Parentheses) of the Five ESR Variables for the 25 Quarry and Block Data Sets
and for the Pulpit Data Set Used in This Work®

Provenance Block NdS SPLI INTENS INTEGR W, SPREAD
Tacca B. Quarry 19 15.19 (.15) 0.405 (.14) 2.065 (.48) 3.69 (.34) 488.0 (2.2)
Big 13 15.47 (.08) 0.466 (.10) 2.237 (.40) 4.13(.21) 489.2 (.93)
Medium 10 15.52 (.09) 0.845 (.03) 3.181 (.39) 3.89 (.20) 487.7 (1.11]
Small 10 15.44 (.11) 0.834 (.16) 2.952 (.41) 3.96 (.09) 491.6 (.93)
Polvaccio Quarry 20 15.05(.12) 1.012 (.34) 3.766 (1.32) 3.96 (.14) 482.5 (2.8)
Big 16 15.23 (.10) 0.884 (.22) 3.381 (.72) 3.87 (.25) 489.2 (.86)
Medium 12 15.19 (.09) 0.912 (.24) 3.680 (.89) 4.05 (.14) 487.3 (.75)
Small 12 15.02 (.09) 0.668 (.14) 2.278 (.40) 4.03 (.12) 482.6 (1.2)
Canalgr. Quarry 13 15.16 (.17) 0.718 (.31) 2.818 (1.16) 4.10 (.14) 485.2 (1.1°
Big 14 15.45 (.11) 0.906 (.20) 3.140 (.93) 4.15 (.23) 487.5 (1.33)
Small 17 15.19 (.10) 1.136 (.20) 3.835 (.64) 4.12 (.15) 489.2 (2.15]
Fantiscritti Quarry 20 15.14 (.14) 0.863 (.34) 3.314 (1.60) 4.04 (.15) 487.3 (.74)
Big 9 15.33(.07) 1.118(.28) 4.371 (1.26) 4.11 (.11) 490.4 (.76)
Medium 10 15.14 (.07) 0.535 (.08) 2.704 (.75) 4.05 (.13) 486.5 (1.23;
Small 11 15.29 (.07) 0.578 (.15) 2.069 (.46) 3.97 (.11) 489.5 (1.42
Fossacava Quarry 23 15.23 (.15) 0.620 (.25) 2.566 (.98) 4.21(.18) 489.4 (1.9
Big 11 15.12 (.16) 0.612 (.14) 2.781 (.66) 4.26 (.13) 487.1 (1.59)
Medium 12 15.27 (.08) 0.438 (.09) 1.774 (.30) 4.15 (.14) 488.7 (.56)
Small 10 15.17 (.10) 0.333 (.06) 1.626 (.22) 4.09 (.21) 486.0 (.93)
Logiotatis Quarry 19 15.45 (.14) 0.675 (.37) 2.839 (1.1) 2.92 (.25) 487.1 (.95)
Big 14 15.34 (.08) 0.643 (.24) 2.215(.83) 3.19 (.08) 486.0 (1.2)
Small 12 15.48 (.07) 0.311 (.04) 0.825 (.13) 3.17 (.11) 488.3 (1.1)
Aphrodisias Quarry 18 15.52 (.21) 0.105 (.08) 1.041 (.71) 3.17 (.52) 489.4 (1.5
Small 11 15.60 (.17) 0.107 (.04) 0.926 (.20) 3.33(.16) 490.2 (.95)
Singlept. Snglpt 9 15.13 (.04) 0.610 (.04) 1.894 (.13) 3.93(.12) 485.1 (2.11
Pulpit Pulpit 13 15.07 (.06) 0.402 (.16) 2.500 (1.12) 3.69 (.13) 486.5 (.87)

# The variables SPLIW,,, and SPREAD are given in Gauss, whereas INTENS and INTEGR, divided by the corresponding values of the standard, a
numbers.
® NoS is the number of samples for each set.

more properly carried out using the results obtained for theformation is available on the origin of the pulpit marbles and

specific quarry of provenance, instead of the general (averagithough Donatello was asked to employ white Carrara ma

model. bles, he was also allowed to use any material which could [
already available at th®pera del DuomoAs a matter of fact,

THE PULPIT MARBLES reuse or reworking of ancient marbles, a material importe

from throughout the Mediterranean basin during the Roma

. The method developed so _far ha_s heen tested by ir_1vesti riod, had been common in Italy until the beginning of the
ing the marbles of the pulpit originally located outside th IXth century and several examples of this practice ar

Duomo di Prato(Tuscany) at the right corner of the, e and N : .
. . own. Second, more precise information concerning th
realized by Donatello and Michelozzo between 1434 and 1433. .
arry and not only the provenance site was needed for tl

The pulpit, shown in Figs. 5 and 6 before its recent restoration.

is made of seven, separate marble panels all of which Wésr%bsequentjomlng fragments work. Finally, the pulpit marble

seriously, although differently, degraded. A tentative explany—ere used a_lso to test the ESR pgrf_ormam_:e in distinguishi
grbles, which can hardly be discriminated in some other wa

tion of this fact has been put forward suggesting that the pangf ) e X
could be made of different marbles or at least of marbles froh€ results, discussed elsewhe2e)( indicate that the pulpit
the same quarry, but from different stocks. marbles come, indeed, from the Carrara region and can |

The study, carried out on 13 samples, 2 for each panel eXcgﬁpquivocally distinguished from apparently similar Greek o
one, started by determining their provenance with the aid off&rkish varieties. More precisely they come from the Misegli
recently established ESR and petrographic databagy ( district, which, together with Torano and Colonnata, is one ¢
Speaking of an artifact manufactured in Tuscany, use of lod8E three Carrara quarrying areas. The specific quarry of pro
marble from the Carrara quarries may seem obvious and #fance could not be identified with certainty. However, twe
preliminary provenancing work not strictly necessary. Howhistorical quarrying locations, Fantiscritti and Canalgrande, al
ever, there are at least three different reasons why provenakieewn for Miseglia and the pulpit marble must come from onq
ing has been undertaken. In the first place no precise historio&the two.
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FIG. 2. Sample plots of the standard deviation) (of the five ESR  F|G. 3. Total-o value vs block dimensions for the five ESR variables anc
variables vs decreasing block dimensions within the Fossacava quarry. Rela{@gtn sampled quarries. The tosais given as a percentage of the respective
plots of the other quarries are qualitatively similar. Thealue is given as a quarry. With the exception of Canalgrande, all of the other six quarries sho
percentage of the quarry value. a similar decrease of variability with the decreasing block dimensions. Th

medium block has not been sampled for the Canalgrande and Logiota

. quarries. For the Aphrodisias quarry only three data points are availab
To verify whether the seven panels all come from the samt§uarry, Smi, and Snglpt) and no line plot has been drawn. The peculi

single block, the total variability of the 13 data points has be@ahavior of Canalgrande is discussed in the text.

first compared with the variability graph obtained for Fan-

tiscritti. Figure 7 shows that, within this quarry, but also within o .

the average variability plot, the pulpit total standard deviatidfifferences between means and establishing whether differe
is located very close to the dimensions of the large block af@t@ sets have been sampled from the same populai)n (
is definitely smaller (14.7%) than the quarry totalSince the Usually, however, these approaches cannot be applied o |
decrease in variability exhibited by Canalgrande is considdtoblems discussed in the present work simply because only
ably smaller, this finding remains perfectly valid if provenance
from this quarry is supposed. As anticipated the method sen-
sitivity is not enough to distinguish between blocks of different
dimensions, but seems capable of discriminating clearly be-
tween marbles simply coming from the same quarry and those »
belonging to the same single block. The response of the 80 y = alexp(-b/L )]
method, in case of incorrect fragment assembly, is exemplified
by reporting in Fig. 7 the totalk value of the three Fantiscritti
blocks combined together. It turns out that the variability of the
“mixed block” sharply increases, reaching a value comparable
with the entire quarry (98.1%).

A final comment, suggested by the above results, is that
discrimination between a quarry and its single blocks, based on
the analysis of the total-values, may be easier than discrim-
inating between two specific quarries. This is especially true
when the quarries belong to the same basin and are geograph-
ically close, as exemplified by Fantiscritti and Canalgrande. In
this case, and in the absence of the scale factor represented by
the amplitude of the sampled area, both the ESR variables and
their variability may be remarkably similar, hampering reliable (17"
discrimination.

100 1

[=23
o
1

Total stddev (%)
5

N
o
!

0_

T T T T T T T T v T
00 05 1.0 15 20 25 3.0 35

FIG. 4. Plot of the average total-values (symbols) for six of the seven
sampled quarries vs the square-rooted, inverse linear dimensions of the qt
ADVANTAGES AND DRAWBACKS ries and blocksL is the approximate maximum distance between samples i

. . . . o meters (quarry, 50 m; large block, 2 m; medium block, 1 m; small block, 0.4 ir

niques are available for testing the existence of significard6.6 ando = 0.3155.
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FIG. 5. General view of the marble pulpit by Donatello and Michelozzo in its original location, outside the Duomo di Prato. The picture (Alinari 10
was taken before 1893, when it was first published by B&dk. (

very few samples can be normally drawn from each fragmetian the standard techniques for the analysis of variance and
of an archaeologically important artifact and this hampers tloetcomes remain qualitative. In addition the sensitivity of th
use of standard statistical procedures. method may not be enough to identify one spurious fragme
For this reason we have tried to complement the small datmong several joining ones. Finally comparing fragments tw
set taken from the artifact with additional information relatetly two may give uncertain results for two different reasons
to the variability shown by the whole quarry and by marbl€irst of all, the total number of available samples can be to
blocks of predefined dimensions. In this way, comparing ttegnall even for this kind of less demanding approach. Secon
variability within and between the fragments with the quarrfinding that the two fragments are joining may be simply du
and blocks references it has been possible to set up a qualitativeaccidental similarity of their mean vectors of variables
criterion to decide whether the fragments originate from @bviously this possibility becomes less likely if simultaneou:
single block. The example of the pulpit marbles is instructiveomparison of three or more fragments is performed.
in that the properties of the seven panels would have been
difficult to analyze in a different way, having only 13 samples CONCLUSIONS
available.
This type of approach, of course, also shows important This study represents an initial attempt to solve the proble!
limitations. Generally speaking the method is less powerfaf reassembling fragments of archaeological marbles on tl
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FIG. 6. Another view of the pulpit showing the seven marble panels in more detail (Alinari 10006).

basis of physicochemical information and confirms the impoand alternative, even if less powerful, approaches must |
tant role that purely conventional ESR spectroscopy may hadevised.
in the challenging archaeometric problem of marble character-The method proposed is based on the measurement of so
ization and provenancing. ESR properties of the Mn marble spectrum and the subse
Given the scarcity of the experimental data points usualtpuent comparison of the multivariate variabilities shown b
available, standard statistical techniques are difficult to appgmpled volumes of various dimensions. It seems to gi\
reliable, although qualitative, information when several frag
ments are compared, whereas less certain results are obtai

o T from the comparison of only two fragments. The sensitivity o
1007 G . "Mixed block" il the method for detecting single, nonjoining fragments in .
! group of homogeneous ones must still be explored in detail
801 .
3 — O— Fantiscritti EXPERIMENTAL SECTION
é 60 - O Quarties ESR Spectroscopy
2 average Conventional, room temperature X-band ESR spectra ha
T 404 1 been recorded on weighted amounts of finely ground sampl
2 (ca. 30 mg) packed in standard, constant-diameter ESR qua
Pulpit tubes, using a computer-controlled Varian E-9 spectromete
204 1 Under these conditions the sample height is lower than 5 m
%_—O\O ] and the powder is fully contained within the cavity region
0 e . g}o i corresponding to maximum and constant sensitivity. Prop
location of the sample was initially found by checking the

intensity of the signal and then kept constant with the aid of
simple Teflon spacer. Also the instrumental settings were ke
constant as follows: frequency 9.10 GHz, microwave power 1
FIG. 7. Plots of the Fantiscritti and average variability data vs blocklp (12.5 mW), modulation amplitude 1 G, time constant 0.1 c

dimensions. The total pulpit variability is about 15% of the total quarry value 3 s. with Corresponding recording times of 4 or 8 min OnI)
and locates this data set close to the dimensions of the large and medjym ' )

m . ) ]
blocks. As opposed to this a “mixed block,” obtained combining together all l_#]e spectromet_er gain, W_hmh was found to t_)e ap_proxmate
the data points of the three Fantiscritti blocks, shows a substantial increasdffear, was varied according to the sample signal intensity.
variability with a totale value comparable to the whole quarry (98%). All measurements were normalized using intensity and fiel

T T T T T T T T T
Quarry Lrg Md Sml  Snglpt
Block dimensions
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linearity standards. The former was a freshly prepared, 100- K. J. Matthews, The establishment of a data base of neutron
ppm toluene solution of dpph (Aldrich, 95% purity); the latter activation analyses of white marble, Archaeometry 39, 321-332
was a standard dolomitic limestone with a known*oontent 8 ﬁgaz)r'z Carbon and oxygen isotopic ratios: A database for clas
(N368 BC_S’ Bureau of Analysed Samples, N?Wham H_a"’ sical Greek and Roman marble, Archaeometry 29, 35-43 (1987).
Newby, Mlddlesbrqugh, Cleveland, _U_K). A detailed descrip-q Matthews, M. N. Leese, M. J. Hughes, N. Herz, and S. G. E.
tion of the measuring and standardizing procedures has beenggwman, Establishing the provenance of marble using statistical
reported elsewherel®) and is given also in a specifically  combinations of stable isotope and neutron activation analysis
designed web sitel). data, in “The Study of Marble and Other Stones Used in Antiquity”
(Y. Maniatis, N. Herz, and Y. Basiakos, Eds.), pp. 171-180, Arche-
type Publications, London (1995).
10. L. Moens, P. De Paepe, and M. Waelkens, Multidisciplinary re-
The 369 quarry samples used for this work have been search and cooperation: keys to a successful provenance deter-
collected during Samp"ng Campaigns carried out in the past 2 mination of \:\/hite marble, in “Ancient Stones: Quarrying, Trade and
years. They have been used as such, taking care of grindingProvenance” (M. Waelkens, N. Herz, and L. Moens, Eds.). pp.
247-252, Leuven Univ. Press (1992).
freshly fractured, unweathered fragments.

hi | ilable f Vzi h 11. G. Armiento, D. Attanasio, and R. Platania, Electron spin resonance
Thirteen samples were available for analyzing the seven study of white marbles from Tharros (Sardinia): A reappraisal of the

marble panels composing the Donatello pulpit. In fact, only technique, possibilities and limitations, Archaeometry 39, 309-319
one sample could be taken from the first panel, instead of the (1997).
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