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In 94 marble samples from 4 quarry districts in Italy (Carrara) and Turkey (Proconnesus,
Dokimeion, Usak), minor and trace elements were determined by instrumental neutron activation
analysis (INAA) and atomic absorption spectrometry (AAS). The maximum size of the calcite grains
(MGS) of the rocks was measured in thin section. For 16 elements considered in this work, the
concentration ranges show important inter-district overlaps; this also applies to the maximum grain
size. However, the application of cluster analysis, using selected attributes, allows one to discriminate
every pair of districts; 90 samples are classified correctly in all classification dendrograms.

Introduction

A major topic in archaeometry is the provenance determina-

tion of artifacts. When speaking about white marble - one of

the most common building and sculptural stones - the problem
to be solved mostly concerns the origin of the raw material.
This information is used in archaeology to reveal trade pat-
terns and economical organisation, as well as in art histori-
cal studies and for restoration purposes.

It is a favourable circumstance that the location of the
major classic Greek and Roman quarries is known. The partial
Or complete destruction of many ancient qua;ries, generally by

modern exploitation, does not prevent a representative sam-
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pling of the extraction zone in which the antique gquarries are
situated.

Petrographical, chemical and physical methods were applied
in trying to offer objective criteria to characterize the
white marble from the different ancient quarries; the subject
was recently reviewed by Herzl. Chemical analysis, performed
in the sixties and the seventies, by INAAz, and by optical
emission spectrometry and X-ray fluorescence3, yielded con-
centration data for a limited number of elements in samples
from several major quarries. A large within-quarry variabili-
ﬁy and substantial inter-district overlaps were found for
virtually all elements, leading to the widely accepted idea
that chemical data are of little use in characterizing white
marblel’4.

None of the hitherto proposed techniques being entirely
successful, an interdisciplinary approach, combining the in-
formation of isotopic analysis (C and O isotopes), minor- and
trace~ element determination, microprobe analysis, and thin-
section microscopy, was set up at the State University of
Gent. The major ancient quarry districts in Italy, Greece, and
Turkey were sampled (Fig.l1l), and analytical work is in pro-
gress. The final results will be used as a basis for compari-
son when in the near future artifacts will be available for
analysis.

The present paper is focused on the chemical composition
of 27 samples from Carrara (Italy), 27 samples from Dokimeion
(Turkey), 24 samples from the Proconnesus (Turkey), and 16
samples from Usak (Turkey). In addition, somé petrographical

data are presented.
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Experimental

Field sampling

The location of the amtique quarry districts considered in
this work is highlighted in Fig.l. At Carrara, Dokimeion, and
the Proconnesus, the studied quarries are distributed all over
the extraction zone (see e.g., Fig.2). The district of Usak,
however, consists of separated quarry areas containing only a

few quarries each (Fig.3).

By preference, sampling was performed on modern walls.
Using a geological hammer, unaltered hand specimens of 0.5 to
1 kg were extracted. Occasionally, weathered surfaces (near

antique walls) were also sampled to study the effect of long-

2
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Fig. 2. The quarry region of Dokimeion [after J. RODER, JDAI, 86 (1971) 253]. Sampling spots are indicated by
open circles or black dots (= samples included in this work)
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lasting exposure. From previous work5 it was concluded that
weathering has only little effect on the minor- and trace-
element contents. It was found to be sufficient to take the
samples at 1 to 2 cm below the exposed surface. Complementa-
ry analyses are in progress to verify these preliminary

conclusions.

For the present study, coloured and weathered stones were
discarded, and a geographically representative selection was

made.

Laboratory sampling -
Cylinders of about 9.5 g (height = 20 mm; diameter = 15 mm)

were taken from the hand specimens using a” diamond tipped core
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Fig. 3. The quarry areas of the Usak district. In the present study, the quarries at Kavacik (7 samples), Selvioglu (4
samples), and at Hanoglu-Eldeniz (5 samples) were considered
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drill and a diamond saw. This process introduces substantial
contamination for several elements present at low concentra-
tions. The Co contamination, for instance, would yield an ap~
parent Co content of about 0.5 ppm, whereas in the hitherto a-
nalysed marbles the actual concentrations range from 1.34 to
325 ppb. Therefore, a procedure was developed to obliterate
the contamination resulting from drilling and sawing; a full

report is given elsewheres.

The laboratory sampling mimiced the sampling of artifacts,
the size of the actually analysed quarry samples being determi-
ned by the maximum amount of material expected to be obtainable

from museum pieces.
Methods

Chemical analysis

For INAA, samples were irradiated for about 7 hours in the
reactor Thetis of the Institute for Nuclear Sciences (Gent), at
a thermal-neutron flux of 1.5 x lO12 n.cm_z.s_l, a thermal-to-
epithermal flux ratio (f) of 28.5, and a non-ideality of the
epithermal spectrum (o) of 0.03. .The ko—standardization me-
thod7’8 was applied, requiring the co-irradiation of a compara-
tor; a Au (0.1%)-Al alloy wire was used for this purpose. At 3
to 6 months intervals, f and of were instantaneously determi-
ned by irradiating a Zr foil together with the sample and the
Au comparatorg'lo. In the reactor Thetis, f and o were
found to be sufficiently constant over long periods. Gamma-
spectrometry on a high—purity Ge detector was performed after

1 day (measuring time, th = 15 h}, 1 week (t, = 24 h), and

5 weeks decay (tm = 24 h). Application of the k,-standardi-
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zation method allows one to use the available counting time

am~most entirely for sample measurements.

47

The %7ca (T = 4.54 4) ana ¥’

Sc (T = 3.34 d) matrix activity
was moderate, and posed no obstacle for the measurement of

isotopes with medium and long half-lives. Determinations via

49

short-lived isotopes were hampered by the high Ca activity

Table I
Minor- and trace-element concentrations in a white marble
sample from Carrara (Italy); results of INAA, except for Si (colorimetry),
Mg (FAAS), Al and V (EAAS)

Element Concentration Element Concentration
(units) + uncertainty (units) + uncertainty
Na (ppm) 9.5 + 0.3 Sr (ppm) 174. + 5.
Mgy (%) 0.48 + 0.01 Sb (ppb) 43. + 2,
Al {ppm) 260. + 1lo. Cs (ppb) 5.7 + 0.7
Si {ppm) 291. + 1. Ba (ppm) 1.4 + 0.3
K (ppm) 127. + 4. La (ppb) 580. + 20.
Sc{ppb) 80. + 2. Ce (ppb) 640. + 20.
V (ppb) : 430. + 40. Sm(ppb) 102. + 3.
Cr (ppm) 1.12 + 0.04 Eu (ppb) 23.7 + 0.7
Mn (ppm) 19.9 + 0.6 Tb (ppb) 19.0 + 0.6
Fe (ppm) 109. + 4. Ho {ppb) 30. + 2.
Co (ppb) 46. + 2. Yb (ppb) 84. + 4,
Zn (ppm) 1.84 + 0.06 Hf (ppb) 15. + 1.
Ga (ppb) 40. + 3. Ta (ppb) 2.9 + 0.3
As (ppb) 45. + 2. Th (ppb) 40. + 2.
Lﬁf(ppb) 17. + 3. U {ppb) » 134. + 6.
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(T = 8.72 min.). Though Al, Mg, and V could be determined with
good (Al) or acceptable (Mg, V) precision, it was decided to
apply AAS for these elements (flame AAS for Mg; electrothermal

AAS for Al and V). Si was determined using colorimetry.

It was thus possible to determine 30 elements in white
marbles with relatively high trace-element contents (Table I);
for much purer samples, precisions will be worse, and for some
elements the concentration will drop below the detection 1li-

mit.

Thin-section microscopy

The main and accessory constituents of the rocks were iden-
tified with the help of a polarizing microscope. The same
equipment was used for studying the texture, and for determi-
ning the maximum grain size (MGS) of the calcite crystals. A
staining technique was applied to the thin sections to distin-
guish calcite from dolomite. For this purpose, alizarin red S
was used. The present paper is only concerned with rocks con-

taining less than 10 % dolomite.

Resnits and discussion

Chemical data

For the present study the concentrations of 16 elements
were considered. In Table II, concentration ranges and medians
are listed for the four districts under study. It is clearly
shown that, although medians for the different regions are
often distinct, within-district ranges are wide, causing in-

ter-district overlaps for all elements, with only a few excep-
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tions (e.g., Carrara and Proconnesus show separated ranges for

5,11’ for

K, Mn, and Hf). As demonstrated in previous papers
each region the frequency distribution of the concentrations
is non-Gaussian for virtually all elements ; the log=-normal

empiricism was found to be a better approximation.

Petrographical data

All the investigated rocks are rather pure calcite-marbles,
as the total amount of accessory minerals (dolomite included)
never exceeded 10%, and usually was less than 1 % of the rock
volume. The nature and the content of accessories are highly
variable, depending on secondary processes (dolomitization),
the place of sampling,in the quarry, the location of the
quarry, the geographical position of the quarry district, etc.
Except dolomite, the accessories include plagioclase, musco-
vite, opaque minerals (pyrite, chalcopyrite, etc.), potash
feldspars, quartz, epidote minerals, and carbonaceous inclu-
sions. If the dolomite content is disregarded, it appears that
the Proconnesian marbles and those collected at Dokimeion have

the lowest accessory mineral content.

Textural differences also occur. While the rocks from Car-
fgra and Dokimeion generally have a well-developed homeoblas-
ﬁic texture, -one notes that the specimens from the Proconnesus

and from the QFak prov1nce have -in most cases a heteroblastlc

and a mortar texture, respectlvely.

X Table IITI g;ves the range of the max1mum size of the calegi=

cowrs

te grains (MGS) in rocks coming from the dlfferent quarry dis=-

t;icts. For most areas, the ranges are overlapping, although
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Table 111
Ranges of the maximum size of the calcite grains (MGS)
in marbles from the quarry districts under consideration

Quarry district MGS
Carrara 0.6 - 1.3 mm
Proconnesus 2.2 - 3.6 mm
Dokimeion 0.8 - 1.8 mm
q?ak 1.2 - 3.4 mm

this parameter is useful to discriminate, e.g., material from

Carrara and Marmaralz.

Inter-quarry discrimination

The former paragraphs clearly show that the ranges found
for the maximum grain size and for the concentrations of all
elements are overlapping, making direct discrimination based on
single parametérs impossible. As a consequence, multi-variate
methods are needed to reveal the discriminative information
expected to be present in the data set. For this study, data
analysis was performtd using the DPP programl3, including a.o.
hierarchical clustering methods ; a pragmatic choice was made
for the furthest-neighbour strategy. A logarithmic transforma-
tion was applied to the elemental concentrations, according to

the adopted log-normal empiricism.

Running the program for different sets of attributes allows
one to select the discriminative ones. As no common set of at-

tributes was found to separate the four districts in a single
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dendrogram, a set of discriminants was selected for each pair
of districts. This is schematically shown in Fig.4, where the
number of misclassified samples and the number of samples

involved in the comparison are also indicated. 1In two out of

CARRARA 4,
~ARRA oy

RO UN"

DOKIMEION

SONW

Fig. 4. Schematic representation of the two-by-two discrimination between the quarry districts considered in this
work; the selected discriminants and the ratio of the misclassified samples to the total number of samples
involved are indicated

the six two-by-two comparisons, the discrimination is incom-
plete, but 95% or more of the samples are classified correctly;
in the other cases the districts are completely separated. As
an example, the classification dendrograms comparing Dokimeion
to the Proconnesus, and Ufak to Carrara, are shown in Figs. 5
and 6, respectively. In Fig.5, the Dokimeion and Proconnesus
samples are exclusively grouped together. The subgroups exis-
ting in Dboth clusters at present can be correlated neither
with the stratigraphical position nor with mineralogical pro-
perties. Fig. 6 shows the presence of two Ugak subgroups ; the
first subgroup, which is directly fused with the Carrara clus-
ter, contains the samples from the Selvioglu, Hanoglu, and El-
deniz quarries, whereas in the other subgroup the samples from

the quarries at Kavacik are found. The particular position of
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Classification dendrogram : Proconnesus - Dokimeion

Attributes : Cr Mn Co Sr U MGS
Strategy : Furthest neighbour

I e I e I I I e I I e e e e ]

Fig. 5. Classification dendrogram for 51 samples from Dokimeion and the Proconnesus; hierarchical cluster analysis
(Euclidean distance, furthest-neighbour strategy, data normalised, relative dissimilarity scale)
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Classification dendrogram : Usak - Carrara

Attributes : Na K Cr Mn U MGS
Strategy : Furthest neighbour

r Us102B
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CAtE
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Fig. 6. Classification dendrogram for 43 samples from Usak and Carrara; hierarchical cluster analysis (Euclidean
distance, furthest- neighbour strategy, data normalised, relative dissimilarity scale)

the Kavacik marble can be correlated with field observations

showing its exceptional purity and brightness.

The described two-by-two discrimination could also be used

for provenancing artifacts. Indeed, using the parameters found
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to be discriminative for a given pair of quarry districts,
cluster analysis can be applied to the samples from these
districts plus those from the artifact. Repeating this proce-
dure for each pair of quarry regions, in principle, allows
one to determine the most probable origin of the artifact by
successive elimination. This approach was successfully applied
to guarry samples taken from hand specimens which were not in-
cluded in the present work. However, as the number of quarry
districts to be considered will increase in the future,
cluster analysis using a two-by~two approach will become
tedious. Therefore other methods, such as supervised dis-
criminant development techniques, will be investigated in

future work.

Conclusions

It was shown that white marble samples from the quarry
districts of Carrara, Proconnesus, Dokimeion, and qfak can be
discriminated by applying cluster analysis, using selected
petrographical and chemical data as attributes. Different sets
of discriminants are found for each pair of regions. The
inter-district separation is complete, except for Dokimeion
vs. Carrara, and Usak vs. Proconnesus, where two samples (out
of 54 and 40, respectively) are misclassified.

In general, the present study shows that minor- and trace-
element concentations and granulometrical data can contribute
substantially to inter-quarry-district discrimination, in spi-
te of overlapping ranges. This, however, requires the use of

multi-variate methods.
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