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The analytical and spectroscopic discrimination of marbles coming from quarries used in historical times is a task
object of a wide interest in archaeometric investigations. This task is even more difficult, when the goal of the
provenance assessment is focused on marbles coming from historical quarries located in a close geographic area.
In this paper, we present the results of a systematic Electron Paramagnetic Resonance spectroscopy study aimed
at assessing the discrimination criteria among 5 quarries located in the Denizli region (Anatolia, Turkey) that
were benefited in Hellenistic and Roman period to provide materials for the buildings in the nearby city of
Hierapolis of Phrygia (Turkey). The resulting EPR characterisation is used, in combination with the results of
isotope geochemistry and petrological observation, to define criteria able to discriminate the provenance of
marble samples from the considered quarries. The criteria arose from the analysis operated through robust
compositional statistical techniques over the results of the experimental investigation. In this approach, the
internal structure of the multimethodic dataset was unravelled. The results here presented provide evidence of a

good discriminating ability of the proposed approach.

1. Introduction

The identification of quarry provenance of white marbles is a chal-
lenge crossing different disciplines: archaeology, history of art, chem-
istry, geosciences, conservation science. A consensus claims the
impossibility of provenancing a marble by using a single analytical
technique. Conversely, numerous approaches, formulating combina-
tions of multiple techniques, have been proposed in the literature
[1-11]. Among these approaches, the highly promising method pro-
posed in the early 2000s by Attanasio and coworkers [12-14] involves
minero-petrographic analyses, the determination of C and O stable iso-
topic ratios and the analysis of Electron Paramagnetic Resonance (EPR)
spectra of marble samples. Discrimination among provenance groups in
the database was usually accomplished through multivariate statistical
data analysis, which enables the assignment, with a good probability, of
the quarry from which a marble artefact was obtained.
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Previous applications of the proposed approach resulted efficient in
discriminating the provenance of ancient marbles coming from different
regions of the Mediterranean Basin, such as Italian, Greek and Turkish
marbles [15-17]. Questions arise if such a method is also able to
discriminate the provenance when closer quarries (i.e. linked by close
geographical or even geological proximity) are considered. This issue is
even more relevant, when the discovery of new ancient quarries or
extraction areas force the available database to be updated.

In the present study, we consider the case of the ancient marble
quarries in the region of Hierapolis and in the southern sector of the
Denizli basin in Turkey. These quarries include both extraction areas
previously unknown and never sampled, such as the Marmar Tepe and
Golemezli quarries, and others already known but not systematically
investigated, such as the Hierapolis-Gok Dere, Thiounta and Denizli
quarries. 47 marble specimens sampled at the five different historical
quarries were thus the object of a multi-methodical investigation, which
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included EPR spectroscopy, minero-petrographic analyses, and deter-
mination of C and O stable isotopic ratios, to unravel if their provenance
could be assessed by the information experimentally achieved.

2. Previous studies on the marbles from the Denizli region

The Denizli basin, ancient Lykos valley, is an important extractive
district in western Anatolia, where the peculiar geological characteris-
tics of the area allowed for the presence of a large variety of building
stones and numerous ancient quarries. The research activities carried
out between the years 2013-2018 during a previous research project
[18] and aimed to reconstruct the building stone procurement strategies
adopted in the city of Hierapolis in Phrygia from the Hellenistic age to
the Byzantine period. The project also included the archaeometric
characterisation both of ancient quarries and marbles used in the
building sites of the urban area and necropolises. The research was
particularly focused on the white, white veined and grey marbles, which
constitute the precious stones most used in Hierapolis and whose
provenance is more difficult to define. The systematic study and
archaeometric characterization of the white and grey marble quarries of
the Denizli basin (and the nearby Uzunpinar plateau), in integration
with previous studies [14,19,20,7], constitutes a fundamental basis of
knowledge for the provenance determination of the marbles used in the
building sites of Hierapolis (and also of the nearby ancient cities in the
Lykos valley, such as Laodikeia and Tripolis) [21-23].

The most important result of the archaeological and geological in-
vestigations in the Denizli Basin was the identification of five main
quarrying areas (Fig. 1) [24], in which different types of marble (white,
white-veined and grey) were extracted.

Geologically, the most important features of western Turkey are the
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grabens that roughly spread from east to west, the basins that turn
eastwards from the north, and the horsts that are inserted in between.
The Denizli Basin is thus a graben filled with Neogene and Quaternary
sediments and bounded on both edges by normal faults. In addition, the
graben is divided by a normal fault and extensional fissures. The horsts
consist mainly of various types of gneiss, schist and marble from the
Menderes Massif and allochthonous Mesozoic carbonates. As for marble,
in particular it outcrops (generally in stratigraphic sequence under
schist) along the northern and southern edges of the Denizli Basin,
overlying the Pamukkale and Babadag fault zones, respectively (Fig. 1)
[25,26].

With regard to the northern slope, marble is found: 1) in the area
immediately to the north and north-east of Hierapolis, where it was
widely mined in antiquity (Hierapolis-Gok Dere and Marmar Tepe
quarries), and 2) to the north of the village of Golemezli (about 13 km
north-west of the Hierapolis city), where other ancient caves can be
found [19,21,24]. The Hierapolis-Gok Dere and Marmar Tepe marbles
were quarried a short distance from each other. Indeed, the Hierapolis-
Gok Dere marble was quarried about 1.5 km north of the city, along the
valley of the seasonal stream named Gok Dere, whereas Marmar Tepe
marble quarries were identified on the nearby homonymous mountain,
about 2 km north of the city. Along the southern slope of the basin,
marble outcrops to the south-western outskirts of the modern city of
Denizli, in the ancient territory of Laodikeia, where it was also quarried
in ancient times [19,21,24]. Here, at least two varieties of marble were
identified (named Denizli-1 and Denizli-2). The marble then outcrops
north of the basin along the northern end of the Uzunpinar plateau,
about 20 km north of Hierapolis, on the two slopes of the upper course of
the Menderes river, where mining still continues and the remains of the
ancient quarries of Thiounta at Gozler can be found, which are
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Fig. 1. Simplified geological map of the Denizli basin, with location of the ancient marble quarries. Modified after [24,26].
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mentioned in the epigraphic documentation of Hierapolis [21].

The archaeometric characterization of the quarry faces in these
extraction areas, thanks to the collection and analyses (minero-petro-
graphic data, C and O isotopic signatures, and cathodoluminescence
data) of several samples and the integration of these data with those
already available in the literature [19,20,7], allowed for the partial
discrimination of these marbles among them and from the other white
marbles extracted in south-western Anatolia in antiquity [21,22].

The possibility to discriminate marbles from extraction areas very
close to each other is very important to reconstruct the building stone
procurement strategies adopted in ancient city of Hierapolis over the
centuries [23]. The archaeometric studies of these marbles allowed for
the identification of the specific characteristics of the Hierapolis-Gok
Dere variety, which is clearly distinguishable from Marmar Tepe, Thi-
ounta, Golemezli and Denizli-1 marbles due to the C-O isotopic
composition (very negative 5'0 values). Moreover, it is differentiated
from Denizli-2 marble due to its appearance in cathodoluminescence
(variable from low to high intensity, and homogeneous/heterogeneous
texture). Instead, Marmar Tepe is a very broad and heterogeneous
extraction area. The field of isotopic values of Marmar Tepe partly
overlaps with that of Golemezli, which however is distinguished for very
high MGS values. Furthermore, in some cases, Marmar Tepe marble
shows minero-petrographic texture (such as triple junctions, lineated
structures, etc.), C-O isotopic signatures and cathodoluminescence (such
as low/medium/high intensity and heterogeneous texture) characteris-
tics allowing it to be distinguished from Thiounta. However, in other
cases, Marmar Tepe marble shows minero-petrographic and cath-
odoluminescence features as well as MGS and C-O isotope values like
those of marbles extracted from Thiounta, which prevent a univocal
attribution of the unknown archaeological samples.

In this context, the need to discriminate very narrow mining areas to
obtain a reliable historical picture asks for the integration of further
techniques, in order to disentangle the superposition between the
analytical findings related to the different marbles, and to reduce or
eliminate the uncertain attributions to different quarries. To this goal,
the definition of an accurate protocol for the statistical processing of the
data appears needed as well.

3. Experimental procedures
3.1. Investigated samples

47 specimens were investigated in this study and pertain to the five
extraction areas cited above. In detail, Table 1 lists the specimen/quarry
association. All specimens consist of fragments of marble sampled dur-
ing a campaign (August 2013) in the site, under the framework of the
Marmora Phrygiae project [18]. All the samples were georeferenced
using a GNSS. Sampling sites were chosen on the basis of preliminary
historical and archaeological considerations. During sampling, partic-
ular care was taken in accessing to unexposed rock aliquots, to prevent
the sampling of unwanted weathered materials. The chosen sampling

Table 1
List of the investigated specimens and related provenance.

Quarry (in bracket the
number of specimens)

Specimen list

Denizli-1 and Denizli-2 (9) Denizli-1: D1_1, D21, D2_2, D3_1, D3_2, D3bis_2,
D41

Denizli-2: D5_1, D5_2

M1bis_1, M1bis_3, M2_1, M2_2, M2bis_2, M4._1,
M5_2, M5_3, M5bis_3, M5bis_4

GM1_1, GM1_2, GM1_3, GM1_4, GM2_1, GM2_2
MT29_2, MT31_1, MT35_1, MT39_1, MT43_1,
MT43_2, MT49_1, MT49_3, MT52_1, MT53_1,
MT58_1, MT60_1, MT62_1, MT68_1, MT70_1
TH1_1, TH1_4, TH2_1, TH2_2, TH3_1, TH3_2,
TH3_3

Gok Dere (10)

Golemezli (6)
Marmar Tepe (15)

Thiounta (7)
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locations showed traces of ancient excavation; the samples were
collected as uniformly as possible, both vertically and horizontally in
relation to the ancient quarry outcrops. The number of samples from
each quarry is approximately proportional to the extension of the
respective quarry fronts surveyed

3.2. EPR spectroscopy

Aliquots of the 47 marble specimens were analyzed by gently
grinding by hand an appropriate amount of material to fine powders.
The powders were packed in a Teflon bag, which in turn was inserted in
amorphous silica tubes. No further manipulation but grinding was
operated on the samples, to avoid any possible alteration. The chosen
tubes allow avoiding the presence, in the glassy matrix, of transition
metal impurities, which would likely interfere with the EPR spectra of
the samples.

The EPR spectral measurements were carried out using a conven-
tional Bruker ER 200D-SRC, operating at ~ 9.5 GHz (X-band). All
spectra were registered at room temperature according to the following
conditions: 0.8 mT modulation amplitude, 100 kHz modulation fre-
quency. The post-amplification gain setup was optimized, sample by
sample, maximizing the signal-to-noise ratio. Frequency was calibrated
through the reference signal of the DPPH (1, 1-diphenyl-2-pycrylhydrazyl)
radical, used as an external standard. All spectra were registered in the
300-380 mT magnetic field range, with a field step of 0.039 mT and at a
scan speed of 0.4 mT/s.

The EPR spectrum of Mn(II), when present and intense enough, was
parameterized according to the procedure suggested in the literature
[12,14], and accounting for modifications raised by Romanelli et al.
[27]. Three parameters (SPREAD, SPLI, WAV) were obtained by five
relevant field positions. The reader is referred to these studies for further
details in the definition of the spectral parameters. It is noteworthy to
recall that the three chosen parameters represent the minimal basis to
account for three independent interactions concurring to the final
shaping of the EPR spectrum of Mn(II) in calcite. SPREAD, in particular,
is mainly determined by the strength of the hyperfine interaction, SPLI
refers to the zero-field splitting interaction, whereas WAV refers to both
the linewidth and the distribution of fine interaction [27]. The un-
certainties in the derived SPREAD, SPLI, WAV values were obtained by
propagating the experimental uncertainties in the field position. We also
adopted a double blind check of the parameters determination, obtain-
ing standard deviation values definitely smaller than the experimental
uncertainty on the parameters.

4. Experimental results
4.1. EPR spectral features

All investigated samples revealed the occurrence of spectra of Mn(II)
only. An exemplar EPR spectrum of one of the investigated samples,
exhibiting the signal of Mn(II) in the selected field region, is shown in
the Fig. 2. The spectral features, in particular the presence of the
forbidden hyperfine structure, as well as the peculiar indentation of the
sixth allowed hyperfine line, concur to safely attribute the spectrum to
Mn replacing Ca in calcite [28] in its distorted octahedral site (point
symmetry 3). No evidence, within the experimental detection limit, of
the spectral contribution due to Mn(II) replacing for Mg in the Mg site of
dolomite [28] was revealed in the whole set of 47 investigated samples.
Accordingly, one can conclude that no dolomite is present in the sam-
ples, or, at least, that Mn(II) is preferentially partitioned into the calcite
lattice.

In the Table 2, the complete list of the experimental values of the EPR
parameters defined in the §3 is shown. For all values determined by the
EPR parameterisation, the experimental uncertainty is 0.039 mT.
Apparently, all spectra revealed the presence of the Mn(II) signal in an
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Fig. 2. Exemplar room temperature EPR spectrum of the sample D2.1. Mag-
netic field values are expressed in mT.

Table 2
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intensity-to-noise ratio suitable for an accurate parameterisation.
5. Discussion
5.1. Internal structure of the EPR dataset

In a first step, the dataset obtained by considering the EPR parameter
values only was considered. This db consists of 47 cases and 3 param-
eters (SPREAD, SPLI and WAV). The three sets of 47 parameter values
did not follow a normal distribution due to the presence of skewness and
plurimodality (see Supporting information, Section 1), with the excep-
tion of SPLI. The closer inspection of the 2 parameters scatter plots,
shown in Fig. 2S, (see Supporting information, Section 2), revealed
apparent evidence of spurious internal correlation. Accordingly, the
information extracted from the EPR spectroscopy cannot be properly
described by using the three chosen parameters, but only from a subset
of them [29].

This observation was already noticed in a previous study on the
statistical analysis of the spectrum of Mn(II) in carbonate rocks [30]. A
schematic physical interpretation of the observed internal correlation
could link this evidence to the fact that the phenomena traced by the

Values of the parameters obtained from the experimental EPR spectra. The parameters SPREAD, SPLI and WAV were obtained by straight parameterisation of the
experimental spectra. The irll and irl2 parameters were recalculated as defined in the text.

# label group SPREAD (mT) SPLI (mT) WAV (mT) Irly Irl,

1 D11 Denizli 48.764 1.401 0.380 2.516 —2.511
2 D21 Denizli 48.785 1.368 0.418 2.423 —-2.529
3 D22 Denizli 48.777 1.409 0.395 2.485 —2.508
4 D31 Denizli 48.777 1.379 0.407 2.458 —2.521
5 D32 Denizli 48.775 1.376 0.418 2.426 —2.523
6 D3bis_2 Denizli 48.760 1.441 0.344 2.608 —2.490
7 D41 Denizli 48.757 1.381 0.393 2.478 —2.521
8 D51 Denizli 48.741 1.425 0.327 2.641 —2.498
9 D52 Denizli 48.725 1.431 0.303 2.709 —2.494
10 M1bis_1 GOk Dere 48.814 1.379 0.448 2.378 —2.523
11 M1bis_3 GOk Dere 48.888 1.370 0.567 2.177 —2.527
12 M21 GOk Dere 48.814 1.378 0.463 2.342 —2.523
13 M2_2 GOk Dere 48.809 1.389 0.445 2.381 —2.518
14 M2bis_2 GOk Dere 48.785 1.398 0.412 2.452 —2.513
15 M4_1 GOk Dere 48.732 1.377 0.378 2.510 —2.521
16 M5_2 GOk Dere 48.831 1.394 0.498 2.294 —2.514
17 M5_3 Gok Dere 48.840 1.417 0.444 2.388 —2.504
18 M5bis_3 GOk Dere 48.790 1.394 0.415 2.440 —2.515
19 M5bis_4 GOk Dere 48.883 1.353 0.565 2.179 —2.537
20 GM1_1 Golemezli 48.762 1.404 0.366 2.540 —2.508
21 GM1_2 Golemezli 48.813 1.361 0.480 2.311 —2.530
22 GM1.3 Golemezli 48.824 1.393 0.468 2.346 —2.515
23 GM1_4 Golemezli 48.790 1.361 0.455 2.355 —2.531
24 GM2_1 Golemezli 48.758 1.415 0.358 2.565 —2.503
25 GM2_2 Golemezli 48.765 1.404 0.377 2.518 —2.508
26 MT29_2 Marmar Tepe 48.778 1.363 0.418 2.423 —2.529
27 MT31_1 Marmar Tepe 48.705 1.407 0.294 2.730 —2.507
28 MT35_1 Marmar Tepe 48.828 1.351 0.485 2.299 —2.536
29 MT39_1 Marmar Tepe 48.739 1.383 0.409 2.449 —2.518
30 MT43_1 Marmar Tepe 48.716 1.393 0.353 2.571 —2.514
31 MT43_2 Marmar Tepe 48.745 1.378 0.373 2.521 —2.521
32 MT49_1 Marmar Tepe 48.733 1.394 0.349 2.583 —2.514
33 MT49_3 Marmar Tepe 48.714 1.386 0.373 2.524 —2.516
34 MT52_1 Marmar Tepe 48.773 1.401 0.374 2.527 —2.511
35 MT53_1 Marmar Tepe 48.750 1.383 0.373 2.523 —2.519
36 MT58_1 Marmar Tepe 48.720 1.400 0.323 2.648 —2.509
37 MT60_1 Marmar Tepe 48.790 1.370 0.420 2.424 —2.526
38 MT62_1 Marmar Tepe 48.782 1.384 0.408 2.449 —-2.518
39 MT68_1 Marmar Tepe 48.776 1.383 0.410 2.447 —2.521
40 MT70_1 Marmar Tepe 48.719 1.386 0.331 2.618 —2.517
41 TH1_1 Thiounta 48.741 1.413 0.361 2.565 —2.503
42 TH1_4 Thiounta 48.859 1.460 0.446 2.401 —2.481
43 TH2_1 Thiounta 48.727 1.414 0.343 2.601 —2.503
44 TH2_2 Thiounta 48.758 1.396 0.400 2.472 —2.513
45 TH3_1 Thiounta 48.732 1.431 0.340 2.617 —2.495
46 TH3_.2 Thiounta 48.743 1.348 0.420 2.419 —2.537
47 TH3_3 Thiounta 48.723 1.355 0.449 2.363 —2.534
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chosen parameters are not fully discriminated. Following the definition
of e.g. SPREAD, three different contributions play a role in the overall
separation among the first and the sixth line: 1) the structure due to
hyperfine interaction, 2) the two half widths of the first and sixth lines,
involved in the WAV definition, and 3) partly, the zero-field splitting of
the sixth line, involved in the SPLI definition. Moreover, one could also
take into account that line broadening is known to occur with increasing
the concentration of the paramagnetic ion (Mn). This could also be
relevant on the WAV parameter, but not on the SPLI and SPREAD pa-
rameters. The occurrence of the above-cited correlations pointed out the
need of unravelling the internal correlation structure of the EPR dataset.
This structure was investigated using two different formalisms:

a) by means of the Compositional Data Analysis (CoDA) [29,31], i.e.
through the normalisation of the sum of the three parameters, fol-
lowed by the reduction from a 3D parameter space into a 2D where
the dataset expresses its own variability. This was achieved by
identifying two isometric coordinates called balances:

2 spread

ilr; = /=lIn——x (€D)
! 3 /spli x wav
ilry = \/i nﬂ 2
2 way

The values corresponding to the defined balances are also listed in
the Table 2. When plotted in a scatter plot, a very not-spurious good
linear correlation has been verified (Supporting information, Section 3);

b) by means of a ternary correlation plot, adopting the procedure to
working in the simplex sample space, according to the procedure
illustrated and applied in Di Benedetto et al. [32].

One can easily confirm also by this method that a clear linear cor-
relation joins the three variables. In particular, the data in the ternary
diagram clearly mark the relative independence of the WAV parameters,
whereas the SPLI over SPREAD ratio is almost perfectly constant, irre-
spective of the change in WAV. One can observe that the two parameters
are able to discriminate only partially among the 5 groups (Supporting
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information, Section 3). Compositional data analysis was performed by
using the R package robCompositions [33].

5.2. Analysis of the complete database

The definition of the two new variables in the EPR dataset (i.e. irll
and irl2) allowed to set up a final database without evidence of internal
correlations due to a specific analytical technique. The novel database
has the same number of cases, 47, as before, but it is now characterised
by 5 relevant variables: irl;, irls, 513C, 6'80 and MGS. The last three
parameters were obtained during the previous research project Mar-
mora Phrygiae and already published in [21,22,24]. The total dimension
of the database reaches the 235 values.

In the Fig. 3, the violin plots of the 5 variables discriminated by the
sampling provenance are shown. These plots, as well as the following
multivariate analysis, have been carried out using the Orange v3.34
code [34]. As apparent, no parameter is able to discriminate among the
group provenances, but some variable ranges in the parameter distri-
bution allow to hypothesize a certain degree of discrimination using a
multivariate approach.

The complete database identified by the 5 variables and the 47 cases
was the object of a multivariate statistical investigation. Preliminary, a
dendrogram was realised on the whole database, after having stand-
ardised each parameter to its mean and variance, to avoid spurious
weights in the comparison of the parameter variability range. The
dendrogram was calculated assuming as similarity measure among cases
the Euclidean distance and as hierarchical procedure of clustering the
Ward linkage method. The result is shown in the Fig. 4a. Apparently, the
hierarchy of the branching of the dendrogram allow to identify a group,
almost exclusively consisting of the cases of Gok Dere, well isolated from
the other cases in the dataset. We decided to support this evidence by a
Principal Component Analysis (PCA) approach, still operated on the
standardised dataset. Three components result able to trace ~ 90 % of
the dataset variance (Supporting information, Section 4). The compo-
nent loadings are listed in the Table 3. From the analysis of the loadings,
one can conclude that the PC1 component is mainly determined by the
irly, irl, and §'3C parameters, PC2 by the MGS, 5'3C and 8'%0 parame-
ters, and PC3 by MGS and 5'80 parameters. In the Fig. 4b the scatter plot
of the scores of the two main PCA components is shown. Apparently, the

awo

pr— =3

(&

Fig. 3. Violin plots exhibiting the parameter variability for the 5 chosen variables [a) irl1, b) irl2, ¢) MGS, d) 5'3C, e) 5'%0], discriminated by provenance [cyan,
Denizli; red, Gok Dere; green, Golemezli; orange, Marmar Tepe; yellow, Thiounta]. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Table 3
Component scores for the PCA analysis of the dataset.

Component Expl. Variance

Irll

Irl2

MGS 8'3c 5'%0

PC1
PC2
PC3

0.40938
0.32227
0.16890

—0.679448
0.161995
—0.022652

—0.674294
0.176547
—0.033862

—0.033650
—0.536344
—0.727711

—0.273796
—0.597191
0.011335

—0.087073
—0.546156
0.684579
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Fig. 5. A) Dendrogram of the complete dataset: the first five groups identified by the main branches are highlighted in grey scale, respectively. provenance labels are
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net discrimination of the cases pertaining to Gok Dere with respect to the
others is confirmed and visualized in the variable space. Another
interesting point is represented by the appearance in the cluster of two
cases, which pertain to the Denizli group. These cases, in fact, are
namely the samples D5_1 and D5_2 attributed to a subgroup of the
Denizli quarry in the previous study [21]. This evidence has not a sta-
tistical significance, of course, because of the limited number of cases.

To go further beyond in the discrimination, we chose to consider the
next level (of lower rank) in both the dendrogram and the PCA process.
Accordingly, in the light grey group of the dendrogram of Fig. 4a a
successive level of branching was considered. One can easily notice that
four self-similar groups can be obtained (Fig. 5a). Similarly, in the PCA
the loadings and scores of the PCA3 component were also considered. In
the Fig. 5b-e, the scatter plot of PC2 versus PC3 is shown. In each graph,
only the data pertaining to a single colour are highlighted, to improve
the perception of their spatial distribution in the transformed space.
Apparently, the plane identified by the 2nd and 3rd components in the
transformed space represent a good place where trying to discriminate
the four groups identified by the hierarchical cluster analysis. A 3D
representation of the multivariate space is also provided in the Sup-
porting information (Section 5). Because of this further analysis, one can
observe that the four groups exhibit a clear prevalence of a single
provenance, but the discrimination is not complete. Denizli and Marmar
Tepe can be evidenced among the four quarries (but Gok Dere) as those
best isolated by the statistical analysis of the available database. The
“Denizli 1” subgroup, in particular, appears almost well isolated, if one
take into account that the subgroup “Denizli-2” subgroup presents a
marked affinity with the Gok Dere group.

6. Concluding remarks

The EPR study of the quarries from the Denizli region allowed for the
first time to focus this spectroscopic approach in the discrimination of
white calcitic marbles coming from sites geographically close and likely
geologically correlated. The results obtained in this study clearly show
that EPR parameters exhibit a non obvious internal correlation, which
limits the numbers of truly independent parameters during the task of
provenance assessment. One can attribute this internal correlation in
part to a) the parameter definition and b) the Mn concentration. Further
studies, aimed at fully characterise the nature and extent of this internal
correlation are planned. Nevertheless, at least when operated on pure
calcitic marbles (i.e. marbles in which no dolomite content is revealed,
or in which Mn is hosted only in the Ca octahedral site in calcite) EPR
clearly results to provide additional information for the identification of
provenance.

The overall results in the present study are fully in line with those
already published on the same samples [21,22], while shedding addi-
tional light on the provenance of groups not adequately discriminated
by the application of the petrographic and isotopic methods alone. In
particular, the net discrimination among the Gok Dere group and the
others, already evidenced by Brilli et al. [22], is fully confirmed.
Accordingly, we propose the present method as a robust tool to go
beyond in the discrimination within datasets emerging from close
groups of marbles. The creation of the multimethodic database in which
internal correlations have been removed, in particular, allow to sort out
internal laws of sample association, which can in turn be used to extend
the group discrimination to the highest level achievable given the
existing database. With this respect, we can tentatively attribute the
non-complete discrimination among the five considered groups of
marbles to the limited extent of available samples.

If the discrimination among the group provenance obtained from this
study may or may not have a geological and stratigraphic explanation or
interpretation is not easy to say. First of all, the metamorphic and tec-
tonic history of the Menderes Massif is extremely complex and not yet
fully resolved: if it is the same protolite, if there have been different
metamorphic events (Menderes massif, for example, is considered to
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comprise a sequence of at least four units metamorphosed at variable
degree, differently aged and separated mainly by tectonic contacts)
[35], if there are different stratigraphic levels. Marble outcrops are, in
general, stratigraphically positioned over the schists, especially those in
the Hierapolis territory. They also appear in the Paleozoic level of the
Massif’s upper units and in the Lycian nappes (Mesozoic), which extend
past the NE end of the basins, and which house, for example, the Denizli
quarries [21]. Unfortunately, we could not find detailed studies about
the places where the ancient quarries are. There are only general studies
covering very large areas. Further insights in this task will arise from
other systematic geological survey.
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