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Abstract. Three marble columns with medieval inscriptions were discovered at different locations in Northeastern
Bulgaria. The deciphered texts suggest that they may represent fragments of a larger 9th-century monument associ-
ated with the 30-year peace treaty between Byzantium and Bulgaria. To assess whether the fragments might have
formed a single object, their provenance was investigated, confirming a common source. Mineralogic-petrographic
analyses, stable carbon and oxygen isotopes, cathodoluminescence, and geochemical data indicate that all three
columns likely originate from the Proconnesos marble quarries on Marmara. Taken together with the logical con-
tinuation of the inscriptions and the petrographic and isotopic-geochemical homogeneity, the evidence suggests
that the fragments may have belonged to a single monument that was subsequently divided into separate pieces,
each of which appears to have followed a distinct historical trajectory.

Keywords: marble, petrography, stable isotopes, geochemistry, Proconnesos.

Introduction

Over the past several decades, various scientific
methods have been developed and refined to de-
termine the provenance of white marbles used in
ancient sculpture and architecture. While colored
marbles often have distinctive features that allow
relatively easy identification even with the naked
eye, white marbles rarely possess such obvious
discriminative characteristics. Therefore, a multi-
method analytical approach is applied to determine
their provenance, involving mineralogical-petro-
graphic, isotopic-geochemical, X-Ray Diffraction,
spectroscopic, and geochemical analyses. In prac-
tice, however, the complete set of these methods
is rarely used in its entirety, primarily because of
the limited amount of material available for analy-
sis and secondly, because particular characteristics
may overlap across several quarry groups. In most

© bwarapcko reoJorndecko ApyKecTBo u briarapcka akagemus Ha Haykute, 2025

cases, two or three methods are used that provide
the most reliable results.

A crucial role in the study of marbles from the
Mediterranean region, used from antiquity to the
present day, is played by databases containing suf-
ficient parameters and analytical data from various
white marble quarries, which enable the comparison
of examined artifacts of unknown origin. Several
such graphical and digital databases for the Medi-
terranean region have been created over the years
and are continually expanded and refined (Herz,
1987; Attanasio et al., 2006; Prochaska, Attanasio,
2021, 2022; Prochaska, 2021, 2023; Prochaska et
al., 2024).

In this study, samples from three marble col-
umns bearing medieval inscriptions have been ex-
amined. These columns are part of the exhibitions
of the Museum of the National Institute of Archae-
ology — BAS and the National History Museum.
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They were discovered at three different locations in
Northeastern Bulgaria, namely near Kaspichan rail-
way station, between the village of Sini Vir and the
hamlet of Voysil in the Dobrich region, and near the
village of Sechishte, in the Shumen district. Draw-
ing on deciphered inscriptions and paleographic
analysis, Nenov (2019) proposed that the columns
are fragments of a larger 9th-century monument,
associated with the so-called Suleymankdy inscrip-
tion, which preserves part of the text of the 30-year
peace treaty between Byzantium and Bulgaria. To
determine whether the three fragments once formed
a single object, we must first establish the marble’s
provenance, confirming that they originate from the
same quarry. Only then can the question of their be-
longing to one column be discussed. For brevity, the
three fragments will be referred to as “columns” in
the following text, as it is not yet certain whether
they originally comprised a single monument.

Samples and methods

From the three columns with inventory numbers
366, 366, and 638, two samples from each were
collected (weighing 3-8 g). Sampling locations
were selected as close as possible to the base and
top of each column to assess mineralogical, struc-
tural, stable isotope, cathodoluminescence, and
chemical homogeneity. Weathered outer surfaces
were mechanically removed, and only fresh ma-
terial was used for analyses. From each sample,
a relatively large fragment was prepared as a thin
section for petrographic analysis, while the remain-
der was ground for isotopic and chemical analyses.
Cathodoluminescence and trace element analyses
were performed on polished, epoxy resin-embedded
fragments.

Mineralogical-petrographic analysis comprised
both macroscopic and microscopic examinations.
Macroscopically, in addition to the usual param-
eters (color, structure, grain size, fracturing, and
secondary coloring), attention was paid to the pres-
ence of specific odours, which can assist in proving
marble provenance. Microscopically, in addition
to texture, mineral composition, accessory miner-
als, and grain boundary shape, the Maximum Grain
Size (MGS) of the largest carbonate crystals, and
the Most Frequent Size (MFS) were assessed. Com-
bined with other analytical results, these parameters
are important for discriminating marbles from dif-
ferent sources (Renfrew & Peacey, 1968; Antonelli
& Lazzarini, 2015; Brilli et al., 2018). Thin sections
were examined using a standard transmitted light
polarizing microscope JENAPOL.

Analysis of Stable Carbon and Oxygen Iso-
topes is essential for determining the provenance
of marble artifacts due to the method’s high sen-
sitivity, significant isotopic variations between
deposits, and the small sample size required
(~20 mg). Samples were analysed following the
standard methodology, which involves crushing
and powdering, carbon dioxide extraction by acid
treatment, and analysis using a mass spectrometer
technique. A Thermo MAT 253 mass spectrom-
eter with a Kiel IV carbonate preparation system
at the Leibniz Laboratory of Christian-Albrecht’s
University of Kiel, Germany, was used for carbon
and oxygen isotopes measurement. [sotope ratios
(BC/2C and '*0O/'*0) were measured relative to
the international V-PDB (Vienna Pee Dee Belem-
nite) standard and expressed in o notation ((%eo),
indicating per mille deviation from the standard,
which ensures high precision and inter-laboratory
comparability and is preferred because absolute
isotopic ratios are difficult to measure with high
accuracy directly.

Every one of the six samples (two per column)
was analyzed four times to assess homogeneity and
analytical precision. Small variations among repli-
cates indicate well-homogenized material.

Based on the fact that each deposit has charac-
teristic isotopic signatures reflecting its formation
conditions, even before metamorphism, compari-
son with databanks from known ancient and mod-
ern quarries (e.g., Herz, 1987; Gorgoni et al., 2002;
Attanasio et al., 2006; Antonelli, Lazzarini, 2015;
Prochaska, Attanasio, 2021) allows provenance de-
termination.

Cathodoluminescence (CL) is an effective com-
plementary technique to optical microscopy for de-
termining the provenance of marbles, based on the
luminescence emitted when minerals are bombard-
ed by an electron beam (Barbin et al., 1992). Color
variations in CL images depend on activator ele-
ments such as Mn?* and rare earth ions (Sm**, Tb*",
Dy?**), as well as quenching ions including Fe*',
Fe**, Ni**, and Co?', and lattice defects (Machel,
1985; Marshall, 1988). Manganese (Mn?") is the
main activator in carbonates, responsible for the
red—orange luminescence typical of calcite. Mar-
bles enriched in Mn?" and rare earth elements com-
monly display red—orange CL, whereas those poor
in these elements exhibit weak blue luminescence
(Gorobets, Walker, 1995; Gaft et al., 2005). Based
on these features, Barbin et al. (1992) classify white
marbles into three principal CL microfacies: orange
and blue (calcitic marbles) and red (dolomitic mar-
bles). CL color and intensity are also influenced by
beam intensity and exposure time.
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The CL characteristics of Mediterranean marble
quarries are well documented, enabling compara-
tive provenance analyses of archaeological samples.

In this study, CL analyses were performed on
polished, epoxy-mounted fragments using a Leica
microscope equipped with a CATHODYNE optical
CL system (New-Tec Scientific, France) at the Ge-
ological Institute, Bulgarian Academy of Sciences.
Optical cathodoluminescence (Cold-CL) provides
high-resolution imaging of microtextures and re-
veals the distribution of activator elements within
the mineral structure.

Geochemical studies aimed to (i) assess the
chemical homogeneity of individual marble col-
umns and (ii) compare the samples with each other
and with available data from Mediterranean quar-
ries. All six samples (two from each column) were
analyzed for major and trace elements.

Major elements were determined on fused
marble discs by X-ray fluorescence spectrometry
(XRF) at the Faculty of Geology and Geography,
Sofia University “St. Kliment Ohridski,” using an
EDXRF Epsilon 3XLE instrument (PANalytical).
Trace elements were analyzed by LA-ICP-MS at
the Geological Institute, BAS, using a New Wave
UP193FX laser system coupled to a Perkin-Elmer
SCIEX ELAN DRC-e quadrupole mass spectrom-
eter. Both fused glass beads and polished epoxy-
mounted marble fragments were measured. Cali-
bration employed the NIST-612 glass standard,
with CaO contents from XRF used as an internal
standard.

Because fused glass beads represent a mixture
of the carbonate matrix and the accessory minerals,
the measured trace element concentrations tend to
be overestimated for elements preferentially hosted
in the accessory phases. Consequently, compari-
son with existing marble provenance databases is
problematic, as those datasets are based on analy-
ses of acid-dissolved samples where the carbonate
fraction is separated from the insoluble accessory
residue. While this effect is negligible for major
elements, given that the carbonate component ex-
ceeds 99.5%, it becomes critical for trace elements,
which are largely concentrated in accessory min-
erals. To minimize this bias, trace elements were
determined by LA-ICP-MS directly on epoxy res-
in-embedded marble fragments by multiple spot
analyses and averaging data to obtain representa-
tive values. This method enables the identification
and removal of accessory mineral spectra, ensuring
that the results express only the trace element com-
position of the carbonate fraction. A similar LA-
ICP-MS approach of solid (unfused) samples was
applied by Poretti et al. (2017).
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Results and discussion

Stable carbon and oxygen isotopes study

The combined analysis of carbon and oxygen iso-
topes, plotted on a §*C—-5"0 diagram, is a key
method for distinguishing marbles from different
ancient quarries. This approach defines character-
istic isotopic fields for individual marble sources.
A large and continuously updated database of about
1,500 samples exists for major classical quarries
in Greece, Turkey, Italy, Asia Minor, and the Alps
(Atanassio et al., 2006; Antonelli, Lazzarini, 2015;
Prochaska, Atanassio, 2021, 2022; Prochaska et al.,
2024). However, internal variations within a single
quarry often cause overlaps between sources, mean-
ing isotope analysis alone cannot always determine
provenance (Wenner et al. 1988).

For the marble columns examined in this study,
two series (sets) of stable isotope measurements
were performed (24 analyses in total, based on
four measurements for each of the six samples).
The measured values, normalized to VPDB, along
with standard deviations, are given in Table 1. All

Table 1. C-0O isotopic analyses of marble columns with
inscriptions (VPDB — Vienna Pee Dee Belemnite (VPDB),
STDV — Standard Deviation)

§13C 8150

Sample Ne o \pDB) (%0VPDB)

366 246 0.02 148 0.01
366 2.43 0.01 a7 0.04
366 2.44 0.01 ~1.65 0.05
366 2.50 0.02 158 0.02
366(2) 271 0.02 111 0.04
366(2) 271 0.01 ~1.08 0.04
366(2) 275 0.01 ~0.97 0.03
366(2) 2.82 0.01 ~0.94 0.03
366a 278 0.01 173 0.03
366a 2.90 0.01 156 0.02
366a 275 0.01 _1.67 0.03
366a 275 0.01 151 0.02
366a(2) 2.45 0.01 ~1.03 0.02
366a(2) 232 0.01 “1.19 0.03
366a(2) 2.40 0.01 112 0.03
366a(2) 237 0.01 111 0.03
638 2.06 0.01 -1.83 0.04
638 221 0.02 ~1.79 0.03
638 225 0.02 ~1.68 0.03
638 2.17 0.01 ~1.90 0.04
638(2) 2.66 0.02 ~1.30 0.04
638(2) 253 0.01 138 0.03
638(2) 2.61 0.01 ~1.30 0.03
638(2) 2.60 0.02 127 0.02




analyses from both series are plotted on a refer-
ence 8*C—-6"0 diagram (Fig. 1). A more detailed
view of this data is shown in the inset of Figure 1.
The obtained values for 8°C range from +2.17 to
+2.90%o0, while those for 3'*O have slightly wider
dispersion (—0.97 to —1.93%o). Within each series,
the variations between measurements fall within the
range 0.1-0.2%o, whereas a systematic shift is ob-
served between the two series. This indicates some
inhomogeneity of the studied columns in terms of
carbon and oxygen isotopic composition, the val-
ues in the second series being significantly closer.

Comparison with the reference §'*C—6'*0O diagram
(Fig. 1) shows that the samples have a marine, bio-
genic origin, based on §'*C values of +2 to +3%o and
8'80 values between —2 and —1%o. They fall within
a strongly overlapping region shared by several ma-
jor marble sources: Carrara, Thasos-1(2), Paros-1
and Paros-2, Hymettos, and Proconnesos-1. Thus,
isotope data alone cannot uniquely determine their
provenance.

Figure 2a illustrates an updated version of the
OC—8"0 diagram incorporating the expanded
dataset of Prochaska & Attanasio (2021). In this re-
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Fig. 1. Reference $'*0—-5"*C diagram with the main fields of the most popular marble deposits in the Eastern Mediterranean after

Attanasio et al. (2006). The yellow field points to the position of our samples. Inset: Individual measurements from series I and II
are shown in more detail (enlarged scale).
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Fig. 2. a) Right part of Figure 1, modified after Prochaska and Attanasio (2021), with supplementary data after Antonelli and
Lazzarini (2015). The yellow field points to the position of the studied samples; b) 5'80—5"*C diagram with the fields of the most
popular marble deposits from Bulgaria and North Macedonia. Reference fields are after Vanderheyde et al. (2011); Niewdhner et
al. (2013), Prochaska (2015), Andreeva et al. (2024). The yellow field points to the position of our samples.
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vision, the isotopic fields of several key sources (Pa-
ros, Proconnesos, Thasos) are refined, reduced, and
further subdivided or united taking on new names.
This question is out the scope of this study and is
examined in detail by the above-mentioned authors.
Despite this improvement, substantial overlap per-
sists among these fields, and their relative sizes con-
tinue to vary depending on the natural isotopic dis-
persion and the number of reference samples used
to define them. The marble columns examined in
this study plot entirely or partly within the isotop-
ic ranges of Carrara, Proconnesos I and III, Paros
(Marathi and Chorodaki), Thasos Aliki, Heraclea—
Miletos, and Hymettos. Although the nomenclature
and subdivision of some quarries have been revised,
these fields correspond to the same classical sourc-
es described in earlier reference works (Attanasio
et al., 2006; Antonelli, Lazzarini, 2015; Prochaska,
Attanasio, 2021), with the addition of Heraclea—Mi-
letos located on the territory of Turkey.

Given the broad distribution of white marbles
within the metamorphic complexes of Bulgaria, it
is appropriate to consider local sources when as-
sessing the provenance of the columns. Although
their architectural use in antiquity is poorly docu-
mented, Bulgarian marbles have recently been the
subject of systematic investigation (Vanderheyden
et al., 2011; Anevlavi et al., 2019, 2022; Andreeva
et al., 2024). Accordingly, the isotopic signatures of
the studied columns were compared with those of
Bulgarian deposits for which combined isotopic and
petrographic datasets exist. Figure 2b shows the iso-
topic fields of marbles from Malko Tarnovo, Ase-
novgrad, southeastern Bulgaria (Kamilski Dol, Len-
sko, Dyadovtsi), Ilindentsi (Pirin), Topolovgrad,
and Berkovitsa, along with the Sivec marble field
near Prilep, North Macedonia.

The samples under investigation differ signifi-
cantly from most Bulgarian sources and fall within
the isotopic ranges only of the Topolovgrad mar-
bles, partially those of the Ilindentsi (Pirin) marbles,
and the Sivec marbles of North Macedonia. The ge-
ological implications of these correspondences will
be discussed in the following section, in conjunc-
tion with the mineralogical-petrographic charac-
teristics of the columns. Overall, stable carbon and
oxygen isotope analysis alone does not allow for an
unambiguous determination of marble provenance,
as the isotopic fields of numerous sources from
modern Greece, Turkey, and Bulgaria exhibit sub-
stantial overlap. To refine provenance assessments
within these overlapping ranges, additional analyti-
cal criteria, including mineralogical-petrographic
observations, cathodoluminescence microscopy,
and geochemical markers, are required.

370

Mineralogical-Petrographic Analysis

The three inscribed columns are composed of white
to slightly grayish, medium-grained marble. Macro-
scopically, all three columns exhibit parallel graph-
ite stripes (1-3 mm thick) spaced at intervals of
15-20 cm along their length (Fig. 3). Columns 366
and 366* are covered by weathered crusts that give
them a grayish-brown hue, whereas 638 appears
dark brown due to treatment with varnishes and res-
ins used to produce a cast of its inscription. Freshly
broken surfaces of all columns reveal a snow-white
to slightly grayish-white color and release a strong,
characteristic hydrogen sulfide (H,S) odour upon
breaking or grinding. This feature is one of the dis-
tinctive peculiarities of Proconnesian marble. The
“rotten eggs” odour, although not so intense as in
Proconnesian marbles, is also characteristic of some
other marble deposits or parts of them, primarily for
Hymettos, but for Doliana, Mani, and some Thasian
calcite marbles also (Attanasio et al., 2006).
Treatment with 5% hydrochloric acid produces
vigorous effervescence, confirming the predomi-
nance of calcite over dolomite in their composition.
Thin-section analysis shows that all three col-
umns are texturally very similar: they consist pre-
dominantly of calcite (99.99%), with rare fine
graphite particles. No accessory minerals were ob-
served in the thin sections except for one fine grain
of white mica. Studied marbles exhibit a hetero-
blastic, medium-grained texture with a size rang-
ing from 0.2 to 2 mm (rarely up to 3 mm), most
commonly 0.5-1 mm. Fine grains (0.1-0.3 mm) oc-
cupy the spaces between larger individuals, form-
ing a fine-grained matrix mosaic. Large grains are
elongated with multiple mechanical twins, whereas

Column 366°

~ Column 638

Column 366

Fig. 3. Photos of the marble columns with inscriptions. White
arrows indicate the position of the parallel graphite stripes
along the long side of the columns.



smaller ones are sub-isometric. Grain boundaries
of larger grains are usually straight, whereas those
of the smaller ones are sometimes curved, with oc-
casional sutured or serrated contacts, indicative of
formation in tectonically active environments. Mi-
crostructural details are illustrated in Fig. 4.
Maximum grain size (MGS) is an important
comparative parameter among marble deposits
(Weiss, 1954; Herz, 1955; Lazzarini, 2004). Sta-
tistical data for MGS of Mediterranean marbles
are shown in Fig. 5. Despite the limited thin-sec-
tion dimensions of the studied columns, their grain
size is relatively constant Comparing MGSs of the
studied marbles (1.8-2.5 mm) with those of the fa-
mous Mediterranean sources, we can establish their
similarity to Aphrodisias, Proconnesos, Paros-1 to
-4, Thasos-3, and, among smaller sources, Denizli,
Ephesos, Miletos, and the Greek islands Ikaria, Sa-
mos, and Skyros. Quarries such as Carrara, Hymet-
tos, and Goktepe, with fine-grained (<1 mm) homo-
geneous texture (Attanasio et al, 2006; Lazzarini et
al., 2015), could be directly ruled out as potential
sources due to textural incompatibility. Aphrodisian
marbles, although mineralogically similar, are iso-
topically distinct from our samples (Fig. 1) and thus
also excluded, as are Denizli and Ephesos marbles
(8"3C and 6'*0 outside the studied sample range).
Marbles from Ikaria, Samos, and Skyros are struc-
turally homogeneous and dolomitic in composition,
unlike the studied samples; available isotopic data

for Skyros (8*C -2 to +2%o, 6'#0 —6 to —1.5%0) also
fall outside the compatible columns’ range (Tam-
bakopoulos & Maniatis, 2012).

Based on available reference data (Attanasio et
al, 2006; Mrozek-Wysocka, 2014; Prochaska & At-
tanasio, 2021), certain quarries are also unsuitable
as potential sources. For example, dolomitic Tha-
sos marbles and Paros lychnites are petrographi-
cally distinct from our samples. Isotopically similar
Bulgarian marbles, Topolovgrad and Ilindentsi, are
excluded due to mainly fine-grained dolomitic ot
calcite-dolomitic composition (Prochaska, 2015;
personal observations). Sivec marbles from North
Macedonia also have a dolomitic composition and
fine-grained structure. Consequently, the study fur-
ther focuses on Proconnesos, Proconnesos 111, Paros
Marathi, and Paros Chorodaki as the most plausible
sources of material for the investigated columns.
Some of the Tasian marbles (Tasos Aliki) also be-
long to this group.

Cathodoluminescence Analysis

Cathodoluminescence (CL) images of polished,
epoxy-mounted rock fragments from all six sam-
ples are presented in Fig. 6. The samples display
very weak luminescence, ranging from dark blue
to bluish-violet, with grain boundaries barely dis-
tinguishable. Such subdued luminescence indicates

Fig. 4. Microphotographic images of the analyzed marble samples observed under parallel nicols.
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Fig. 5. Reference diagram for the Maximum Grain Size (MGS) of marbles from a) 10 main ancient white marble deposits and b) 15
important “small” Mediterranean deposits (after Antonelli & Lazzarini, 2015). The diagram shows the distribution of measured
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the studied column samples.

Fig. 6. Cathodoluminescence images of the studied samples. The black circles and the light blue halos around them are the craters
from laser ablation.
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extremely low concentrations of activating ele-
ments, primarily manganese incorporated in calcite,
or trivalent rare-earth elements that can substitute
into the calcite lattice. As the geochemical analyses
will show, both manganese and rare-earth elements
occur at very low levels — close to the detection lim-
its of the instrumentation — while iron, which acts
as a quenching element, is also present in minimal
concentrations. This combination accounts for the
weak CL response. Occasionally, very thin red-
luminescent streaks along some grain boundaries
(e.g.,366°(2) and 638) are observed, likely resulting
from secondary dolomitization or fluid activity, as
documented by Barbin et al (1992) in Proconnesian
marbles. Rare point-like red luminescent inclusions
probably reflect minor accessory minerals, consist-
ent with sharp elemental peaks observed in the laser
ablation mass-spectrometry spectra. Some reddish
hues may also originate from gas inclusions in cal-
cite, which release the characteristic odor of hydro-
gen sulfide upon crushing (Cramer, 2004).

Comparison with existing CL databases (Barbin
et al., 1992; Blanc et al., 2020) shows that the stud-
ied marbles, exhibiting nearly homogeneous blue
luminescence, most closely resemble Proconnesian
marbles. Beyond Proconnesos, blue luminescence
is typical for marbles from Naxos, Paros lychnites,
Hymettos, Doliana, and Paros-3. Based on our sta-
ble isotope results and mineralogical-petrograph-
ic analyses, including MGS, all of these sources
have already been excluded. Naxian marbles are
the coarsest-grained in the Mediterranean (MGS
4-12 mm) with 6'%0 values of -9 to —16%. PDB
(Figs. 5 and 1; Attanasio et al., 2006). Doliana and
Hymettos marbles, in contrast, are very fine-grained
(Antonelli & Lazzarini, 2015). Paros lychnites, al-
abaster-like in appearance, are visually distinctive
and cannot be confused with marbles from other
regions (Attanasio et al., 2006). Hymettos marbles
are among the finest-grained (MGS ~0.5-0.7 mm).
Among the remaining sources that show isotopic
and petrographic similarity to the columns, Paros
Chorodaki marbles exhibit orange luminescence
with occasional blue components, whereas Thasos
Aliki marbles display variable orange CL. Dolo-
mitic marbles from Thasos Vati show weak red and
orange luminescence, with the orange correspond-
ing to calcitic zones.

In summary, the studied samples most closely
match, across isotopic signatures, mineralogical—
petrographic features, and CL characteristics, the
marbles from Marmara Island, known as Procon-
nesos. These marbles are white, medium-grained,
exhibit characteristic parallel dark stripes, show a
heteroblastic texture, release a strong sulfur odor

upon crushing, and display the typical blue cathodo-
luminescence. This hypothesis will be further eval-
vated through geochemical analyses.

Geochemistry

Geochemical investigations provide an additional
opportunity to test the homogeneity of the columns
and assess their potential similarity and provenance.
Major-element contents, primarily CaO and MgO,
are consistent with typical marble compositions.
CaO constitutes between 50.7 and 55.5 wt.% of the
samples, corresponding to a total carbonate fraction
(including LOI) of 94.4-98.4 wt.%, confirming that
the materials of two of the columns (366 and 638)
are essentially pure calcitic marbles, whereas col-
umn 366 is somewhat Mg-rich. Detailed tabulated
values for the detected major elements are provided
in Table 2. Although accessory quartz was not ob-
served under the microscope, trace amounts of SiO-
suggest its presence in negligible quantities, which
could also be the reason for the luminescent light
blue small objects in Figure 6. Comparison of the
chemical composition of the columns reveals a high
degree of homogeneity: columns 366* and 638 are
practically identical in CaO content, while column
366 shows slightly lower values (~4.8 wt.%), ac-
companied by a compensatory increase in MgO
up to 3.5 wt.%, likely reflecting minor dolomite
presence. Manganese (Mn) and iron (Fe) occur in
negligible and comparable amounts. Sulfur trioxide
(SO,) contents (0.2-0.63 wt.%) correspond with
the strong sulfur odor observed upon crushing and
grinding the samples. Overall, variations in major
elements are minor and fall within the expected
range for marbles, supporting the conclusion that all
three columns may originate from the same source.

In addition to mineralogical, petrographic, and
isotopic—geochemical — methods, trace-element
analyses provide valuable results for characteriz-
ing and distinguishing marbles from numerous an-
cient quarries, although the data can sometimes be
highly scattered (Conforto et al., 1975; Germann et
al., 1980; Lazzarini et al., 1980; Poretti et al., 2017,
Prochaska & Attanasio, 2021). Trace elements oc-
cur in very low concentrations in the studied marble
samples, and many of them — Rb, Cs, Th, U, Nb, Zr,
Sc, Ni, Ga, As, Sb, Ag, and Sn, including some rare
earth elements, fall below the detection limit of the
method, at levels of only hundredths to thousandths
of ppm (Table 2). The typically low trace-element
concentrations of pure white marbles (Prochaska,
Attanasio, 2021) reflect their scarcity of accessory
minerals, which usually accommodate such ele-
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Tabruya 2. Analyses of the major and rare elements in the studied marble columns

366 366(2) 366% 366%(2) 638 638(2)
Si0, 0.86 1.03 0.69 0.71 0.77 0.69
TiO, 0.01 0.01 0.01 0 0 0.01
ALO, 0.22 0.29 0.11 0.12 0.17 0.16
Fe,0, 0.0167 0.0157 0.0118 0.0123 0.0144 0.0124
MnO 0.0004 0.0005 0.0001 0.0001 0.0001 0.0001
MgO 3.96 2.70 0.45 0.50 0.53 1.18
CaO 50.67 51.94 55.48 55.20 54.97 5423
P,0, 0.05 0.09 0.03 0.07 0.05 0.05
SO, 0.46 0.64 0.27 0.20 0.38 0.36
LOI 43.69 43.11 42.92 43.15 43.06 4327
) 99.95 99.87 99.97 99.96 99.96 99.96
Rb 0.04 <0.05 <0.04 <0.05 <0.04 <0.04
Sr 307.31 305.05 217.91 198.74 214.83 199.27
Ba 0.43 0.69 0.69 0.74 0.73 0.61
Fe 117 110 82 86 101 87
Mn 3.00 4.00 1.00 1.00 1.00 1.00
\% 0.43 1.50 0.56 0.41 0.71 0.71
Cr 2.02 2.08 2.56 2.05 2.84 4.06
Pb 0.25 20.02 0.21 0.10 0.11 0.06
La 0310 0.253 0.027 0.044 0.150 0.051
Ce 0.690 0.484 0.052 0.046 0.205 0.055
Pr 0.158 0.055 <0.016 <0.016 0.027 <0.012
Nd 0.572 0.181 <0.081 <0.069 0.157 <0.075
Sm 0.149 <0.080 <0.074 <0.069 <0.102 <0.070
Eu <0.026 <0.020 <0.033 <0.023 <0.030 <0.021
Gd 0.12 <0.090 <0.072 <0.074 <0.065 <0.079
Tb <0.015 <0.013 <0.013 <0.009 <0.016 <0.008
Dy 0.11 <0.056 <0.037 <0.045 <0.052 <0.044
Ho <0.018 <0.016 <0.0126 <0.014 <0.013 <0.013
Er <0.060 0.047 <0.069 <0.060 <0.041 <0.042
Tm <0.010 <0.014 <0.014 <0.011 <0.012 <0.009
Yb <0.083 <0.087 <0.058 <0.096 <0.080 <0.087
Lu <0.015 <0.014 <0.013 <0.017 <0.014 <0.011
Y 0.54 0.20 0.06 0.07 0.29 0.18

ments. Nevertheless, these low values should not be
disregarded, as even minimal trace-element levels
can serve as distinguishing features of specific mar-
ble quarries (Rybach, Nissen, 1965; Conforto et al.,
1975; Germann et al., 1980; Lazzarini et al., 1980;
Oddone et al., 1985; Grimanis, Vassilaki-Grimani,
1988; Cramer, 2004; Poretti et al., 2017; Prochaska
& Attanasio, 2021). For example, the characteris-
tically low manganese content of the Prokonnesos
quarries distinguishes them from most other Medi-
terranean white marble sources. A similar pattern
is observed in the group of rare earth elements
(REEs): marbles from Prokonnesos, Paros Marathi,
and Miletos exhibit low concentrations compared to
those from Prokonnesos III, Paros Chorodaki, and
Thasos Aliki (Prochaska, Attanasio, 2021).

Trace elements that exceed the detection limit of
the measurement method are V, Pb, Cr, Y, Ba, and
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Sr. From Table 2 it is evident that although varia-
tions in some element concentrations reach factors
of two to three, all values remain very low, on the
order of a few ppm. In all cases, the higher concen-
trations may result from microinclusions of acces-
sory minerals (for V and Pb, likely sulfides; for Y,
apatite, zircon, or monazite), whose minimal pres-
ence can significantly increase trace-element con-
tents.

Crucial for identifying the source of marble ar-
tifacts of unknown origin are the elements Sr, Mn,
and Fe, as well as the REEs, which occur in mar-
bles as isomorphic impurities substituting for Ca in
the calcite lattice. Because of the large variations in
trace-element concentrations within individual mar-
ble quarries, the use of mean values for comparison
is inappropriate. Box-and-whisker plots provide a
more informative overview, combining mean, me-



dian, minimum, maximum, and individual outliers
(Fig. 7).

Strontium content in young calcareous sedi-
ments ranges from 0.1 to 1 wt.%, decreasing dur-
ing diagenesis to below 0.01 wt.% (40-700 ppm)
in calcitic marbles (Cramer, 2004). In the studied
columns, Sr ranges from 200 to 300 ppm, with mi-
nor intra-column differences (2-20 ppm), whereas
inter-column differences reach up to 100 ppm
(Table 2, Fig. 7a). Even at 200 ppm, the analyzed
samples belong to Sr-rich marble deposits such as
Prokonnesos, Prokonnesos III, and Paros Marathi,
which can thus be considered potential sources for

the studied columns, whereas Miletos and Heraclea
are significantly poorer in Sr. Comparison with
other Mediterranean marble quarries—differing in
parameters such as carbon and oxygen isotopes,
texture, MGS, odour, and cathodoluminescence—
shows that other Sr-rich deposits include Denizli
and Ephesos (200—400 ppm), as well as Naxos and
Aphrodisias (210-326 ppm) (Cramer, 2004).

Barium, although geochemically related to Sr,
shows the opposite pattern: it is enriched in Mile-
tos, Heraclea, and Paros—Marathi, but very low in
Prokonnesos, matching Prokonnesos III and the
studied columns (Fig. 7b).
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Fig. 7. “Box and whisker” plots (boxplots) for the distribution of rare elements in the studied samples and the potential deposits as

sources of material for the columns.
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Iron concentrations in the studied samples are
low (70-140 ppm) (Fig. 7c), grouping them with
Hymettos, Parian lychnites, Paros Chorodaki, and
Prokonnesos. In contrast, quarries such as Carrara,
Thasos Aliki, Paros Marathi, and Aphrodisias con-
tain much higher Fe (500-1000 ppm). This places
the studied columns closest to Prokonnesos and Mi-
letos, while Heraclea and Paros—Marathi show dis-
tinctly higher Fe variability.

Manganese is one of the most diagnostic trace el-
ements (Fig. 7d). The studied columns are extremely
Mn-poor (1-4 ppm), closely matching Prokonnesos
and Paros Marathi. Prokonnesos III, Heraclea, and
Miletos contain significantly more Mn. Regionally,
similarly low Mn values are found in Parian lych-
nites and Hymettos, whereas Pentelikon, Thasos
Aliki, Carrara, and Aphrodisias are Mn-rich. Low
Mn values correlate with blue cathodoluminescence
and support a Proconnesian origin.

Trace-element ratios (Mn/Fe, Fe/Sr, Mn/Sr) fur-
ther strengthen the provenance assessment (Fig. 7d—
f). The studied columns consistently show very low
ratios, closely matching Prokonnesos and Paros—
Marathi and falling outside the ranges of most other
Eastern Mediterranean quarries.

Yttrium and REE concentrations are extremely
low, consistent with substitution for Ca in calcite.
Column 366 (Ca-poor) shows slightly elevated
values. Prokonnesos, Miletos, Heraclea, and Pa-
ros Marathi show comparable patterns (Fig. 71-m).
YREE ranges from 0.32 to 2.17 ppm and Y from
0.06 to 0.54 ppm, values too low to reflect acces-
sory minerals.

Because several REEs fall below detection lim-
its, half-limit values were used solely to notice their
low concentrations in studied samples; we are fully
aware that this approach is entirely speculative, yet
it is important to emphasize that even when the full
detection limits are considered, the REE concen-
trations remain exceptionally low. These very low
values are significant because REEs together with
Y, Sr, and Mn are among the key parameters for
distinguishing Proconnesian marbles from other
visually similar marble types. ZREE + Y values
are extremely low and consistent with Prokonnesos
and Miletos, whereas Heraclea and Paros—Marathi
are slightly higher; Prokonnesos III is distinctly en-
riched. Taking the detection limit of the rare earth
elements we were tempted to present a diagram with
coordinates XREE-Y, which once again emphasizes
the similarity of the studied marbles with those from
the island of Marmaris.

All other trace elements (Sc, Co, Ni, Ga, As, Rb,
Zr, Nb, Mo, Ag, Sn, Sb, Cs, Hf, Tl, Th) fall below
detection limits, confirming the high purity of the
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Fig. 8. ZREE-Y diagram for studied marble samples. Several
other Mediterranean marble deposits are given also. The Lines
showing the average values for the individual deposits have
also been drawn.

marbles. Overall, the geochemical signatures of
the studied columns match Prokonnesos marbles in
nearly all parameters.

Conclusion

This study integrates isotopic—geochemical, miner-
alogical—petrographic, cathodoluminescence, and
trace-element analyses to evaluate whether three
inscribed medieval marble columns discovered at
different locations in Northeastern Bulgaria derive
from the same marble source and potentially from a
single monolithic column.

Isotopic data show tight clustering of 3'*C (+2 to
+3%0) and 880 (-2 to —1%o), indicating a common
origin and matching the compositional fields of sev-
eral Eastern Mediterranean deposits. Among these,
Proconnesos is most consistent with the full ana-
lytical dataset. Mineralogical-petrographic char-
acteristics are identical across all samples: white,
medium-grained calcitic marble with regularly
spaced graphite veins and a strong H,S odor upon
crushing. Microstructural parameters (heterogranu-
lar texture, bimodal grain-size distribution, MGS
2-3 mm, AGS 0.7-1 mm) eliminate other potential
sources such as Carrara, Hymettos, Thasos Aliki,
Paros lychnites, and Marathi, as well as Bulgarian
and North Macedonian marbles.

Cathodoluminescence imaging reveals uni-
form weak dark-blue luminescence, a diagnostic
feature of Proconnesian marble. Geochemical re-
sults further support this provenance: the samples
exhibit consistent PAAS-normalized REE pat-
terns, moderate to weak negative Ce anomalies,



low ZREE values, and REE-Y trends coinciding
with published data for Proconnesos. Concentra-
tions of Sr, Fe, Mn, and their diagnostic ratios fall
within narrow ranges and correspond to Procon-
nesian signatures.

The convergence of isotopic, petrographic, CL,
and geochemical indicators demonstrates that all
three columns originate from the Proconnesos quar-
ries on Marmara Island. Moreover, the near-identical
macroscopic appearance, graphite-vein geometry,
and microstructural parameters allow to admit deri-
vation from the same marble block. Such structural
consistency is unlikely to result from independent
extraction events within the large and heterogene-
ous Marmara deposit, where graphite-bearing bands
typically show significant spatial variability.

These observations, combined with the epi-
graphic context, support the conclusion that the
three fragments could represent parts of a single
originally monolithic column.
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