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Abstract. Limestone and marble, widespread used as building and decorative
materials since antiquity, can be found in numerous locations all over the territory of
Romania. As all EPR spectra showed the presence of characteristic Mn2+ ions as
substitutes for Ca2+ ones in crystalline lattice of carbonates, these could be used to
evidence any systematic peculiarities able to be used in further provenance studies. Applied to the limestones and marbles collected from three important quarries located in
the Parâng and Făgăraş Mountains (Arnota, Porumbacu de Sus and Mateiaş) and processed by means of one-way ANOVA statistical analysis, our results emphasized that
the EPR spectra of all samples were almost identical within quarries, attesting a relative
uniform distribution of paramagnetic Mn2+ ions inside the quarries but different from
one quarry to another. In this way, an EPR spectra data base created by a systematic
analyse of carbonate minerals collected from as many as possible Romanian quarries
could be useful in provenance and screening studies.
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1. INTRODUCTION

The calcium carbonate (CaCO3 ), predominantly found in nature like calcite is
the most common of all the carbonates which represent, at their turn, about 5% of
the Earths crust. From morphological point of view, calcite can be found mostly as
biogenic limestones, hydrothermal travertine of metamorphic marble. All of them
were widespread used as building materials since antiquity (5th millennium BC) due
to their relatively easiness to crop, process and carve. While limestone is rather a
common building material, carved in blocks of different dimensions for stone wall
construction, travertine and marble had especially aesthetic roles as decorating materials in architecture and sculpture [1–3]. For this reason, to determine the origin of
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various rocks used in ancient architecture and sculpture represents a challenging task
as long as correct provenance determination can offer valuable information about
trading circuits and cultural connections.
There are several physical methods for determining the provenance of calcite
minerals: optical mineralogy in thin section [4], neutron activation analysis [5], Xray diffraction [6], thermoluminescence [7], EPR spectroscopy [6] or scanning electron microscopy (SEM) with EDAX [8]. All of them are based on the assumption [9]
that some physical and/or chemical parameters are homogeneous enough within a
quarry or at least, within a part of a quarry, so they may be used as a proxy when an
artefact or a sample of building material is analysed.
EPR proved to be an adequate technique for investigating a variety of carbonates [6, 10–12], due to the presence of the ubiquitous paramagnetic Mn2+ ions as
impurities substituting some of the Ca2+ ions in crystalline lattice, regardless of their
organic or mineral origin. An EPR provenance study offers confident results if it can
rely upon a database created by systematic study of possible origin quarries.
The present work is a preliminary study seeking to create a database of some
characteristic EPR parameters of Mn2+ ions in calcite which specifically describe
some important Romania limestone and marble quarries [13,14]. As long as the EPR
spectroscopy, although its high sensitivity, is not an absolute quantitative method of
analysis [15], we have focused on those characteristics which cannot be influenced
by experimental conditions. For this reason, the line shape which is sensitive to some
intrinsic characteristics such as Mn concentrations and crystalline field, seems to be
one of the best proxy for this kind of studies [6–18]. At the same time, this analysis
could not be properly performed without an appropriate set of statistic method of
analysis such as Principal Component Analysis, Cluster Analysis, One-way ANOVA,
etc. [19].
2. MATERIALS AND METHODS
2.1. SAMPLES

For our study we have used 78 specimens of white limestone and marbles, collected from three different quarries, located on the Meridional Carpathians (Parâng,
Iezeru - Păpuşa and Făgăras Mountains) (Fig. 1), as follows:
- 28 samples from the Arnota-Bistriţa limestone quarry (located in an area reach of Jurassic limestones from Căpăţânii Mountains - a group of the Parâng Mountains, Meridional
Carpathian).
- 20 samples from Mateiaş South limestone quarry (located in the the south-east area of
Iezer Mountains, a particular area of Jurassic-Cretaceous limestones).
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Fig. 1 – Central part of the Meridional Carpathian Mountains showing quarries locations

- 30 samples from Porumbacu de Sus marble quarry (located on the North-western slope
of Făgăraş Mountains) which occupies a relatively small area compared with the rest of
Făgăraş Mountains, consisting mainly of crystalline schists.

All samples were hand picked at space intervals varying between 10 to 20 m
so that to cover an area as large as possible. The exact location of each sample was
determined by an ASSUS GPS with an accuracy of about 1 m. Further, a fragment
of about 20g was removed from each specimen, manually ground with a bronze
hammer on a bronze plate to avoid any iron contamination, and finally ground in an
agate mortar to reach a higher homogeneity for a polycrystalline sample.
2.2. EPR MEASUREMENTS

EPR measurements were performed at room temperature, by using an X-band
JEOL JES- ME spectrometer provided with a computerized Data Acquisition System, and controlled by a proprietary soft written in C# for magnetic field sweep as
well as data acquisition. Powder samples weighting about 200 mg were introduced
in quartz tubes (2 cm length x 3 mm diameter), EPR spectra being recorded under
following experimental conditions: magnetic field sweep rate of 10mT/min, sample
rate of 10 sample/s, modulation width of 0.1 mT, modulation frequency of 100 kHz,
microwave power of 10 mW (9,5 GHZ). In order to maximize the signal to noise
ratio, we have used the technique of multiple spectra acquisition, each point of an
experimentally recorded spectrum being an average value of 500 individual mea(c) RRP 65(No. 2) 487–494 2013
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surements. Furthermore, recorded spectra were stored as .csv files and processed
by MS ExcelTM and OriginLab R Origin 7.5 softs.

Fig. 2 – X- band, Mn2+ EPR spectra of Arnota (a) and Mateiaş (c) limestones and Porumbacu de Sus
(b) calci-dolomitic marble

3. RESULTS AND DISCUSSION

As expected, the EPR spectra of all samples showed the Mn2+ typical hyperfine structure sextet (Fig. 2), but no other features such as the larger Fe3+ ions
line, reported in some natural carbonates [20]. While the EPR spectra of Arnota
and Mateiaş (Fig. 2a and 2c ) appear to be very close, displaying the characteristic
features of Mn2+ ions in polycrystalline calcite, the Porumbacu spectrum (Fig. 2b)
(c) RRP 65(No. 2) 487–494 2013
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looked more intricate, suggesting the presence of dolomite. Indeed, as dolomite is a
mineral composed of calcium and magnesium carbonate CaMg(CO3 )2 which could
contain up to 3% of MnO, Mn2+ ions substituting for both Ca and Mg ions, its EPR
spectrum represents a superposition of Mn2+ + spectra in calcium and magnesium
carbonates. For this reason, the EPR spectra of dolomite appear more complicate
than the calcite one, which helps a rapid identification of any dolomite specimen.

Fig. 3 – The sixths line of Mn2+ ions in Arnota and Mateiaş limestones and Porumbacu de Sus
marble, For a better comparison of the line-shape, the resonance line of Porumbacu marble was shifted
with about 0.8 mT

Based on the fact that the EPR spectroscopy, due to its high sensitivity to experimental conditions, is not an absolute quantitative method of analysis [15, 16], we
focused on other parameters in establishing the EPR database for carbonate minerals. As long as area or amplitude of a peak are not at all useful parameters because
their values strongly depend of a lot of experimental conditions such as: microwave
power, modulation amplitude, gain, sample density, magnetic field sweep time and so
on, we considered that a valid approach is to emphasize the parameters or descriptors
that depend only of intrinsically spectrum properties, independent of instrumental
conditions.
One of such specific descriptor showed to be the sixth Mn2+ resonance line
[16, 17]. We intended to create a database of sixth line spectra for all three quarries
and to verify if their shape is homogeneous inside each quarry. To be reliable, a data
base should consists of data less sensitive to experimental conditions, In our case,
the best results were obtained based on the following assumptions: i. - all spectra
were recorded under the same experimental conditions; ii. - only the sixth line (high
magnetic field line) of Mn2+ hyperfine sextet was considered; iii. - to not alter the
(c) RRP 65(No. 2) 487–494 2013
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line-shape, modulation width was chosen of 0.1 mT; iv. - as normalization dose not
alter the line shape, each line was normalized to its maximum amplitude.
Table 1.
The numerical values of the correlation coefficients regarding the similitude of the Mn2+ sixths line
within each quarry as well as the corresponding W values of the Levene’s test

rmax
rmin
W

Arnota
0.9975
0.9774
1.0269

Quarry
Porumbacu
0.9915
0.9318
0.5034

Mateiaş
0.9984
0.9334
0.7346

In this way the minute differences between line-shapes could be better evidenced. To illustrate the existing differences between the line shape of the sixths
Mn2+ line, in Fig. 3 we have reproduced the average line corresponding to all three
quarries. At a first glance it is evident that these line differs sufficiently to use this
line as a discriminant criterion. To prove if the line shape could be used as a robust
criterion in provenance study, it should evidenced at which extent line shape is constant within the same quarry or outcrop. For this reason, we have compared the line
shape for all considered samples within the same quarry and between quarries.
Accordingly, the homogeneity of the samples inside each quarry was verified
by two statistical methods: i. - by computing the matrix of correlation correlation
coefficients; ii. - by using the Levene’s test to check the uniformity of variance
inside each quarry and between them. The results of both testes, as reproduced in
Table 1 sustain this hypothesis
In the first case, we have obtained for the correlation coefficients values varying
between 0.9318 and 0.9984 at p < 0.01 (Table 1) which shows a significant correlation within each quarry. This assumption is also sustained by the Levene’s test whose
W coefficient points towards a non-significant variance within each quarries.
The dissimilarities between quarries were better evidenced by the values of the
one-way ANOVA F coefficient. Indeed, by taking into account all possible combination between the data sets describing sixths EPR line of Mn2+ ions in all three
quarries we have obtained for the F coefficient values varying between 4.61 (Arnota
vs. Mateiaş) and 90.96 (Mateiaş vs. Porumbacu de Sus) with an intermediary value
of 67.99 corresponding to Arnota vs. Porumbacu de Sus.All these values stated that
p < 0.03 (minimum 97% probability), all quarries are different with respect to the
chosen Mn2+ EPR line.
The relative smaller of the F coefficient in the case of Arnota vs. Mateiaş could
be very well explained by the relative similitude, but not identity of the EPR spectrum
of Mn2+ ions in the calcite, the dominant rock in both outcrops.
(c) RRP 65(No. 2) 487–494 2013
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In this way, the EPR spectra of Mn2+ ions in natural carbonates showed to be
a good proxy, as the line shape, and especially those of the sixths hyperfine structure
line appear to be the more specific to considered quarries recommending this kind
of analysis for screening purposes. But, by taking into account that the maximum
differences was observed between limestone and calci-dolomitic marble, a real data
base should contain an appreciable number of spectra, able to evidence even the
minute variation within a quarry and of course, between quarries.
It must be pointed out that the purpose of this study was restrained only to
investigate at which extent the data obtained by means of EPR spectroscopy could
be used in further provenance study and to determine the most appropriate descriptors for such tasks. As these investigated carbonates showed to be enough homogeneous within an outcrop, this kind of study should be extended to other limestone
and marbles quarries in order to get a more confident answer to the ability of the
EPR spectroscopy to be used in provenance study as well as to create an extensive
database.
Once a consistent database established, provenance studies may be preformed,
based on a three step method for each sample: i. - recording the EPR spectra following in the same experimental conditions, and especially microwave power and
modulation width so that not to alter the resonance line shape; ii. - retaining and
normalizing of the sixth hyperfine structure line of the Mn2+ spectrum and iii. including this line in the database of each quarry and outcrop and checking its suitability by using the above mentioned procedures of statistical analysis.
4. CONCLUDING REMARKS

In order to test at which extent the EPR could be used in provenance studies
regarding building materials made of limestones and marbles, a number of 78 samples of limestone and marbles collected from three important quarries from Meridional Carpathians, i.e. Arnota, Porumbacu de Sus and Mateiaş were tested for the
homogeneity by analysing the EPR line shape of Mn2+ ions in natural calcium carbonates. By using the line-shape of the sixths hyperfine line of Mn2+ as proxy, we
have established that within the same quarry, this component of the Mn2+ hyperfine
sextet showed to be relatively constant, but varying more or less from one quarry to
another. The minimum statistical significant variations we have found between limestone quarries Arnota and Mateiaş while the calci-dolomitic marble of Porumbacu
de Sus showed to be significantly different with respect to chosen EPR line.
Although restricted to three quarries, this present study shows that by using a
statistical significant number of samples, a data base characterizing each limestone or
marble quarry could be done with relative low costs. Such a data base could be used
(c) RRP 65(No. 2) 487–494 2013

494

Dorina Covaci, Octavian G. Duliu

8

in any further provenance study, provided that the outcrop homogeneity is sustained
by a significant number of samples.
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