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Abstract: Various marbles from historic quarries of the Czech Republic were examined by means of
cathodoluminescence (CL) spectroscopy (quantitative data) to determine the possible inclusion of the
method in marble provenance studies. The methodology used was based on a combination of electron
microprobe analysis (Ca, Mg, Fe and Mn composition) and CL spectroscopy (intensity) of calcite and
dolomite grains of the marbles studied. Several statistical techniques were applied to the CL-spectra
to find the most effective way of characterization of the CL-spectra for provenance discrimination.
The combination of Mg-admixture of calcite and position of the maximum (i.e., centre) of a single
Gaussian curve was revealed to be the most discriminative dependence of the marbles studied.

Keywords: Czech Republic; cathodoluminescence spectroscopy; electron microprobe analysis; marble;

calcite; dolomite; provenance

1. Introduction

Cathodoluminescence (CL) is the process in which mineral phases are bombarded
by a source of high-energy electrons which cause the emission of photons with various
wavelengths [1]. The different colours of the luminescence of marbles depend on impurities
hosted in the crystal (extrinsic centres) or on lattice defects (intrinsic centres) of the carbonate
minerals [2]. The intrinsic structural defect of calcite in the UV spectral region (at ~400 nm)
related to very dark blue CL has been described elsewhere [1,3,4]. The blue luminescence is
typical of modern (recent to subrecent) samples that have not undergone recrystallization,
while in many ancient geological samples (rocks), its manifestation is suppressed by the
intensity of Mn?*-activated extrinsic luminescence. Mn?* is the principal CL activator
which can easily substitute Ca?* and Mg?* in carbonate minerals, notably within the
calcite, dolomite and aragonite group [5]. Less is known about activators of extrinsic
CL via trivalent Rare Earth elements [1,6]. By contrast, the most common quencher of
luminescence is Fe>* [1,6]. The CL spectra of calcite are dominated by yellow to orange CL
emission at ~605-620 nm related to MnZ* substitution [3,7]. Dolomite exhibits CL emission
predominantly at 649-659 nm in the red spectral region (Mn?* in Mg-lattice-position) and
can display a second overlapping peak at 570-583 nm in yellow CL (Mn?* in Ca-lattice-
position) [7-10]. Aragonite displays yellow-green and green CL at ~540 and 560 nm related
to Mn?* substitution [1,7].

The CL of carbonates has been used for examination of various research questions
including diagenetic processes in carbonate formations, the identification of geochemically
non-altered fossils and the reconstruction of crystallization sequence of hydrothermal veins.
Here we explore the composition of marbles, with the aim of determining whether CL
characteristics can be used for the provenance determination of marbles from historical
artefacts [11-13]. Qualitative CL based on optical (light) microscopy (a cold or hot cathode
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CL device attached to a polarizing microscope) using polished thin sections represents
the first CL methodological approach. Carbonates were compared according to their CL
colour, intensity and distribution in microphotographs, which represents a subjective
process. Second, quantitative CL characteristics (intensity) were established by means
of spectral analysis (CL-spectrometer coupled with optical or electron microscope/probe
microanalyzer) [14,15]. Until recently, the spectral CL has rarely been applied for such
provenance analysis [13,16,17].

It must be recognized from the outset that the examination of regional marble sources
is a difficult task. First, the geologic units commonly exhibit significant variation in the
examined properties, even within a single quarry, due to e.g., primary or secondary compo-
sitional variation, post-peak metamorphic veining and variability in the style and intensity
of deformation (at the dm-to-m scale). Second, stone coming from different localities may
exhibit similar macroscopic and microscopic characteristics. Finally, intensive international
trade since antiquity commonly resulted in the trade of highly valued stone varieties and
their transportation over large distances. In addition, highly valued marble layers were
also often quarried in their entirety, making sampling of these regions difficult. Moreover,
the fingerprinting of archaeological marbles requires the application of non-destructive
methods (or very low-destructive when only a small amount of the material is sufficient
for the analysis). To overcome the difficulties, various combinations of analytical tech-
niques have been suggested, mainly for white Mediterranean marbles [18-20]. The complex
methodology including CL was recently also evaluated for other European countries where
local marbles differ from most white marbles from “classical” marble-producing regions
(e.g., presence of a higher amount of non-carbonate phases or various microfabric) that
affects the proper selection of provenancing techniques [17,21,22].

The main aim of the study consists in exploring the potential of CL spectroscopy in
the provenance determination of Czech marbles in conjunction with high-quality chemical
microanalyses of the major and minor elements (i.e., Ca, Mg, Fe and Mn) in calcite and
dolomite grains. Several statistical techniques were then applied to all CL-spectra to find
the most effective characterization of CL-spectra for provenance discrimination.

2. Geological Setting, Previous Petrographic Data and Marble Employment for
Decorative Purposes

2.1. Geological Setting

The three historic quarries (Raspenava, Bohdane¢ and Nedvédice) examined in this
study are located in the Bohemian Massif (Czech Republic), specifically within the Lugicum
(Krkonose-Jizera Terrane), the Kutna Hora and Svratka Crystalline Complex (Table 1).
The geological map, including the position of the quarries examined in this study, was
described in [23] (Raspenava—No. 6, Nedvédice No. 24, Bohdane¢—No. 28 in Figure 1 of
the article). They all represent important quarrying areas where marbles were produced in
the past; however, only the Bohdane¢ quarry is still operating. These marbles represent
original marine limestone units with clay and silicate layers that underwent a complex
polyphase metamorphic evolution [24-28] (Table 1). The marbles were affected by regional
Variscan metamorphism (ca. 350-330 Ma) at variable intensity; the contact metamorphism
played a minor role only within certain phases of the metamorphism (e.g., marbles from
Nedvédice) (Table 1). Marbles occur as thin lenticular bodies (~200 m long and 50 m thick)
that form intercalations in mica shists and paragneisses (see Table 1). The age deposition of
local metasediments is still a matter of dispute, and instead of what was formerly often
referred to as the Proterozoic age (e.g., marbles from Raspenava) is more recently respected
as the Early Palaeozoic age [24-27].
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Figure 1. CL-microphotographs of the studied marbles obtained by cold-stage CL (CL8200 Mk4)
(a—d) and microphotographs in crossed nicols of the same area as in CL obtained by polarizing
microscope (Leica DMPL) (e-h). (a,e) Dolomitic marble from Raspenava with secondary calcite veins
(veinlets are highlighted by black arrows) (sample No. 174); (b,f) calcitic type of dolomitic marble
from Raspenava with higher amount of non-carbonate phases (sample No. 174); (c,g) dolomitic
marble from Bohdane¢ (sample No. 227); (d,h) calcitic marble from Nedvédice (sample No. 288).
The white dots represent areas where the CL-spectra were measured (by xCLent spectroscopy at
the JEOL hyperprobe). Abbreviations: Ab albite, Cal-calcite, Fo-forsterite, Chl-chlorite, Di-diopside,
Dol-dolomite, Kfs-K-feldspar, Ms-muscovite, Py-pyrite, Srp-serpentine minerals (antigorite replacing
forsterite grains, and chrysotile in bands), Tr-tremolite.
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Table 1. Locations and geological descriptions of studied samples. Data modified after [23]. Abbrevi-
ations: S. No.—sample code; GPS—Global Positioning System; N—latitude, E—longitude.

Sample.No.: Geological Unit . .
Locality - . Geological Description
(Bohemian Massif)
GPS
174 Palaeozoic, elongated marble lenses in mica shists
Raspenava Lugicum (KrkonosSe-Jizera Terrane) to paragneisses, mesozonal peak metamorphism in

50°53'32" N, 15°8'11” E

amphibolite facies [26,28]

227
Bohdane¢
49°46/19" N, 15°13'13" E

Palaeozoic, marble lenses in two-mica gneisses
(Micashist Zone), sillimanite zone peak
metamorphism (affected by younger
retrogression) [25]

Kutna Hora Crystalline Complex

288
Nedvédice
49°27'24” N, 16°19'43” E

Palaeozoic, elongated marble lenses in
. muscovite-biotite paragneisses, polyphase
Svratka Crystalline Complex amphibolite facies (T > 550 °C at P = 200 MPa,
XCO, <0.2-0.1) [27]

2.2. Mineralogical-Petrographic Description of Studied Samples

The mineralogical-petrographic characteristics of the marbles studied have been de-
scribed in detail elsewhere [23]. They differ in their mineralogical composition (type of
mineral phases and their abundances), as well as in their microfabrics (Table 2 and data
within [23]). Based on these characteristics, the marbles studied correspond to fine-grained
dolomitic marbles from Raspenava (forsterite and serpentine minerals serve as possible
additional provenance indicators) and Bohdane¢ (absence of diopside), as well as fine-
grained calcitic marble from Nedvédice (wollastonite as distinctive accessory mineral)
(Table 2). The presence of tremolite is typical for all the three studied marbles (Figure 1,
Table 2). Dolomitic marbles (Raspenava and Bohdane¢) show conformable grain size and
grain shape characteristics. More heteroblastic fabric with larger calcite grains occurs in
calcitic marble from Nedvédice (Figure 1h, Table 2). Marbles exhibit a quasi-isotropic fabric
without shape-preferred orientation.

Table 2. Mineralogical-petrographic characteristics of studied samples. Data were adopted from [23]. Ab-
breviations: CG—carbonate grains, ED—equivalent diameter (mean of at least 800 CG from each locality
obtained by petrographic image analysis), GB-grain boundaries, HE—heteroblastic (i.e., CG of different
size), HO—homeoblastic (i.e., CG of uniform size), S. No.—sample code. Mineral phases: Ap—apatite,
Cal—calcite, CM—carbonaceous matter, Di—diopside, Dol-—dolomite, Fo—forsterite, Chl—chlorite,
Kfs—K-feldspar, Phl—phlogopite, Pl—plagioclase, Py—pyrite, Qtz—quartz, Srp—serpentine minerals,
Ti—titanite Tle—talc, Tr—tremolite, Wo—wollastonite, Zrn—zircon.

Sample Non-Carbonate . .
(Locality) Group Mineral Assemblage ED of CG (mm) Microfabric
Dolomitic marble Polygonal fabric, HO,
174 (Raspenava) (Dol+Cal) Tr+Srp+Chl+Py+Fo+Di 0.20 straight/curved GB, short
irregular calcite filling (veinlets)
.. Phl+Tr+Qtz .
227 (Bohdaneg) Dolomitic marble +Pl+Kfs+Chl-£Tle£ Zm-+Ap 031 Polygonal fabric, HO,
(Dol+Cal) +Ti+Py=CM embayed/curved/straight GB
. Phl+Tr+Di+Qtz .
288 (Nedvedice) Cal“;garlr;arble +Pl+Kfs+Chl+Wo+Zrm 071 Polygonal fabric, HE,
+Ti+Py+CM embaye

Despite some distinct mineralogical-petrographic characteristics (including mineral
content and fabric parameters), the marbles studied still exhibit significant variability, even
within a single quarry [22,23]. In this study, different types in the single quarry were not dis-
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tinguished, except two types of Raspenava marble (dolomitic marble type with secondary
calcite veins and calcitic marble with various non-carbonate phases; Figure 1a,b,ef).

The term “secondary calcite veins” or “veinlets” used below refers to very thin and
short, visually almost invisible veinlets of the same colour as the host-marble. Under the
microscope, they show highly irregular non-planar vein margins (Figure le) and very
intense orange cathodoluminescence colour (Figure 1a). Locally, they pass into void fillings.
Samples representing visually well-discernible veins (e.g., >5 mm thick) have not been
included in this study (and are rare at the studied sites).

2.3. Decorative Applications of Studied Samples

The Raspenava marble was formerly used for industrial applications (production of
lime, cement, finely ground agricultural limestone); however, exploitation of dimension
stones has also been documented (e.g., burial chapel of the Redern family in Dean Church
of Frydlant) [28,29]. The main exploitation of the Raspenava marble occurred in the
16th—18th centuries when the marble was popular for polished stonemason and sculptural
applications [30,31]. The Bohdane¢ marble was popular for paving cubes in the 20th century,
which continues to the present [31]. The Nedvédice marble (also called Pernstejn marble)
has a privileged position with respect to its utilization for decorative purposes. Local
marbles have been quarried exclusively as dimension stone since the 14th century, and
later on, more intensively in the 16th century when the Pernstejn Castle and the Castle in
Doubravnik were built [30,31]. More decorative components of this marble can be found in
the cities of Zd'ar nad Sézavou and Brno [32].

3. Materials and Methods
3.1. Sampling

Marbles of the three quarries (Raspenava, Bohdane¢ and Nedvédice) were sampled
in blocks weighing between 10 and 20 kg, from the layer that had been most commonly
exploited for decorative purposes (if this still existed). Four petrographic types of each
quarry were sampled depending on the macroscopic homogeneity and variability of the
rock fabric (foliation, grain size and shape). From each petrographic type, a polished
uncovered thin section was prepared for CL and electron microprobe analyses (EMPA) (CL
optical microscopy (Figure 1), CL spectroscopy and electron chemical microanalysis). Thin
sections were carbon-coated for the EMPA.

3.2. EMPA

The main and trace element composition (Ca, Mg, Fe and Mn) of calcite and dolomite
was measured by wavelength-dispersive Xray spectroscopy (WDS) using the JEOL EMPA
with a field emission gun (FEG) electron source (JXA-8530F) hosted at the Institute of
Petrology and Structural Geology, Faculty of Science, Charles University. The following
instrumental settings were applied: 15 kV, 10 nA, beam diameter 5 um, element (standards,
dwell time peak/background): Ca (diopside, 20/10), Fe (magnetite, 20/10), Mn (rhodonite
(20/10), Mg (periclase, 20/10). The measured analytical points were located as close as
possible to areas (20 x 20 um) where the CL-spectra were collected. The data were pre-
processed in Excel® [33], and all graphs were prepared using Origin® [34]. The carbonate
phases are presented as weight percent of oxides (wt.%).

3.3. CL Spectroscopy and CL Optical Microscopy

CL-spectra were collected using the “xCLent” spectroscopy system for combined
CL and X-ray acquisition installed in the JEOL hyperprobe (see above). The CL detector
is 1024 x 58 Hamamatsu S7031-1006 with a spectral range of 200-1000 nm (effectively
400-1000 nm due to the glass compounds of the optical microscope) and a spectral reso-
lution of ca 8 nm. Each studied spectrum represents a summary of 10 individual spectra
measured successively in a homogeneous area of 20 x 20 um inside grains (step size 5 pm).
Probe settings: 14 kV; 10 nA; beam diameter, 5 pm; dwell time, 60 ms. In total, 184 summary
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CL-spectra were measured; these included 113 spectra of calcite and 55 spectra of dolomite
representing the groundmass of marbles and 16 calcite spectra of calcite veinlets occur-
ring in the Raspenava marble (sample No. 174). Qualitative CL-microphotographs were
collected using the Olympus DP-74 camera and the cold-stage CL instrument (Technosyn
CL8200 Mk4, provided by CITL of Cambridge) for documentation purposes (see Figure 1).
The applied electron energy was 14-15 kV, and the beam current operated at 320-350 pA.
Optical CL analysis was conducted at the Institute of Geochemistry, Mineralogy and
Mineral Resources, Faculty of Science, Charles University.

3.4. Processing of CL-Spectra

All CL-spectra were checked first for the presence of narrow peaks caused by CCD
detector incidence with random cosmic rays. All spectra were then smoothed (Figure 2a)
using the Savitzky-Golay quartic/quintic algorithm implemented in the Essential FTTR®
software (v.3.50.114) [35]. The same spectra were also left unsmoothed as a separate group
of data. A base-line correction (linear) was applied to smoothed spectra only, and it was
numerically very small. Therefore, it was neglected for the unsmoothed spectra.
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Figure 2. Examples of CL-spectra of calcite with both scales converted with respect to photon energy:
(a) smoothed vs. unsmoothed spectrum; (b) fitting of the smoothed spectrum with several Gaussian
curves. The curve “a” corresponds to the main CL-band of extrinsic nature (centred at 618 nm). The
curves “b, ¢, d” (centred around 535, 513 and 450 nm, respectively) resulted from the deconvolution
of the wide peripheral CL band of intrinsic nature. Note that the main CL-band is sufficiently fitted
with single Gaussian curve. The difference between the position of the maximum of smoothed

data (617.9 nm) and the maximum of the single Gaussian cure (617.7 nm); curve “a” is, in this case,
statistically indistinguishable.

The next step included the conversion of wavelength-based spectra into photon-
energy-based spectra. This included the conversion of the wavelength (A, in nm) into the
photon energy (E, in eV):

E =1239.85/A, 1)

and conversion of the wavelength-based intensity (I(A)) into the photon-energy based
intensity (I(E)):
I(E) = % I(A), @

The converted smoothed spectra were then fitted by Gaussian curves (Figure 2b).
Fitting was carried out in MagicPlot® software (v.3.0.1; [36]), using an automated or semi-
automated procedure. All fit results, both graphs and summary numerical table output,
were checked for the presence of processing artefacts. Spectra exhibiting sufficiently high
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differences in intensities between the main CL-band (Figure 2b; “extrinsic”) and its pe-
ripheral “band/shoulder” (Figure 2b; “intrinsic”) were processed without problems, while
unstable and problematic results were encountered when the intensity difference was
small (extrinsic-to-intrinsic luminescence intensity ratio lower than about 2). Some spectra
therefore must be refitted manually or by setting additional restrictions to the fitting proce-
dure. The Gaussian curve is characterized by three parameters: position of the maximum
(i.e., centre), amplitude (corresponding to intensity of CL) and/or area and HWHM (half
width at half maximum). See the manual for the definition of mathematical formulas used
in the fitting procedure (“Predefined Fit Curves Equations;” [37]).

4. Results

In total, 129 calcite and 55 dolomite CL spectra were collected and paired with
184 EMPA analyses (Ca, Mg, Fe and Mn). The composition of calcite was more variable
than that of dolomite, and the Mg-admixture in calcite dominated significantly over that of
Mn and Fe (see Figure 3a). A positive linear correlation between Mn- and Mg-admixture in
calcite was identified in the sample No. 174 only (see Figure 3b).

0.20 -
a) Mg b) O 174 veinlets O
B 174 matrix
m 227
] O
0154 |5 288 g -
= S = O Hpg
: = 3 veinlets
dolomite 201042 (group A) O
2 1
O
. S P -
calcite Fe+sl€/|n ’ ’ T Tea 0.051m ‘ n - O
|
10 : " - h‘ ..
% 92 94 % 9% g 1 ‘. .- |l
Fe+Mn ®Ca 0.00 4= EEmEE
0 1 2 3
MgO (wt.%)

Figure 3. Summary of the chemical composition of the carbonate grains studied: (a) triangular plot
of the main carbonate components. The composition of pure calcite and pure dolomite is indicated
by green circles. The small triangle localizes the position of the two large triangles in the full-size
plot; (b) the distribution of Mg- and Mn-admixture in calcite. Note the positive linear correlation
between Mg and Mn for most of the data of sample No. 174. Sample No. 174—Raspenava; sample
No. 227—Bohdane¢; sample No. 288—Nedvédice. Data of sample No. 174 can be subdivided into
three groups (A—veinlets, B—groundmass of the calcitic type of dolomitic marble, C—groundmass
of the dolomitic marble type with secondary calcite veins).

4.1. Provenance Discrimination of Samples Using Spectral Data Only

Comparison of the intensity of the extrinsic and the intrinsic luminescence (the parame-
ter’s dependence was used according to [16]) of calcite of the studied marbles is depicted in
Figure 4a. Data representing various spectra of the same sample usually form a single tight
cluster. The clusters either did not overlap (in our case, samples No. 174 and 227) or over-
lapped in part (our samples No. 227 and 288). Provenance discrimination of quarries based
on these two parameters inferred from individual CL-spectra is therefore unequivocal for
some localities only (sample No. 174 vs. No. 227). Compared to other samples, the data of
sample No. 174 (Raspenava marble) formed three markedly separated clusters. Data with
the highest observed intensities (6—7.5 counts) corresponded to veinlets of hydrothermal
calcite crosscutting the marble (compare Figure 4 vs. Figure 1a). The two lower intensity
clusters represented groundmass calcite grains of two different petrographic types (calcitic
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Intensity summ (355 nm + 396 nm)

Intrinsic CL

vs. dolomitic marble) coming from the single quarry (compare Figure 4 vs. Figure 1a,b).
The lowest intensity (0.5-1 counts) of calcite groundmass grains showed dolomitic mar-
ble with calcite veins. However, the calcitic type of dolomitic marble from Raspenava
(Figure 1b) exhibited medium intensities (3—4 counts) (see Figure 4). The single cluster
was identified in the case of sample No. 227 (Bohdane¢ marble) with intensities from 1.5
to 2.5 counts, as well as of sample No. 288 (Nedvédice marble) with intensities from 1 to
2 counts (Figure 4). The intensity of the main peak was the most variable parameter of the
plot, while that of the peripheral shoulder varied slightly in general.

Intensity at 620 nm (Extrinsic CL)
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0.7
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0o 1 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8

Maximum intensity (Extrinsic CL; single Gaussian curve)

Figure 4. Comparison of data derived from calcite CL-spectra: (a) discrimination of the studied samples
using the intensity plot after [16] (Figure 3 in the article); (b) modified plot of [16], with maximum intensity
of extrinsic CL based on the fitting of the main band by a single Gaussian curve (centred between 605
and 638 nm) and the intensity of intrinsic luminescence plotted as the maximum intensity value of the
wavelength range of 430-530 nm. Although the two graphs (a,b) are slightly different, neither of them
provide straightforward discrimination of calcite samples from the three studied localities, based on
statistical parameters of CL-spectra only. Most of the data represent the groundmass calcite of the studied
samples, except for the “veinlets” data. Sample No. 174—Raspenava, sample No. 227—Bohdane¢, sample
No. 288—Nedvédice. Three groups of sample No. 174 (A—veinlets, B—groundmass of the calcitic type of
dolomitic marble, C—groundmass of the dolomitic marble type with secondary calcite veins) are indicated
by labels.

The CL-intensity dependence (intrinsic vs. extrinsic intensity) used by [16] was
modified comparing data derived from fitting the smoothed spectra by a single Gaussian
plot and using slightly different wavelength range/value for reading the intensity of
intrinsic luminescence (Figure 4b). Substantial differences were not identified between the
two versions of the intensity plot, particularly with respect to the better discrimination of
the localities studied. Another option of the (partial) discrimination among studied marbles
was achieved by depiction of the position of the single Gaussian curve maximum /centre
(see Figure 5).
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Figure 5. Box plot of the position of the maximum extrinsic luminescence derived from a single
Gaussian curve fit. The extent of the box is the 25-75 percentile (Q1-Q3 quartile), the red line = mean,
the green line = median. The data for veinlets and groundmass were processed separately (sample
No. 174). Sample No. 174—Raspenava, sample No. 227—Bohdane¢, sample No. 288—Nedvédice.

4.2. Fitting Calcite and Dolomite Spectra by a Single Gaussian Curve

The position of the maximum (i.e., centre) of the Gaussian curve is more variable and
apparently bimodal for calcite because of clear separation between the groundmass and
the veinlets (Figure 6a; 612-626 nm-groundmass; 629-636 nm—veinlets), while the position
is unimodal and much narrower for dolomite (Figure 6b; 652-662 nm). The position of the
maximum and the amplitude or area of the single Gaussian curve were found to be the
most valuable parameters to describe the spectra among and within the studied samples.

8 . . . b) 15
7]—MI matrix VelnES ) :]]g]—:l dolomite matrix
6 ~\ 121 T \
~N 11] /
5 74 10+
4 =
] o 7.
3 O 4
5.
2 4
3-/v=-v—‘/ |
1 21 \
14
o | I 0 =
610 612 614 616 618 620 622 624 626 628 630 632 634 636 638 640 651 652 653 654 655 656 657 658 659 660 661 662 663
fitted Gaussian curve maximum position (nm) fitted Gaussian curve maximum position (nm)

Figure 6. Comparison of the position of the centre of a single Gaussian curve for CL-spectra cor-
responding to calcite (a) and dolomite (b). Note a clear bimodal distribution for calcite data and
rather unimodal for dolomite ones. Note that there is a much smaller range of data plotted along the
horizontal axis for dolomite than for calcite grains.

4.3. Fitting Calcite and Dolomite Spectra by Two or More Gaussian Curves

The main CL-band (i.e., extrinsic) of most calcite and dolomite spectra, converted
to photon energy scales, was slightly or more asymmetric. Therefore, deconvolution by
two or three Gaussian curves, rather than by a single curve, is adequate. To reduce the
ambiguity of the deconvolution results of the spectra, we decided that one of the two
curves (or two of the three curves) should be fixed at specific energy /wavelength positions
(615 nm/typical position of the extrinsic CL of Mg-free calcite activated by admixture of
Mn/, and at 655 nm/typical position of the extrinsic CL of dolomite activated by admixture
of Mn?* occupying Mg sites in the structure of dolomite/). The difference between the
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results of deconvolution based on “totally unfixed” or “partly fixed” parameters of the
Gaussian curves was small or negligible (see Figure 7c vs. Figure 7d).

1.9557 eV (634.0 nm) [ b) 1.9333 ¢V (641.3 nm)
7 curve “a” (calcite) Tr curve-2
6 6k
I i 2.016 eV (615.0 nm)
@25 25 curve-1 (fixed)
= | = |
2 2
‘s F %ot
83 g3
= s |
2 2
1 1
0 0
1 L 1 1 i 1 1 1 1 i 1 i 1 i 1 i 1 L 1 L 1 1 1 i 1 L 1 " 1 2 1 i 1 " 1 i 1
.5 16 1.7 1.9 2 21 22 23 24 1.5 16 1.7 18 19 2 21 22 23 24
eV eV
T C) 1.865 T d)
L .865 eV (664.8 nm) | 1.8659 eV (664.5 nm)
6 curve "c¢" (dolomite) curve "c¢" (dolomite)
L sl
Sk 51
2 z 1.879 eV (659.8 nm)
= 1.8929 eV (655 nm) = Nh i
\5/4 - S 4 curve "b" (dolomite)
z £t
Z;| z ;|
83 2.016 eV (615 nm) 27
= curve "a" (calcite) = 2.004 eV (618.7 nm)
Sk 2F curve "a" (calcite)
/ 1F \
T / : S N
N 0 — —_—
O S T |
1 i 1 1 " 1 " 1 i 1 i 1 i 1 " 1 i 1 i 1 1 1 " 1 " 1 1 I} "
1.4 1.6 1.8 eV 2 22 24 1.5 1.6 1.7 1.8 1.9 2 2.1 22 23

eV

Figure 7. Examples of spectra fitted by single (a), two (b) and three (c,d) Gaussian curves. The
plots represent two spectra, calcite (a,b) and dolomite (c,d). Both spectra represent “anomalous”
spectra of each mineral in two respects: (i) they represent spectra with the highest value of the
maximum position (centre) of a single Gaussian curve of each mineral group; (ii) the main CL-band
is asymmetric and is therefore better fitted by two or three Gaussian curves than by a single curve.
Individual curves are labelled by the position of their centres (maxima). The dolomite spectrum
was fitted twice, first with the centre position of two curves fixed at 615 (curve “a”) and 655 (curve
“b”) nm, based on the typical position corresponding to Mn-extrinsic luminescence in calcite and

“_rr

dolomite, respectively. The position of the third curve “c” was “unfixed” and therefore varies from
spectrum to spectrum. (d) The deconvolution of the same dolomite spectrum as in (c), but all curves

were allowed to fit the spectrum freely.

Although there is no doubt that the CL-spectra can be better characterized by two
Gaussian curves than by a single curve, any special benefit was not identified with respect
to the provenance discrimination in case of application of the more time-consuming and
artefact-prone methodological approach. However, the fitting by two curves was helpful
to understand the nature of variation of parameters derived from the single Gaussian
curve fit, specifically the extremely wide range of the position of maximum of the fit (ca
610-640 nm). The areas and amplitudes of the two curves (Figure 7b) and, consequently,
the ratio of curve-1 and curve-2 areas (Figure 8a) and the ratio of curve-1 and curve-2
amplitudes (Figure 8b,c) can be correlated with the shift in the position of maximum
of single Gaussian curve (data points show non-linear negative correlation resembling
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hyperbola-like curve). Calcite spectra dominated by curve-1 (cantered at 615 nm) exhibit
low(-er) values of position of the maximum of a single curve than spectra dominated by
curve-2 (centred at >615 nm). The position of maximum and area of curve-2 reflect the
amount of Mg-admixture in calcite. All four parameters (i.e., position of single Gaussian
curve maximum, ratio of curve-1/curve-2 areas, ratio of curve-1/curve-2 amplitudes and
Mg-admixture) were mutually intercorrelated (Figure 8).
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Figure 8. Overview of various parameters derived from fitting of CL-spectra of calcite by one- and
two- Gaussian curves. About 10 low-intensity spectra that were difficult to fit by the two Gaussian
curves were excluded from these plots. The ratio of amplitudes (intensity of extrinsic CL) or areas of
curve-1 (fixed at 615 nm) and curve-2 (unfixed, >615 nm) is plotted along the vertical axis, while a
similar parameter of a single Gaussian curve is plotted along the horizontal axis. (d) Documentation
of the fact that the trends presented in figures (a—c) reflect an increasing admixture of Mg in the
studied calcites. Note high correlation between the position of single Gaussian curve maximum and
the ratio of parameters derived from two-Gaussian curves fit (a,b). Sample No. 174—Raspenava,
sample No. 227—Bohdane¢, sample No. 288—Nedvédice.

4.4. Correlation between CL-Spectra Parameters and Calcite Chemistry

EMPA analyses of all the studied samples allowed correlation between the CL-intensity,
the Gaussian curve parameters and the chemistry of the main/trace element (Ca, Mg, Fe
and Mn) of the carbonate phases studied. The intensity (and area) of the main peak of the
calcite CL-spectra correlates positively with the admixture of Mn and negatively with that
of Fe (Figures 9a and 10b). The elevated content of Mn is, however, also accompanied by
increased Mg-admixture (notably for sample No. 174; Figures 3b and 9b). Consequently,
a shift in the position of the maximum of the single Gaussian curve to higher values
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correlates with both intensity (area) of the main CL band (extrinsic) and with Mn- and
Mg-admixture. However, the relation is difficult to quantify using a simple regression
function. Similarly, we can observe the quenching effect of Fe-admixture on the intensity of
the intrinsic luminescence of calcite (Figure 9a,d).
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Figure 9. Correlation between calcite chemistry and CL-spectra parameters: (a) intensity of extrinsic
luminescence (approximated by amplitude of single Gaussian curve) versus molar fraction of Fe and
Mn; (b) molar fraction of Fe- and Mn- vs. Mg-admixture of calcite; (c) position of the maximum of
single Gaussian curve vs. molar fractions of Fe and Mn; (d) quenching effect of Fe-admixture on the in-
tensity of intrinsic luminescence of calcite. Sample No. 174—Raspenava, sample No. 227—Bohdanec,
sample No. 288—Nedvédice.

The complex relations between Mg- and Mn-admixture in calcite and CL-spectra is
also apparent from two markedly different slopes of positive correlation between Mg-
admixture and the position of single Gaussian curve maximum (Figure 10a). The onset of
a higher slope linear regression trend seems to correlate with a certain minimum value
of the Mg-admixture (>0.5 wt.% MgO) and with higher values of the position of the
maximum of the single Gaussian curve maximum (>620 nm). On the other hand, the
two separate quasi-subhorizontal trends are restricted to the lower values of the single
Gaussian curve maximum and apparently independent of the Mg-admixture (occurring at
0-0.5 and 1.5-2.2 wt.% MgO).
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Figure 10. Correlation of parameters derived from Gaussian fits of CL-spectra and Mg- (a) and
Mn- (b) admixtures of calcite: (a) plot of all spectra with highlighted three groups (A—veinlets,
B—groundmass of the calcitic type of dolomitic marble, C—groundmass of the dolomitic marble
type with secondary calcite veins) of data of sample No. 174; (b) correlation between intensity of
extrinsic CL of calcite and Mn content. Sample No. 174—Raspenava, sample No. 227—Bohdanec¢,
sample No. 288—Nedvédice.

4.5. Correlation between CL-Spectra Parameters and Dolomite Chemistry

The correlations between various spectral parameters and dolomite composition
were less complex than for calcite. Similarly to the calcite, a positive correlation was
recognized between the intensity /amplitude, area, position of maximum of the single
Gaussian curve and the increasing admixture of Mn (overprinted by the quenching effect
of the Fe-admixture; Figure 11).
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Figure 11. Correlation of parameters derived from the single Gaussian curve fit of CL-spectra of
dolomite and the Mg- and Fe-admixture: (a) position of the centre of the single Gaussian curve vs. the
amplitude of the curve (i.e., the maximum intensity); (b) correlation among CL intensity and dolomite
chemistry. Sample No. 174—Raspenava, sample No. 227—Bohdanec.

5. Discussion

CL spectra (quantitative data) and CL-microphotographs (qualitative data) represent
relatively cheap and easy to obtain characteristics that expand already extensive data of
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multidisciplinary techniques used in provenance studies (e.g., thin section petrography
including image analysis, X-ray diffractometry, stable C and O/Sr isotope geochemistry,
various trace element analyses, etc.). Both the application principles and nature of CL in
various carbonate phases (e.g., calcite, aragonite, dolomite and magnesite) are well under-
stood [5,6,8]. The spectra usually show intense single main band (centred at ca. 540-560,
605-620 and 649-659 nm, for aragonite, calcite and dolomite, respectively), and much less
intense peripheral multiple band/shoulder (located approximately at 400-700 nm) [5].

Three markedly different approaches of processing of CL-spectra exist: (1) deconvolu-
tion of spectra by up to five Gaussian curves, which is usually applied when authors aim to
decipher/quantify presence of various activators and correlate them with mineral chemistry
and/or with structure of the studied phase; (2) simple processing of a large number of spec-
tra based on mutual comparison CL intensities at one, two or three spectral wavelengths or
narrow wavelength intervals. This is the common practice in provenance studies [16] and
the advanced statistical processing of spectral data (e.g., multifactorial analysis).

5.1. Provenance Discrimination of Studied Samples

Unfortunately, no straightforward and unequivocal discrimination of carbonates from
the three studied quarries is possible solely on the CL-spectra. CL intensities plots (Figure 4)
unambiguously discriminated calcites from Raspenava (sample No. 174) and Bohdane¢
(sample No. 227), but the data clusters from Bohdane¢ (sample No. 227) and Nedvédice
(sample No. 288) significantly overlapped. The position of maximum of a single Gaussian
curve (see Figure 5) was statistically different for most calcite spectra from Bohdanec
(sample No. 227) and Nedvédice (sample No. 288), but those from Raspenava (sample
No. 174) and Nedvédice (sample No. 288) overlapped in part again. The group of late
metamorphic calcite veinlets that crosscut the Raspenava marble stood isolated from most of
the marble groundmass data of the three localities in all plots. The results obtained indicate
that the combination of Mg-admixture of calcite and position of the maximum (i.e., centre)
of a single Gaussian curve provided better discrimination of individual quarries and even
of individual subgroups of samples within a locality for the studied marbles (compare
Figures 4 and 10a). More detailed and computationally complex approaches (i.e., fitting by
two or more Gaussian curves) and combining various parameters of individual Gaussian
curves did not result in better discrimination of the localities.

Although not rigorously tested, it seems that a possible solution to the poor discrimina-
tion between certain localities could result from comparing summary descriptive statistics
(mean, median, interquartile range) based on at least 30-50 individual spectra (when the
spectra are measured directly from thin sections), rather than the comparison of individual
data and spectra. The sample type used for CL-spectral analysis may also influence the
final CL-data. Blanc et al. (2020) [16] used homogenized marble powders that should
produce more homogeneous data than the approach based on single spot analyses (this
article), as can be documented on three types of calcite grains found in the single quarry
(see Figure 10a). Data published by these authors, however, still retain extreme variations
in intensities of CL-spectra (e.g., Figures 4, 5 and 8 of [16]).

The results obtained demonstrate the general fact that a single characteristic/method
usually does not provide a stringent criterion for a provenance determination. Taking into ac-
count previously applied methods, the studied dolomitic marbles (Raspenava vs. Bohdanec¢)
can be distinguished based on a combination of CL-spectral and -optical data, as well as C
and O isotope values (Raspenava exhibited unique very low O isotope values within mar-
bles of the Bohemian Massif) and the mineralogical composition (this study; [23,38]). The
calcitic marble (Nedvédice) was characterized by a higher carbonate grain size compared
to dolomitic marbles (Table 2) [23].

5.2. Correlation between the Carbonate Chemistry and CL-Spectra Parameters

Both the calcite and dolomite spectra showed increasing intensities of the main CL-
band (extrinsic CL) with the increasing admixture of Mn (Figure 10b). This is in agreement
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with various previous results [1,5,14]. However, our data showed a much lower degree
of this linear correlation between the two parameters than in previous studies. This may
consist of a positive correlation between the Mn and Mg concentrations in the calcites and a
higher Mg concentration in the calcite of the studied samples (Figure 3). The data obtained
also documented the quenching effect of increasing Fe content on intensities in both the
main (extrinsic; Figure 10b) and peripheral (intrinsic; Figure 9d) bands.

5.3. Position of the Main CL-Band of the Calcite and Dolomite Spectra

The calcite spectra showed wide variation in the position of the main band (ca 610-635 nm;
see Figure 10a). It is apparent that the shift from lower to higher values of this range
correlates with increasing admixture of Mg in the calcite. The linear relations, however,
showed different slopes for various samples or groups of data (Figure 10a). This suggests
an interaction of more reasons in addition to the Mg-admixture, probably lattice defects
resulting from deformation and recrystallization of marbles. Our data also do not allow for
quantifying/evacuating the possible effects of various sensitizers (e.g., Pb).

Another important outcome of spectra deconvolution done in this study is the sys-
tematic presence of two components in calcite and three to two components in dolomite,
while all dolomite spectra lacked any indication of presence of Mn (luminescence activator)
in the position of Ca in the lattice of dolomite (as published, e.g., in [9]). We also did not
find a published detailed explanation for the observed extremely wide range of position of
single Gaussian curve maximum of studied calcite grains (Figure 6a).

5.4. Provenance Discrimination of Studied Samples

The CL-intensity dependence (intrinsic vs. extrinsic intensity) used by [16] was
modified comparing data derived from fitting the smoothed spectra by a single Gaussian
plot and using slightly different wavelength range/value for reading the intensity of
intrinsic luminescence (Figure 4b). Substantial differences were not identified between the
two versions of the intensity plot, particularly with respect to the better discrimination of
the localities studied. Another option of the (partial) discrimination among studied marbles
was achieved by depiction of the position of the single Gaussian curve maximum/centre
(see Figure 5). The best discrimination was achieved by combination of Mg-admixture and
position of the single Gaussian curve maximum (Figure 10a).

6. Conclusions

A total of 184 CL spectra (129 calcite and 55 dolomite grains) associated with the
same amount of high-quality EMPA microanalyses were measured from three quarries of
the Bohemian Massif (Czech Republic) to evaluate the potential of CL spectroscopy for
provenance studies of marbles. The combination of Mg-admixture of calcite and position
of the maximum (i.e., centre) of the single Gaussian curve was revealed to be the most
discriminative dependence of the studied marbles. Based on the results obtained, two
dolomitic marbles (Raspenava vs. Bohdane¢) were straightforward and unequivocally
discriminated from each other; however, the data of dolomitic marbles (Raspenava and
Bohdane¢) vs. calcitic marble (Nedvédice) partially overlapped. Moreover, three types of
calcite grains were identified in the single quarry of Raspenava based on a comparison
of chemical microanalyses (content of Mg-admixture) and CL spectroscopy (position of
the Gaussian curve), while only one type of calcite were present in both Bohdane¢ and
Nedvédice marbles.

Although the results obtained were not unambiguous in all cases, regarding the dis-
crimination of the marbles studied, CL spectroscopy in combination with EMPA chemical
microanalysis can be useful as a complementary tool to other provenancing methods
(such as C-O stable isotope geochemistry and mineralogical-petrographic analysis of
thin sections).
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